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ABSTRACT ¢ o

Naturally occurring minerals such as pyrité, (FeS;), chalcopyrite
(CuFeS;), and materials synthesized from them have been investigated as
cathode 1naterials in lithium secondary batteries. The mechanism of the
first discharge of Li/FeS; cells is both temperature and rate dependent.
At near room temperature, antl high discharge rate, the reaction proceeds

via one-step, forming Li,S and Fe. However, when the discharge rate is

sufficiently slowed, and the temperature is increased to above 37°C, this
reaction proceeds step-wise, forming Li,FeS,, which is amorphous when
formed at these low temperatures. Single crystal X-ray diffraction deter-
mines this compound to have the structural characteristics of intercalation
compounds. Its structure consists of hexagonal close-packed layers of sulfur
with iron and lithium, equally and randomly, filling all of the tetrahedral
interstices between two sulfur layers. The remaining lithium atoms fill the
octahedral interstices between the adjacent sulfur layers.

The recharge of a Li/FeS, cell, which has been discharged to r = 2,
shows behaviour which is similar to the first recharge of a cell fabricated
with chemically syntheswed LizFeS;. Between the voltage range of 1.45
and 2.45 volts, the cell mechanism is intercalation. Above 2.45 volts, the
hexagonal framework of Li;FeS; decomposes, and disproportionation of the
compound m@gﬁ mixture of FeS, and S occurs. Subsequent to a complete
discharge to 1.0 volt, the cell chermstry and thermodynamics of both of
these cells, as indicated by the V(z) curves, are the same.

Chemical reaction of lithium with CuFeS; at elevated temperatures
yields LiCuFeS;, which is a member of the solid solution Li,_;Cu FeS,
where 0 < z < 1. Single crystal X-ray diffraction determines this. com-
pound to be isostructural to Li;FeS,;. Electrochemical and chemical re-
‘moval of lithium from Li;_.Cu,FeS, result in well-defined Cu,FeS; phases.
The crystal structure determination of a partially delithiated Lil sCuFeS,

phase, where § = 0.35, indicates that as lithium is removed, copper atoms

diffuse into the tetrahedral sites of the lithium layer. Calorimetric data

show that Cu,FeS, phases are metastable, and upon heating, phase tran-
sitions back to the starting minerals, chalcopyrite and pyrite, occur.

11
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1 INTRODUCTION

1.1 The Electrochemical Cell

The fabrication of electrodes from lithium intercalation compounds
has received considegable attention in recent years. High energy-density
rechargeable electrochemical cells employing layered transition metal di-
chalcogenides, denoted by MX,, (M = transition metal, X = chalcogen), as
cathodes and lithium as the anode have about twice the energy density per

unit weight of Nickel-Cadmium cells. The development of these systems

has resulted in the first mass produced battery based on Li/MoS; (1).

Intercalation is the reversible insertion of guest species into a host

without significant changes occurring in the host structure. Suitable hosts
must have sites in their lattices which are accessible from the surface. Con-
sequently, these materials generally have open passages through which in-
tercalants can diffuse. In MX; materials, layers of metal atoms are sand-
chalcogens. The adjacent planes of chalcogens
are bonded together by\weak van der Waals forces as shown in figure 1.
Intercalant atoms diffyse into and occupy sites within the van de Waals’
gaps between the MX4 sandwiches. An electrochemical cell based on inter-
calation can be represented in the following way:

wiched between layers

Li /organic electrolyte containing Li* ions/Li,MX,

using MX, as the cathode and lithium as the anode. A schematic of such
a cell is shown in figure 2. As the cell is discharged, two half-cell reac-
tions occur. At the anode the lithium atoms dissociate into Lit ions and
electrons. »

sLli==zLit*+ze (1.1.1)
The Li* ions migrate through the electrolyte to the cathode. The electrons

travel through the external circuit, and combine with the Li* jons-at-the-

surface of the MX, cathode to form lithium atoms, which diffuse into the
cathode host structure. | v 7

r Lit 4+ z 7 + MX,; === Li,MX, (1.1.2)

1



General
form

;> X
SN
x .
<« van der Waals gap

X
7
X

Figure 1: The general form of an MX, layer compound sandwich.



| »Externollood

anion |~ b o~ AL A

from —>0 | g O oo Lt
. , o R
Lt solt A o | cation -
SIS \CR
', s it Li MX,
metal > —> <~
anode \\(D o 5 CQLhOde
h\ .
. -
® | ] O /
o o

'4

=z
-
wn
o
)
-
O
-
M
Q

Figure 2: Schematic diagram of an intercalation cell. (PC and EC denote
propylene carbonate and ethylene carbonate respectively.) B



<

.;.

(1.1.3)

where F is Faraday’ tonstant. Since Ag is defined to be the difference in
chemical potential of the lithium atoms in the anode and cathode, u, and
. respectively, the voltage can also be expressed as

v o (e ta) (1.1.5)

€

where ¢’is the magnitude of the electronic charge, and y, is a constant

because the composition of the lithium_anode is unchanged. Since the
electrode reaction involves changes in the composition of the cathode, vari-
ations in the voltage as the cell charges and discharges result from changes
in ge.

~"

On recharge, a current is driven through the external circuit so that
the electrons flow from the cathode to the anode. This causes Li* ions to
migrate from the cathode to the anode where they cofnbine with electrons
and electroplate onto the lithium metal.

by

~m N

(1.1.4)



1.2 Pyrite and Chalcopyrité

¥ ’

Naturally occurring minerals such as pyrite (FeS;) and chalcopyrite
(CuFeS,) are attractive electrode materials. Thesé minerals have the de-
sirable characteristics of reasonably low equivalent weight, low cost, abun-
dance, and nontoxicity.

Much of the early work on the Li-Fe-S system was conducted by the
Argonne National Laboratory to develop high power cells for vehicle propul-
sion. Studies showed that Li/FeS, cells have excellent reversibility at 450°C
(2,3) and attempts were made to determine the compositions of the equi-
librium intermediate Li,Fe,S, phases formed during charge and discharge.
This work resulted in the Li-Fe-S phase diagram at 450°C, shown in figure
3, which identified Li,;FeS, as one of the intermediate phases formed. The
X-ray diffraction powder pattern was indexed with a hexagonal-cell with
a=390A and c = 6.28 & (3, 4, 5).

&

More recently, the behaviour of chemically synthesized LijFeS, was
studied in lithium batteries at room temperature (6). Two intermediate
hexagonal phases were identified and they were thought to have the Cdl,-
type structure. By analogy with Li, TiS; (7), the cycling mechanism was
interpreted as intercalation of lithium between the layers in the van de
Waals’ gap. Although Li;FeS; exhibited good electrochemical reversibility,
electrical conductivity measurements showed it to be a poor conductor
(8). On_the other hand, substitution of copper for lithium (Li;_, Cu,FeS,)
increased conductivity by two orders of magnitude. This property of the
copper substituted compound is particularly desirable as it decreases the
internal resistance of the battery.

To date, information on the Li,_,Cu,Fe, phase is limited. X-ray

diffraction showed that substitution of copper to z = % (LigCugFesz) de-

creased a to 3.833 A and increased ¢ to 6.339 A. The Mdssbauer spectrum
of this compound ressembled that of Li,FeS; (5). Both showed two over-

lapping quadrupole doublets which suggested two non-equivalent iron sites
in the hexagonal crystal structure.

Due to the complexity of the iron-sulfur system, even though phases
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in both the pyrite and chalcopyrite systems have been reported, little is
known about their chemistry. But an understanding of their cell reactions,
electrochemical behaviour, crystal structures, and physical properties is
crucial for further development of these electrode materials. |




2 EXPERIMENTAL PROCEDURES

2.1 Electrochemical Cell Fabrication
2.1.1 Cell Components

An electrochemical cell based on lithium intercalation is made up of
four components: (1) the cathode, which is the host material for intercalat-
ion, (2) the lithium metal anode, (3) the electrolyte, and (4) the separator,
which allows Li* ions to pass and prevents shorting of the electrodes. Each
of these components requires special preparation so that their reactions
with lithium metal are minimized. Otherwise, occurrences of such “side
reactions” contribute to the electrochemical properties of the cells and can
lead to misinterpretations of the behaviour of the host material under in-
vestigation. ‘ ' '

Cathodes were prepared by mixing together ethylene carbonate (EC),
- polyethylene oxide (PEQO; molecular weight 2,000,000), and the powdered
material of interest in the proportions of 2:4:94 respectively. The pow-
der was sifted through a 80-mesh sieve (180 pm) to prevent lumping.
Dichloromethane was added to the mixture and stirred until a uniform
slurry was obtained. An even layer was spread on the surface of a 0.0018
cm thick aluminum substrate, and evaporated to dryness. Cathodes were
then pressed between a set of rollers to ensure good mechanical adhesion
of the powder to the aluminum substrate, and cut to a suitable size for cell
fabrication. The cathodes generally consisted of 30 to 40 mg of powdered
material covering a 1.2 cm x 1.2 cm square substrate. Typical weight per
unit area ranged from 20 to 30 mg/cm? . When air sensitive cathodes were
prepared, the above process was carried out inside an inert atmosphere

glove box. -

Lithium foil (Foote) was used as received, and stored inside a sealed
chamber in the glove box to prevent formation of lithium oxide or lithium

- hydroxide surface films. Anodes were made with 0.0127 cm thick lithium,
cuf to a size which covered the entire cathode surface.



The electrolyte was a 1M solution of lithium hexafluoroarsenate
(LiAsFg) in a 50:50 solvent mixture of propylene carbonate (PC) and
EC by volume. These solvents were separately vacuum distilled to re-
duce moisture content and major impurities such as propylene glycol in PC
and ethylene glycol in EC. Analyses of the purified solvents showed that
this procedure reduced impurity levels to less than 20 ppm in propylene
and ethylene glycol, and less than 30 ppm in water. The LiAsF¢ salt (U.S.
Agric. Chemical) was used as received.

The separators used were Celgard #2508 microporous polypropylene
films, cut into sheets that were larger than the cathode. They were im-
mersed in the prepare& electrolyte and wetted under 150 psi pressure to
. ‘open the micropores.
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2.1.2 Cell Assembly

Four different types of electrochemical cell were employed in the work
of this thesis: (1) an experimental test cell, (2) a gas evolution cell, (3) an
- in-situ X-ray diffraction cell, and (4) an in-situ Mdssbauer cell. These
two-electrode cells were desighed to meet the following requirements. The
cathode and the anude must be electrically isolated. There must be suffi-
cient pressure on the electrode surfaces to provide good electrical contact,
and at the same time, minimize the internal resistance of the cell. The

cell must fit within the constraints and specifications of the equipment and-

apparatus associated with each experiment. Finally, they must be sealed.
Although the physical sizes and shapes of these cells are qulte different, the
assembly of each cell 'was basically the same.

Cell construction involved the assembly of a “cathode-separator—
anode” sandwich between two stainless steel surfaces. The cathode mass
was déetermined to + 1 mg. Three to four drops of electrolyte were added to
the cathode and a separator was placed on top. To complete the sandwich,
a piece of anode was placed over the top of the separator. Figure 4 gives
- an exploded view of the cell. The two metal contact surfaces which hold
the sandwich together are the positive and negative terminals of the cell.

As shown in figure 5, the electrical contacts of an experimental test
cell were stainless steel plates. The spring assembly which is inserted into
a Nickel-plated mild steel can, applies a 225 psi pressure on the cathode-
separator-anode sandwich. Electrical isolation is achieved’by the glass-to-
metal seal between the anodic center pin and the rest of the cell. Welding
around the rim of the cell gives a hermetic seal.

The gas evolution cell, shown in figure 6, consists of two stainless
steel flanges which are held together by insulated screws (9). A narrow
tube (0.07 cm ID, 15.cm length) extends through the top flange and is

connected to the gas evolution apparatus. Tlghtemng the bolts presses the

two electrodes together, and compresses the O-ring sufficiently to make a
gas tight seal.

The design of the in-situ X-ray diffraction cell used in this thesis was

10
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developed by Dahn et al. (10). The cell, shown in figure 7, was used to
monitor changes in the cathode lattice while its composition was altered
electrochemically. The-top cover, made of brass, incorporates a 0.025 cm
thick beryllium window in the recess on the bottom surface. The center
beam in the cell top prevents the beryllium from flexing excessively. A
0.043 %m_ thick greased polypropylene gasket provides the gas tight seal
between the top cover and the stainless steel cell base.

The in-situ Mdssbauer cell is similar to the X-ray diffrac_tion cell
described above. The major difference between these cells is that the
- Mossbauer cell requires beryllium windows on both contact plates such
that gamma ray can pass through the cell and into the detector. The cell,
shown in figure 8, sits on top of the detector mount, which is equipped
with heaters and a temperature sensor so that the cell can be operated at
elevated temperatures. The flexing of the beryllium windows, which causes
uneven pressure on the electrode surfaces, results in poor electrical con-
tact. Typically, cathode utilization, which is the percentage of the cathode
that is electrically connected, 1s approximately 70 to 75%. Poor cathode
utilization of in-situ Mossbauer cells is difficult to overcome.

¢
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2.2 Synthesis of Materials

There were two methods of preparation of lithiated cathode mat;e—
rials. The first (the more economical method), used lithium naphthalide
to chemically synthesize the lithiated phase (11). In the second method,
a stoichiometric solid mixture was heated. Since the lithiated materials
were air-sengitive, preparations were carried out inside a helium atmosphere
glove box. ”

Lithiated samples were typically prepared in 50 grams samples. The
starting minerals, either natural pyrite, chalcopyrite (Teck Mining Corp.)
or both, were added to a stirring sglution of napthalene (NAPH) (Fisher)
in tetrahydrofuran (THF) (Fisher). Upon the addition of lithium metal, a .
redox reaction with NAPH produced the reduced form of the reagent.®

THF '
(2-z)Li+(2~2) NAPH —— (2~ 1z) Li*NAPH" (2.2.1)

Lithium napthalide then reacted with the starting minerals to give a mix-
ture containing lithium sulfide, metals of the starting minerals (copper and
iron), and unreacted starting materials.

(2 —z) LINAPH + (1 — z) FeS; + z CuFeS,
1(2—z)LizS+ (2 ~ o) Cu—+—(%—f) Fe
(1 42— 4a)FeS, +a CuFeS; + (2 -z) NAPH  (2.2.2)

The solution was left stirring overnight to ensure the reaction proceeded to
completion. The resulting material was filtered, then washed three times
with THF, and pumped to dryness to remove all the residual organic ma-
terial. Finally, the lithiated powder was placed in a graphite tube within a
quartz tube. A steady flow of argon was maintained in the quartz tube as
the sample was slowly heated to 800°C for 16 hours. The reaction which
took place during the heating process was the formation of the appropriate
lithiated compound. \

1 . 1 =z
5(2—1) p125+(x—a) Cu+(§—z) Fe+

heat

(3 + % —a) FeS; + a CuFeS, Li;_.Cu,FeS,  (2.2.3)
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Since the mole ratio of Cu : FeS, : CuFeS, in the reaction mixture was not
determined the quantity of a remained unknown. But typical values for
(ie ; the amount of copper substitution) ranged between 0 to 1, and the

values of a were, therefore, limited from 0 to z.
».

The second method was primarily used for the preparation of single
crystals of the lithiated materials. The procedure involved mixing together
Li,S (Alfa, 99%), Fe (Spex, 99.9%), Cu (Alfa, 99%), natural FeS,, and
natural CuFeS, in the correct stoichiometry. The powders were mixed and
heated under the same conditions described above. For the preparation of
Li,FeS,, the sample was heated to 900°C , fifteen degrees above the reported
melting point (4). For LiCuFeS,, the heating was only taken to 800°C. The

samples were cooled to room temperature over a period of 8 hours so that -

sizeable single crystals (0.2 to 0.5 mm ) were obtained. Since this procedure
involved only a solid state reaction, it was possible to determine’accurately
the weight loss of the sample due to heating in an unsealed system. This
was important for the preparation of samples for crystallographic work.

18



2.3 Deintercalation of Lithium

Lithium can be removed from a lithium intercalation compound either
chemically or electrochemically. In a battery, this corresponds to the charg-
ing half-cell reaction, which can be described by equation 1.1.2 proceeding
to the left. Chemically, it is equivalent to the oxidation of the lithiated com-
pound, whose reduction potential relative to Li/Li* is greater than that of
the host. A particularly useful reagent, developed by Murphy et al. (11)
is iodine in acetonitrile (AN). It was reported that the reduction of iodine
to the colourless iodide ion irgdicated a voltage of approximately 2.8 volts.
Thus, this is a useful technigue to synthesize the reaction products of a
fully charged electrochemical cell.

Finely ground lithiated compound was allowed to react in a stirring
solution of iodine (Fisher) in acetonitrile (Fisher) for 16 hours. The reaction

- involved was the formation of lithium iodide which was soluble in AN,

Li,MX; + n I, x Lil + "MXY + (n— g) L, (2.3.1)

$

The reaction product, “MX?, may be formed as a compound, =er may dis-
proportionate to MX and X. Typically twice the required amount of 1odine

was used to make a 0.2 M solution with AN, The resulting material was

washed with AN, filtered, and dried as previously described.

For the preparation of single crystals of a partially delithiated com-
pound, the above procedure was modified. Instead of grinding the lithiated
compound to a fine powder, small chunks were put into a bottle containing
AN. Iodine was added in small quantities up to approximately 20% of the
amount requiredifor complete delithiation. The reaction was allowed to
proceed undistugbed until the solution turned clear. Typically, this took
two to three weekfg; o
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2.4 Summary of Samples Synthesiz‘ed

Table I is a summary of all the samples which have been mentioned in
this thesis. It should be noted that the pyrite and chalcopyrite used in
these syntheses came from mines located in different parts of the world.
They were labelled ”spanish pyrite”, "UBC chalcopyrite”, "Teck pyrite”,
and "Teck chalcopyrite”. These minerals came in the form of large crystals
which were hand-picked from the mines. Upon receiving, they were ground
to a powder of less than 45 um in size. Metal analysis (by Can test Ltd.)
using an Inductively Coupled Argon Plasma Spectrograph (ICAP) showed
that Teck pyrite and Teck chalcopyrite have a consistently lower level of
elemental impurities. Table II gives a summary of the reported values.
Hence, all the results reported in this thesis are from sammples prepared
using the minerals from Teck Mining Corporation.
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TABLE I - A summary of the synthe

iPEd compounds mentioned in the

‘thesis. .
Name | Stoich- | Reaction Method/ | Product(sy “T Comments
jometry | Temperature
A Li;FeS; | NAPH;600°C LiyFeS, | spanish FeSy
broad peaks
B Li,FeSa | NAPH;800°C LizFeS, spanish FeS,
C LiFeS, NAPH;600°C .~ Li,FeS, + spanish FeS,
' FeS + ...
s
D LiFeS2 NAPH;800°C LisFeSa + spanish FeS,
FeS +...
E LisFeS, | NAPH;800°C Li;S + Fe + | spanish FeS,
FeS
F Li,;FeSz NAPIH;600°C Li;FeS, + spanish FeS,
FeS + ... broad peaks
G Li,;FeSQ NAPIL;800°C Li,FeS, + spanish FeS,
FeS + ...
H LisFeS, | NAPII, ‘
200°C Li,S + FeS | TECK FeS,
300°C, 400°C Li,FeS,
500°C, 800°C
[ Li;FeS, | NAPIL, 900°C LizFeS, TECK FeSa;
crystal det. of
LiFei_ssg
J Li»FeS, LisS+ Fe+FeS, LigFeS, TECK FeS»;
900°C crystal det. of
LizFeSz
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TABLE I (cont’d)- A summary of the synthesized compounds mentioned

in the thesis.

i

[ Name | Stoich- ! Reaction Method/ | Product(s) Comments
lometry “Temperature

K delithiated I;/AN; FeS'+ S + delithiation of J;
LisFeS, room temp Lis_ . FeS, 20 hours of stirring

L LigCug FeS; | NAPH; 800°C Li§Cu§ FeS; | TECK FeS; and

M Li%Cu§ FeS; { NAPH; 800°C Li%Cu*FeS-z TECK FeS, and

- CuFeS,
N LiCuFeS, NAPH; 800°C LiCuFeS; | TECK FeS, and
CuFeS,
“0 delithiated I,/AN; metastable delithiation of L;
Ligcu,} FeS, | room temp Cu§ FeS, 20 hqurs of stirring

P delithiated I,/AN; metastable delithiation of M;
Li%CufFesz room temp Cu§Fe52 40 hours of stirring

Q delithiated I,/AN; nfétastable delithiation of N;
LiGuFeS, room temp CuFeS, 40 hours of stirring

R LiCuFeS, LiS + FeSy+ LiCuFeS; | TECK FeSy;

; Cu + Fe; 800°C crystal det. of
LiCuFeS,

S partially I,/AN; metastable delithiation of R; '
delithiated room temp CuFeS, crystal det. of
Lil_gchCSQ Li1_6CuFeSg

T FeS Fe + S; FeS1 064 ‘non—stoi’cf‘hiometric‘

L 450°C FeS,, =
where y,,, % 1,064

S
[S%]



Table II - Impurities, detected in pyrite and chalcopyrite from differént
sources. Method of analysis is by Inductively Coupled Argon Plasma (by

Can test Ltd).

Impurities | Spanish | TECK UB%i TECK
Pyrite | Pyrite || Chalcopyrite | Chalcopyrite
(ppm) | (ppm) || (ppm) (ppm)
Al 240 265 < 30 740 .
Ca 400 150 3300 450 ‘ \
Co 21 22 290 10 '
Cu 460 1820 * | *a
Mg 120 40 380 160
Mn 60 10 280 8 I =
Ni 20 10 580 16
Pb 600 53 . 50 <30
Zn 280 57 400 ‘ 4

* . Copper is not an impurity in chalcopyrite.
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3 EXPERIMENTAL TECHNIQUES'

?
3.1 Powder X-ray Diffraction

Powder diffraction is a standard technique which is used to identify
unknown substances. Its theory is well-known (12) and, therefore, will not
be discussed here. However, the limitations associated with this technique
will be considered carefully.

The diffractometer used was equipped with a copper tube and a verti-
cal goniometer, which was modified to accomodate the sample holder (10).
The motor control was capable of determining 26 values to an accuracy of
0.01°.

Samples were prepared in flat plate form by using the same air-tight
holders that were described for the in-situ X-ray diffraction experiments.
The surface of the sample, when mounted on the goniometer, must make
equal angles with the incident and and diffracted beams. In this geome-
try, the absorption factor becomes independent of theta provided that the
sample exceeds a minimum thickness (12). For a typical absorption coeffi-
cient of 550cm™! in CuK{, and a maximum theta value of 35°, the minimum
required thickness of the sample is 0.0036 cm.

The variations in thickness from' sample to sample can lead to a sys-
tematic shift in 26. This effect results from a displacement of the surface
of the sample from the goniometer axis of rotation and ultimately affects
the determination of the dimensions of the unit cell (10). Therefore, a cor-
rection to the peak positions was included in the least squares refinements

for determining the lattice constants (10).

Finally, preferred orientation exhibited by layered structures is the
biggest limitation associated with sample preparation of this type. For

layered structures, the tendency of the platelets to-lie flat enhances the -

basal (00!) reflections with respect to the (hk0) reflections. This effectively

alters the relative intensities of the diffract’®bn peaks and results in incorrect

placements of the atoms in the unit cell.
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3 -
3.2 Electrochemical Measurements . -

The variation of the V{(z) curve is related to the thermodynamics of
the components of the cell. To extract thermodynamic information about
the intercalation system, it is helpful to draw an analogy between the V(r)
curve of an intercalation cell and an isotherm of a gas.

3.2.1 Thermodynamics of a Gas ~

Let the equation of state for a substance of volume v, pressure p, and
temperature T to be '

p=p(v,T) ) (3.2.1)

for the range of variables where the substance is a gas or a liquid. The
equation of state 3.2.1, represented by a set of of p(v) curves for various
temperature, is shown schematically in figure 9. Each curve of constant
témperature is an 1sotherm.

r the isotherm illustrated in figure 10, at p < py, the curve yields a
uniquevalue of v, and a positive value for the isothermal compressibility,
k, where k 1s defined to be

1 {Ov i\
k= ——1| — 2.
{5 (322

When k£ > 0, or when the slope of the curve gf < 0, stability conditions are
satisfied. Hence, in this region, a well-defined single phase with a relatively
large compressibility, such as that for a gaseous phase, exists. At p > pa,
the stability condition is again satisfied. But since the compressibility of
this phase is relatively small, the single phase which exists is liquid. At the
intermediate pressure range p; < p < ps, there are three possible values of

volume v for each pressure p. But the portion of the curve labelled JDN

violates the stability condition, therefore, values of v in this range are not
possible as they lead to an intrinsically unstable situation. This leaves two
posgible values of v,v4 and vg. To consider the relative staBility,_»Qf vs and




'
T1'< ‘T2< T3< T4< T5 Te

Figure 9: Schematic diagram desertbing an equation of state 3.2.1 for var-
jous temperatures. The point C is the critical point. The shaded region is
the area where two phases can coexist along the horizontal lines.
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vg, the relative magnitide of partial molar Gibbs free energies, gA(p,T)
and gg(p,T), must be considered.

The function g(p, T) is defined to be

g=€e¢—Ts+pv (3.2.3) )

where € is the molar energy, and s is the entropy. For infinitesimal changes
in pressure and temperature - ‘

dg = —sdT + vdp 2 (3.2.4)

- Al constant T,

P
9=9= / vdp (3.2.5)
. Ips

By performing the integral in equation 3.2.5 on the isotherm in figure 10, a
curve of g(p, T) versus p, as shown in figure 11, is obtained. When p < px,
the substance behaves as a gas. At pressures p > pyx, it behaves as a liquid.
At point X, the system shifts from the gas phase to the liquid phase. Thus,
px corresponds to the pressure where the phase transition occurs, and that
both phases coexist in equilibrium with each other in arbitrary proportions.

The pressure of the phase transformation py corresponds to p = py4
in figure 11. The horizontal line AD B, which joins points A and B at py,
is characterized by the fact that : '

-

ga=4gp (3.2.6)

It 1s along this line which phase transformation occurs. From equation 3.2.2,
phase transitions are signaled by the divergences of the compressxbllxty of
the substance.

EY

During the course of the phase transformation the total molar volume,
Veot, 1S given by ‘

Veot = Evp + (1~ E)va (327

where vg is the molar volume of the gas, v, is that of the liquid, and € is
the fraction of the total molar volume in the gas phase.
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Figure 10: An isotherm for an equation of state 3.2.1.

T (omstant

Figure 11: The behaviour of ¢(p) at constant temperature implied by the

curve of 10.
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3.2.2. Thermodj'namics of an Incercalation Battery

As shown in equatio“n 1.1.4, the voltage of an intercalation battery
can be related to Gibbs free energy, G, where

G(p,T) = ZV.‘Q.‘(P,T) | (3.2.8)

; is the number of moles of phase ¢ present. Like ¢(p,T), the function
G(p,T) is defined to be ,
G=E-TS+pv (3.2.9)

where S is the'entropy, and E is the internal energy. é

In an intercalation battery, the number of lithium atoms in the cath-
ode, n, can vary. This quantity is usually referenced to the number of metal
atoms in the cathode, N, such that

n=azN ‘ (3.2.10)
Therefore, the fundamental relation, dE, is of the general form
dE = TdS - pdv + pdn * (3.2.11)

In the battery, where the pressure is constant, the change in free energy,
dG, is given by : :
dG = —SdT + pdn (3.2.12)

Thus, the Maxwell relation,

Ou

oT

_8s

n ) an

T

can be derived.

Equations 3.2.4 and 3.2.12 are identical if the substitutions v to n
and p to —u are made. Thus, the thermodynamics of a gas is analogous
to the thermodynamics of the intercalation battery. Following the analogy,

29
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the equation of state of an intercalation battery, u = u(n,T), which can be
¢ related to the electromotive force, V, by equations 1.1.5 and 3.2.10 is

V=V(T) : (3.2.14)

The isothermal compressibility, as defined in equation 3.2.2, has the anal-
ogous form of ‘ |

10n

e ———

n Ou

_ 10z
T exdV |T

for the intercalation battery. Divergences, or peaks (\Vheﬂ kinetic effects

(3.2.15)

cathode in phase 1 and the fraction (1 — () in phase 2, are determined by
z="_(x;+ (1 -z (3.2.16)

where z, and r, are the compositions in the two coexisting phases. Table
ITI summarizes the analogies between thermodynamics of the intercalation

battery and the gas.



-

TABLE III - Analogy between thermodynamics of the intercalation battery
and the gas

Thermodynamic “T Tntercalation | Gas |
Quantity Battery

Equation of State | V = V(z,T) p=p(v,T)
Free Energy G =G(n,T) g =g¢(p,T)

dG = —8dT + pdn { dg = —sdT + vdp

_lon |, _ 108z L 1 fav)
Compressibility 5o | =E6 | k= _v"‘(a‘p) .
Maxwell relation | 241 = -25| . or | &8 .
aT an aT v
‘ n T v T

t - the thermodynamics of a gas is identical to the thermodynamics of the intercalat-:\
ion battery when the substitutions v to n, and p to —p are made.

i3
e

|
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3.2.3 Phase Transitions in an Intercalation Battery

When a cell based on intercalation is charged or discharged at con*
stant current, the rate of change of cell voltage with time is .
dV dV dr dQ

dt  drdQ dt (3.2.17)

where V is the cell voltage, Q) is the charge, and ¢ is the time. % is the
current, I, and %8 is defined to be @),, the charge which flowed to change
z by 12 Therefore,

d I dt ,
=2 (3.2.18)
v Q,dV .

This states that :—",— i1s proportional to the thermodynaimc quantity d‘,

Hence, by measuring the V(t):curve at constant current, &= is inversely
proportional to the slope of V(z).. This m&thod of measuring % is called
derivative constant current chronopotentiometry (13). .

The equation of state 3 :;‘1"4\‘% for an intercalation ﬁbattery i1s shown
schematically in figure 12(a).. The corresponding "G vs. z” curve, as shown
in (b), is obtained by

- —/ Vdr (3.2.19)

These curves are analogous to those shown in figures 10 and 11 for the
gas. Following the analogy, at composition ¢ < r,, phase 1 exists. At
composition £ > r,, phase 2 exists. In the intermediate range, r, < r < x,,
a phase transition occurs and phase 1 and 2 coexist. The dashed line, which
joins z; and z3, is determined by drawing a common tangent to the lowest
free energy of composition z; and qg‘) It represents the free energy of the
two coexisting phases.

For an ideal cell during a phase transition, the surface concentration of
lithium remains fixed while the phase boundary moves through the crystal.
This means that u. is constant, and, from equation 1.1.5, the voltage m

a two-phase region is also constant. Thus, a plateau in the V(z) curve

E )
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Figure 12: (a) A V(z) curve. (b) The behaviour of G(r) at constant
temperature implied by the curve shown in (a).
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generally signals a first order phase transition. Since dV = 0, according
to 3.2.18, a divergence in j—; at the transition voltage is observed. In
practice, the cell voltage, as measured across the terminals, is not equal
to the equilibrium voltage at the surface of the cathode. This difference
in voltage is due to various over-voltages and internal impedances. Their
effects usually result in distortions of j—f, from the ideal delta functions into
peaks of finite width and area (14). These peaks, as observed in " g-f,- vs. V7

plots in figyre 30, are unambiguous signals of first order phase transitions.

In)xmmary, in single phase regions of a binary system, the voltage of
the cell{V" varies with x, whereas, in two phase regions of a binary system,
V remains constant, independent of r. Similarly, for a 'n — ary’ system,
in [1,2,...,(n — 1)] phase regions, V must vary with r. But in 'n’ phase
regions V' must remain constant, independent of z.

{
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3.2.4 The Constant Current Method

To determine the coarse features of the voltage curve, V(z), electro-
chemical test cells were charged and discharged at constant current between
fixed voltage limits. The cyclers used in these experiments were capable of
maintaining a stable current to within £2%. From the mass of the cathode
in the cell, T is

ItM

r=—
mkF &
where I is the current, t is the duration of current flow (sec), M is the
molecular weight of the cathode, m is the cathode mass and F is Faraday’s

(3.2.20)

constant.

Equation 3.2.20 assumes that the net charge transfer is due totally
to the intercalation of lithium into the cathode. In practice, there are
two factors which affect the value of  and they must be considered. The
first is the “side reactions” as described in sectiori (2.1). The second is
“cathode utilization”. This problem arises when the entire cathode mass is
not electrically connected to the aluminum substrate.
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3.2.5 The Constant Voltage Method

®

The constant voltage technique involved incrementing (or decrement-
ing) the cell voltage and measuring the charge which flowed until the cell
reached equilibrium. In-situ X-ray and Mdssbauer cells were charged and
discharged in this manner so that the lithium content of the cathode could
be controlled. This method was used in conjunction with derivative con-
stant current chronopotentiometry (13) to study phase transitions in the
lithium intercalation batteries. :

Examination of j‘%’- plotted against V reveals fine features in the V(z)
curves. From these graphs, the stepping voltages are determined. Cells
which are charged and discharged by constant voltage are usually stepped
beyond a peak to a voltage where &% i1s minimum. This corresponds to
taking the cell across a plateau on the V(z) curve, to the end of the phase

transition.

The equipment which is used to step the voltage of a cell is a poten-
tiostat equipped with a digital coulometer. The cell is connected to a series
resistor to limit the current flow to less than 200 gamps. Once the current
flow through the cell is less than 5 pamps, the cathode is considered to be
in equilibrium. X-ray and Mossbauer spectra measured at this point can
vield useful information about the phase transition.
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3.3 -Single Crystal X-ray Diffraction

The literature contains incorrect speculations on the structures of
Li,FeS, and LigCu§FeSQ based on techniques such as powder X-ray dif-
~ fraction (3, 4, 5, 6, 15), Méssbauer spectroscopy (5), and Infrared Spectro-
-scopy (16). Using single crystal X-ray diffraction, the structures of Li,FeS,,

Li,Fe3S,, LiCuFeS,, and Li;_sCuFeS, were determined. Diffraction data
were collected on an Enraf-Nonius CAD-4F equipped with a molybdenum
tube and a graphite monochromator. Cell dimensions were determined
by least-squares refinement of at least 20 acqyrately centered reflections
(26 > 30°). Background counts were taken by extending measurements on
each side of the scan by 25% of the predetermined scan angle. Intensity
measurement of two standards every hour or less showed no evidence of
crystal deterioration during data collection.

Computations were performed with complex scattering factors for

neutral atoms (17) using programs from the NRC-VAX Crystal Structure

System (18). Detailed discussions of the final atomic coordinates, occupan-
cies, and thermal parameters, U, of the individual structures will be given
in chapter 4.
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3.3.1 Data Acquisition Procedures

Using the unit gells obtained from powder X-ray diffraction, the pos-
sible Laue symmetry for these structures are: 3, 3m, 6/m, 6/mmm. By
analysis of the intensities of the symmetry equivalent reflections (hkl, hkI,
khl, and khl), the Laue symmetry of the reciprocal lattice was determined
to be 3m symmetry with no systematic conditions. This led to the six
possible space groups: P31m, P3m1, P31m, P3ml, P321, and P312.

Table IV summarizes the crystal data acquisition and refinement pa-
rameters. Only reflections with intensities greater than 2.5 o were used in
the structure refinement. Intensity scaling, Lorentz, polarization, and ab-
sorption corrections were applied to the raw data. Models for the structures
were derived by solving the Patterson map: Full matrix, least squares. re-
finement, which minimized w(|F,| — |F.|)? ( where w is the weight assigned
to an observed reflection, F, and F_ are observed and calculated structure
factors) in the space group P3m1 yielded acceptable final residual R-values.
A weighting scheme, which kept w(|F,| — |F,|)? near constant as a function
of |F,|, “;9, and the Miller indices, h,k, and [, was applied. ‘Finally, re-
finement was terminated -when the shifts in parameters at the end of each
least squares cycle over tﬁe associated errors dropped to less than 1%.

The final difference map of these structures displays several maxima
and minima occurring near the Fe and S. These features are attributed to
the error associated with the termination of the Fourier series.

\j

38




Table IVa - Crystal data acquisition and refinement pa.ra.fﬁeters of
LiFe;ng and LizFeSQ

COMPOUND LiFe; 552 Li;FeS,

Space Group P3m1 { P3ml1 k :
a(A) .| 3.851(2) 3.902(1) RN
c(A) 6.305(3) 6.294(2) ~

U(A3) ‘ L 81.0 83.0 ,

UroKa(cm™h) 77.5 54.6 : .
p(g/cm?) 318 ° 2.68

z - 1 1

FW (g/moley 154.83 133.85 $
Measurement 23 23 . )
Temperature (° C) , (

Crystal 0.65 x0.59 x 0.38 | 0.32 x 0.23 x 0.15

Dimensions (mm) *

Transmission 0.0689 to 0.20160 | 0.3875 to 0.5519 |

Coeflicient | ¥
Scan mode 6 — 20 ' 60— 20

Scan width (deg) 1.1 +0.35 tané 1.1 4+ 0.35 tané

Scan speeds(°/min) | 0.92 to 5.49 0.97 to 5.49 -
20,max(deg) 90 90

Number of 364 373

Reflections [316 (> 2.50)] (283 (> 2.50)]

Refined Variables 8 9

Rs ¢ 0.039 -] 0.043

Ry t 0.054 0.066

G.O.F. } 1.807 1.721 .

k, Instrument 0.0006 0.0010 '
Error

t Ry = 2%":—;%‘“; for observed data (I > 2.50([))
t1 Ruy = \/ (WPl V), for observed data (I > 2.50(1)) [

t Goodness of Fit, G.O.F. = Z2ellBE0) o
1t w=|o%F)+kF?*™!
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Table IVb - Crystal data acquisition and refinement parameters of *

LiCuFeS, and Li,_;CuFeS,

COMPOUND LiCuFeS, Li,_sCuFeS,
Space Group P3ml P3m1

a(A) 3.807(2) 3.77(4)

c(A) 6.352(1) 6.27(10)

U(Aad) . 79.7 77.2
EMoka(cm™T) 1921 126.0

p(g/cm®) “T3.97 4.05.

Z . 1 1

FW (g/mole) 190.45 184.20
Measurement 23 23

Temperature (°C) j :
Crystal 0.18 x 0.15 x 0.15 [ 0.31 x 0.24 x 0.24
Dimensions (mm)

Transmission 0.0486 to 0.1552 | 0.0986 to 0.2109
Coeflicient

Scan mode 6 — 26 6 — 260 ‘
Scan width (deg) 1.1 +0.35 tan8. - | 2.9+ 0.35 tané
Scan speeds(°/min) | 0.96 to 5.49 2.75

20,,.q-(deg) 100 60

Number of 363 109

Reflections [305 (= 2.50)] [109 (> 2.50)]
Refined Variables 9 14

Ry t 0.033 0.044

Ruy 11 0.043 0.055

G.O.F.} 2.014 1.825

k, Instrument 0.0002 0.0008

Error

T,‘TT,‘ I, 11 — see Table IVa.
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3.4 SFe Mﬁésbauer Spectroscopy

-

Inwﬁﬁﬁgﬁfe gamma-radiation, emitted in the de-excitation of a ra-
dioactive nucleus should be able to excite another nucleus of the same
isotope to give rise to nuclear resonance absorption and fluorescence. Hbw-
ever during emission, by conservation of momentum, part of the excitation
energy of-the nucleus is lost as recoil kinetic energy, E,, and hence the
gamma-ray dmitted has an energy (E, — E,), where E; is the nuclear energy
level separation. Similarly, for resonance absorption, the required photon
energy i5 (E¢ + E;). As shown in figure 13, the thermal motion of the emit-
ting and absorbing atoms may broaden the observed linewidth sufficiently
that a small fraction of the gmma—radiaug

resonance fluorescence. -
f

does indeed undergo nuclear

Mossbauer discovered that when the mjcleus is solidly bound in a *

crystal lattice, emission or absorption of the gatpma- ray occurs without nu-
clear recoil or thermal broadening. Thus, for solds, the observed resonance
absorption lines, which are now characterized by the natural linewidth of
the gamma- radiation, are usudlly very sharp. This phenomenon is known
as the Mossbauer effect. To observe such an effect with 3’Fe nuclei, 3’Co.
is used as radiation source. This isotope ur/dergoes electron capture to
give metastable 5"Fe (tij2 = 1.0 %107 sec)/which decays rapidly to the
ground state by emitting gamma-rays. The epergy of the gamma-ray mon-

itored is 14.4 KeV. From Heisenberg’$ uncertainty principle, the natural”’-

linewidth of this transition is 4.8 x 10~ eV.I1t is this unique production
of monochromatic electromagnetic radiation of such & precise enérgy that
gives the technique the capability of resolving minute changes in nuclear
energy levels resulting from changes in the atomic environment of the Fe
atoms in the sample.

When the 14.4 KeV gamma-ray ifnpingeg,s on the iron—contaidni'ng ab-
sorber, atoms which have the same chemical environment as the source will

undergo resonance absorption. But if the atoms in the absorber have a

different electronic environment, the energy levels of the iron nuclei of the

absorber are shifted. Hence, the energy required for excitation is slightly

different than that of the gamma-ray emitted by the radiation source. Typ-
™~
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Emlssion Absorption -

. A :
Figure 13: The resonance overlap for.free-atoms. Nuclear gamma resonance

1s the smalrl area shaded in black.
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ical changes to the nuclear energy levels are of the order of 1072 eV. In order
to investigate such perturbations of the energy levels of the iron nuclei in the
absorber, thé gamma-ray energy must be modified. This can be achieved
by moving the radiation source towards and away from the absorber at
velocities of the order of 0.2 mm/s.

The source is mounted on an electromecllamcal transducer and is

* driven back, axjgd forth at constant acceleration to scan a range of velocities

(typlca.lly from -8 to 8 mm/s). The experiment is set up in the transmis-
sion mode where the gamma-rays emitted by the source pass through the
absorber and enter a proportional counter. Thus, the occtirrence of reso-

rnénce absorption is recognized by a decrease in intensity of the. radiation.
“The data is accumulated in a multi- channel analyzer in the multi-scalar

mode and a constant increment of veloc1ty can be derived for each channel.
The spectrum recorded is a plot of gamma-ray counts at“the detector, or
relative transmission, against the velocity of the source with respect to the
absorber.

A-Méssbauer spectrum is characterized by the number, shape, posi-
tions, and relative intensities of the absorption lines. These features result
from various hyperfine interactions between the nucleus and its surrounding
electrons. They are the isomer shift (IS), the quadrupole splitting (QS),
and the magnetic splitting (19, 20), and their significance will be addressed
in sectton 4. Curve fitting by least squares analysis allows the determina-
tion of these observed shifts and splittings. But the final interpretation of
the fitted data must have physical meaning, and be compatible with other
scientific supporting evidence.
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3.5 Differential Scanning Calorimetry

Calorimetric measurements are made using a Perkin-Eliner DSC-4 dif-
ferential scanning calorimeter (DSC) Samples were pre-weighed and loaded
into stainless steel containers with a copper gasket seal. The prepared sam-
ple and an empty reference container were placed in a chamber which was
_continually purged with dry nitrogen gas. The temperatures of the two con-
tainers inside the chamber was programmed to change together at a fixed
rate. As the temperature increased, exothermic or endothermic reactions
resulting from transitions such as melting, decomposition, crystallization
or phase changes in the sample material may occur. The DSC detects the
temperature difference between the sample and the reference and adjusts
the amount of heating power to each accordingly such that the temperature
difference is reduced to. zero. The output is a plot of the rate of heat flow,

44 "in joules/sec versus temperature.

dt 1 ]
Since heat capacity is defined as »
dH
C:—~| 3.5.1
? dT p = const N ( )
it is related to & by 'y

dH dHdT

— = (3.5.2)

ﬁ dT dt
where % is the heating rate. s, ordinate displacement 1s a direct mea-
surement of the heat capacity, and the change in energy associated with a

transition is the integral of the peak with respect to time.
dH
AH:/EM (3.5.3)

In practice, instrument calibration with high purity indiun 1s necessary.

-

¥



e

4 RESULTS AND DISCUSSION

4.1 The Effi“esz (0 <z <2) System
oo y

411 Materials Synthesized

The family of compounds for the Li,FeS, 0<z<?2) s‘y-étem were

synthesized by NAPH/THF reactions and heated at 600°C and 800°C. Ta- ,_

ble I summarizes the products of the stoichiometric reactions. Under these
reaction conditions, the only compound that exists.in pure form is Li,FeS;.
Furthermore, a study of the reaction temperature (sample A) shows that
Li,FeS, forms as low as 300°C.

4

Powder X-ray patterns show that the compound can be destribed by
a hexagonal unit cell with fattice parameters which agree with those previ-
ously reported (3, 4, 5). However, a ten-fold superlattice in a, as suggested
by Le Mehaute et al. (15), was not observed. The observed intensities of
the diffraction peaks do not fit a CdI; type structure asui)roposed By Brec
et al. (6). In fact, to account for the observation of the very intense (002)
peak, preliminary model calculations require that the iron atoms be tetra-
hedrally coordinated by sulfur atoms. Thljs, in order to clarify the structure
of LiyFeS,, a single-crystal structure determination was undertaken. *

In the first attempt to solve the structure of Li,FeS; (sample I), an -

alternate structure with the stoichiometry LiFe, ;S, was discovered. The
crystal structure determination of these two compounds, which will be de-
scribed under sections 4.1.2 and 4.1.3, was done in collaboration with Dr.

R. J. Batchelor. Attempts to're-synt‘hesizc LiFe, sS; were unsuccessful, as
will be déscribed in section 4.1.4. »

Upon deintercalation of Li,FeS; in a Stiﬁﬁ'ig solution of I,/AN for
20 hours (sample K), a‘powder mixture of Li,_,FeS,, ferromagnetic pyr-
rhotite, FeS,, and sulfur was obtained. The presence of Li;_,FeS;, as will
be discussed in section 4.4, wzs an indication that chemical deintercalatio
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~
was incomplete. Since pyrgaotite exists over a range of compositions, a

plot of the variation of lattice parameter ¢ versus y (21), as shown in figure
14, allows a determination of y. From the observed lattice parameters
(a = 3.482(2)A, and ¢ = 5.83(1)A), the composition of pyrrhotite In the
mixture is FeS, g25. The thermal properties of this mixture will be discussed

1n section 4.4.1. .
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Figure 14: Variation of the lattice parameter ¢ with y in FeS,.

47




4.1.2 Crystal Structure of Li;FeS,

The crystal structure of Li,FeS; (sample J) has been determined (22).
The compound has space group P3m1l with a = 3.902(1)A, ¢ = 6.294(2)4,
and one molecular formula per unit cell. The structure consists of hexag-
onzlly close-packed layers of sulfur in the same arrangement as the iodine
atoms 1n the Cdl; structure. Iron and lithium atoms fill all the tetrahedral
interstices equally and randomly between an adjacent pair of sulfur layers
flayer 1). The remaining lithium atoms fill the octahedral sites between
the other pair of sulfur layers in the unit cell (layer 2). Figure 15a shows a
schematic of the layered structure, and a projection in the (110) plane. This
arrangemtent of atoms within the sulfur layers causes layer 1 to have a larger
spacing of 3.160(2)A, and layer 2 to have a smaller spacing of 3.133(2)A.
In the notation of hexagonal close-packed layers, the leFeSQ structure can
be descibed by the stacking symbol

-

Ay B~y A} By N

where the capital letters denote the relative sequence of the sulfur l\zi}'fers,

the simnall letters are the fron or lithium in layer 1, and the greek letters’

represent the lithium in layer 2.

In our model, the lithium site (0,0,0) has point symmetry 3m with
a Li — S distance of 2.7441(8)A. The tetrahedrally coordmdted iron and
lithiun have point symmetry 3m with Fe S distances of 2.4126(15)4 along
the three-fold axis and.2.3737(7)% to the three "basal” sulfur atoms. The
M —M distance, where M = Fedr Li, is 2.8012(14)A. The refined occupancy
for an iren atom only at a tetrahedral Site in layer 1 is 0.533(4). This
significant increase over half iron occupancy is attributed to half lithium
occupancy in this layer. Since there is no evidence of a superstructure, the
iron and the hthium atoms are thought to be equally disordered over all

the tetrahedral sites within layer 1.

To a first approximation, assuming the a.ngula,r dependence of Lt and
Fe scattering factors, and the movement{ of Li and Fe are the same, the
lithiun contribution to the refined occupancy can be calculated using

£ f(Fe) + (1~ 2) f(Li*) = 0.533(4) x F(ES), (4.1.1)
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for Li atoms, and
r f(Fe) + (1 —z) f(Li) = 0.533(4) x f(Fe) (4.1.2)

for Li* ions, where  is the fraction of Fe in layer 1, f(Fe), f(Li*) and
f(Li), which are the number of scattering electrons for Fe, Lit*, and Li, are
96, 2, and 3 respectively. For Li*, z = 0.49, whereas for Li, = 0.47. This
is consistent with half iron and half lithium occupancy of each tetrahedral
site within layer 1. A random distribution of Li and Fe is also consistent
with more than one iron site in the Mossbauer spectrum (5). Table V
summarizes the atom positions in Li,FeS,.

An alternate treatment of the randomly distribution of iron and lithium
atoms among the tetrahedral sites using a scattering factor f such that

f =05 f(Fe) +0.5 f(Li) (4.1.3)

was not attempted. Although this treatment considers the angular depen-
dence of iron and lithium scattering factors, it, again, assumes that the
movement of iron to be the same as the lithium. In addition, this treat-
ment assumes full occupancy of the site with 50% iron and 50% lithium,
and therefore, does not allow refinement of the occupancy of the site. Since
the difference in angular dependence of these scattering factors, over the
range of interest, is small, our treatment of data is thought to yield results
which are just as accurate.
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TABLE V - Atom Positions in Lig_FeS;,

£ATOM [ OCC.t [z |y]:z Un(A?) | Un(d?) UL
Fe 0.533(4) | 1 | 2| 0.36775(16) | 0.0174(4).| 0.0221(5) | —
S 1 5| 3| 0.24894(13) | 0.0203(4) | 0.0173(5) | —
Li 1 0/0/0 — | — 0.045(4)
Lit (0.5) 5131036775 -- — -

t - OCCUPANCY :
1 - This lithium is disordered among the tetrahedral sites of layer | with the iron atoms.
It was not included in the refinement but is reflected in the greater than 50% occupancy

of the tetrahedral sites by the iron.
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4.1.3 Crystal Structure of LiFe, ;S, (Li;Fe;S,)

»

The compound LiFe, 5S; (sample I), which belongs to space group E
P3ml, is isostructural with Li;FeS;. The lattice parameters of this selected
crystal are a = 3.851(2)A, and ¢ = 6.305(3)A. The unit cell of the two
compounds has very similar ¢ axes but differs in a. Refinement proceeded
by fixing the iron occupancy at 2.

Like Li;FeS,, the structure is based on a hexagonal close-packed ar-
rangement of sulfur atoms. Three-quarters of the tetrahedral sites in layer
1 are randomly filled by iron atoms while lithium atoms occupy all the oc-
tahedral sites in layer 2. Figure 15b shows a schematic of this layered struc-
ture. The spacing within the sulfur layers of layer 1 shows an increase to
3.181(2) A, whereas layer 2 shows a decrease to 3.123(2)A. The interatomic
distances in this compound have decreased in comparison with Li,FeS,.
The Li-S distance is 2.7170(11)A and the Fe-S distances are 2.3959(2)3
along the three-fold axis and 2.3583(11);1 to the "basal” sulfur atoms. Ta-+«
ble VI summarizes the atom positions in LiFe,sS,. ’ -

TABLE VI - Atom Positions in LiFe, 5S,

ATOM [OCCt ]z [y = Un(X?) [Ux(RY) [ Uk (Y
Fe 0.75 11 210.37233(8) | 0.0164(2) | 0.0172(2) | —
S 1 21310.24768(9) | 0.0159(2) | 0.0141(2) | —
Li 1 01010 - — £ 0:035(3)

t - OCCUPANCY

It should be noted that the crystal, from which the structure of
LiFe, sS; was determined, was sclected from a batch of LiFeS, powder
(sample I). Lattice constants determined for the batch had the usual Li;FeS,
unit cell dimensions (a = 3.9063(9)A4, ¢ = 6.2960(23)A4). The selected crys-
tal was not typical of the batch and attempts to re-synthesize this phase,
as will be discussed in section 4.1.4, were unsuccessful.
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4.1.4 Synthesis of L‘i,Fe3S4
«

Several attempts to synthesize Li;Fe;S, on a large scale yielded mix-

tures of products, and their lattice constants bore no resemblance to that of
Li;Fe;S§. Table VII summarizes the reactions and the observed products.
The syntheses in table VII demonstrate that Li;Fe;S4 is not a stable phase
at temperatures above 300°C. Although these experiments were unsuccess-
ful, it does not preclude the existence of the phase. Instead, it leads us to
think that the Li-Fe-S phase diagram is far m omplex, and that a more
detailed study of conditions for synthesis 1s nece in order to study this
new phase. ‘

The key difference between Li,Fe;S; and Li,FeS, is the lattice con-

stant a. A decrease in the a - axis was observed when one sample of Li, FeS, -

was briefly exposed to air at room temperature. The refined parameters
obtained were a = 3.888(3)A and ¢ = 6.286(3)A. The proposed reaction is

L

. 4

This implies that Li,Fes3S, is a metastable phase which forms at room tem-
perature. Thus, a plausible explanation is that the crystal from which the
crystallographic data was collected may have been briefly exposed-to air.
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TABLE VII - Attempted Synthesis of Li, Fe,S,

Sa;11ple " Propased Reaction Observed
Name ) Products
. ‘ | 2 Li+ 2 FeSy+ F J300°C LioFe3Sy | LiaS'+ FeS FeS + F
/U 1+ 'e2+ e NAPH/THF 1pFe3S, 125+ FeSy + FeS + Fe
|V | 2Li+2FeS,; +F 100°C LisFe3Ss | LipFeS; + FeS
1+ edy2 + le NAPH/THF Iokezog 1okeds + Fe
: L 400°C ) )
w '3 Li+-2 FeS, + Fe | m LigFe3S4 | LisS + FeS + Fe + S
b~ | 4 400°C . )
X 4 Li+ 2 FeSy + Fe W LisFe3S4 | LizFeSy + Fe
'900°C ] _
Y 2 Li2S + 3 FeSo + 3 Fe 2 LipFesSy Li,FeS, + FeS
, 400°
Z 6 L12S + 5 FeSs + 7 Fe —i 4 LizFesS4 Li2S + FeS, + Fe
. 400°C . _
AA 6 LisS + FeS, + 5 Fe 2 LigFe3S, Li3S + FeS, + Fe

o4



4.2 The Lip_,Cu,FeS; (0 < z < 1) Phase

4.2.1 Materials Synthesized

The Li,_,Cu,FeS, phase, where z = 1, %, and }, was prepared. Over
this range of composition, this copper substituted phase forms a solid so-
lution. Powder X-ray patterns show that these compounds can be indexed
with a hexagonal unit cell. Figure 16 shows the variation of the lattice pa-
rameters with . As the amount of copper substituted for lithium increases
the a - axis decreases, while the ¢ - axis increases. The lattice parameters

for LigCuzFeS, (a = 3.836(2)A andv’[cuz 6.333(3)A) are in good agreement
with those reported by Melandres and Tani et al. (5). »

The preparations of these compounds were carried out by the
NAPH/THF procedure followed by heating to 800°C. The products had
a-golden metallic lustre, whereas Li,FeS, was dark grey. A 50 g batgh of
LiCuFeS; (sample R) was prepared at 800°C. Following heating, the weight
of the sample changed from 49.916 g to 49.595 g, corresponding to a weight
loss of 0.321 g. This is equivalent to, at most, Az = 0.204 in Li;_.CuFeS,,
assuming that the weight loss can be accounted for only by the loss of
lithium. A similar weight loss was also observed in the preparation of
Li,FeS; crystals. There, a weight loss of 0.434 g which corresponded to
Az = 0.194 in Li,_.FeS, is observed. But in both cases, since the reaction
qu'carried out in a continuous flow of Argon, under unsealed conditions,
it 1s possible that the weight loss may also involve sulfur evaporation.

Deintercalaton of lithium for this phase was carried out by using
I;/AN. Unlike the removal of lithium in Li;FeS,, these compounds do not
disproportionate. Instead, they retain the hexagonal close-packed frame-
work, and %:rm the Cu,FeS, phase. Figure 17 shows the lattice parameters
of Cu,FeS, versus .

Several attempts were made to prepare single crystals of the Cu, FeS5;,
phase. Delithiation by the conventional method (ie. with stirring), pro-
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duced unsuitable microcrystalline plate-like crystals less than 0.05 mm. In
another attempt, fragments of the lithiated compound were placed in a
solution of I}/AN. ‘The reaction was allowed to proceed without distur-
barice for a week, and powder X-ray diffraction confirmed that Cu,FeS,
had formed. However, structure determination was unsuccessfil because
the crystal allowed only 2 or 3 diffraction peaks to be observed, and they
were very broad and weak.

A third attempt was made to obtain a single crystal of a partially
delithiated compound, Li; .sCuFeS,. The batch (sample S) from which the
structure of Li,_sCuFeS; was determined was prepared without stirring.
_ But more importantly, delithiation was done more slowly. It was hoped .
that under these conditions the crystals would be more likely to retain their
crystallinity and yet would still give indications of any structural changes.
The initial amount of iodine dissolved in AN was equivalent to ¢ = 0.35."
The reaction was allowed to proceed until the solution turned clear; an
indication that the reaction was complete. At this stage, a single crystal
was selected, and the empirical formula, based on the iodine added, was

Li()_b‘f,c"UFCSQ‘

. ¢ | -



4.2.2 Crystal Structure of LiCuFeS,

Analysis of symmetry equivalent reflections showed that LiCuFeS,
(sample R) belonged to the space group P3ml. Refinement began with
the atomic parameters taken from the Li,FeS, analogue. The three atoms
which were included in the refinement were Fe, S, and Li.. Initial refinement
assumed that all the tetrahedral sites within layer 1 were only filled by iron
atoms. Thus, the refined occupancy of Fe, as shown in table VIII, was
1.055(7). This is equivalent to full occupancy of the tetrahedral sites by
a species with 27.5 electrons, or a 50% probability of each site being filled
by either an iron or a copper atom, since %g:%g = 1.058. Thus, copper is
present in layer 1 and the ratio of Fe to Cu is 1:1. Figure 15¢ shows the
schematic of this structure and table VII summarizes the atom positions of

LiCUFCSQ,

TABLE VIII - Atom Positions in LiCuFeS,

[ATOM JOCC. ¥ [z [y 1> Ui(A?) T Usa(R?) | Una(A9)

Fe/Cu t | 1.055(7) % % 0.37327(8) | 0.0150(2) | 0.0196(2) | —
S 1 21 11 0.24587(12) | 0.0115(2) | 0.0130(3) | -
i |1 0olofo — 0.032(3)

i OCCUPANCY
1 - The copper is disordered among the tetrahedral sites of layer 1 with the iron atoms.
"It was not included in the refinements but the greater than 100% occupancy of the tetra-

hedral sites of the iron gives full occupancy of a species with 27.5 electrons. This is the

— averaging eflect arising from the disordered arrangement of iron and copper atoms within
\\ layer 1.

¢

An absorption correction was applied using the empirical method.

This involved measuring the transmission of X-rays of a series of single
reflections while the crystal rotated 360°. Although preferrence is given
to applying absorption correction by the analytical procedure, this method

" was not used since an adequate description of the crystal was not possible.

A
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For comparison, refinement proceeded using both methods of correction.
The analytical method yielded a R, value of 0.046 but the empirical method -
gave a significantly lower R, value of 0.033.

The crystal structure of LiCuFeS, 1s isostructural with Li,FeS;. Since
no superstructure is found, the copper and iron atoms are randomly and
equally distributed over the tetrahedral sites in layer 1. The lithium atoms
occupy the octahedral sites between the adjacent sulfur tayer. The copper
substitution for lithium in layer 1 has resulted a slightly increased spacing
of 3.228(2).5\ and a decreased spacing of 3.124(2)A for layer 2.
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4.2.3 C::ystal Structure of Li;_;CuFeS,

As mentioned in section 4.2.1, the empirical formula of the partially
delithiated compound, based on the reaction with iodine, was Lig gsCukeS,
‘(sample S). Analysis of symmetry equivalent reflections showed that this
compound belonged to the space group P3ml. The diffraction peaks were
in general broad (base scan width = 2.9°) and weak. Thus, data collection
only extended up to 60° in 28. The lattice constants for this compound are
a = 3.7724(18)A, and ¢ = 6.2646(15)A. Evidence shows that these lattice
constants describe the unit cell of a substructure, and that an unsolved

superstructure exists.

Inittal structure refinement proceeded with three atoms, Fe, S, and
Li. A partial occupancy of the Fe site was obtained during the initial cycles
of refinement. A difference map at this point showed a peak near the three-
fold axis in the layer occupied by the lithiuin atoms. A copper atom, Cu,
was placed at this site and the occupancy was refined. It was evident that
the removal of lithium atoms from thestructure has resulted in a movement
of copper atoms from layer 1 to the aAjacent layer 2. Figure 15d shows the
schematic of this structure and table IX summarizes the atom positious of

the compound

TABLE IX - Atom Positions in Li; _sCukFeS,
Un(RAD) TUn(RY) [ UL(AY) ]

2

[ATOM JocCf |xy

Fe t 0.869(13) | L] 2] 0.37131(19) | 0.0139(6) | 0.0213(8)

Cu 0.131(5) i 0.1300(12) | — = 0.020(29)
S 1 2' § 0.25114(29) | 0.0127(9) | 0.0228(11) | —

Li 0.90(18) |0 ]0]0 . : 0.063(17)

t OCCUPANCY

't - the refined occupancy of 0.869(13) gives approximately % : % Fe:Cu ratio'in laver 1

Layer 1 consists of tetrahedral sites pnrtmlly ﬁ]lt,d by iron and copper

atomns. The refined occupancy of 0.869(13) gives ; : § iron to copper ratio
within the layer. As a result, the occupancy of Cu in tht, tetrahedral sites
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in layer 2 should be approximately ;. The refined occupa.ncy for an iron -
atom in layer 2 is 0.145(7). This corresponds to an equivalent copper atom
occupancy of 0.131(5).

Layer 2 consists of octahedral sites partially filled by lithium atoms,
and tetrahedral sites partial filled by copper atoms. It is probably the
ordering of the filled sites that leads to the existence of a superstructure. The
occupancy of lithium in layer 2 refined to 0.9(2). Since lithium is a weak
scatterer of X-rays, the error associated with this value is large and is only
a qualitative indication that the amount of lithiumn in this compound is
reduced. The empirical formula, derived from the amount of iodine, gives
an accurate determination of the amount of lithiumn present.

Of the four atoms, the position of the Cu atom in layer 2 is least
accurately placed. A description of the motion anisotropically gives thermal
parameters which are effectively equal in magnitude. Therefore, inclusion of
these extra parmeters is not justified. Attempts to reduce the motion result
i a slight displacement of the atom from the three-fold axis. Since thermal
motion and position are correlated, it 1s impossible, with the present data,
to arrive at a more accurate position for this atom.

.,
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4.3 Electrochemical Measurements
4.3.1 Li/FeS, and Li/Li;FeS; Cells

The discharge mechanism for the first discharge of Li/FeS, cells has
been studied. Figure 18 shows the first discharge of thege cells at 21, 30,
37, 55, and 75°C at a rate of 20 hours for Az = 1. When the cells are

discharged at temperatures above 37°C, the reaction proceeds step-wise, as .

follows.
2 Li+ FeS; ——— “LiyFeS) (4.3.1)
{('I'phase)
2 Li +"Li;FeS; ———~ 2 Li,S+Fe (4.3.2)
('I'phase)

These reactions are reflected as double plateaus in the V{(r) curves. From
the thermodynamics of the cell, as discussed in section 3.2.3, these plateaus
are indications of two distinct phase transitions in a ternary system (repre-
seuted by the equilateral triangle in figure 3). Although figure 3 shows the
equilibrium phases of the Li-Fe-S system at 450°C, there are similanties
between this phase diagram and that which is observed at lower tempera-
tures. The top plateau which involves reaction 4.3.1, is a phase transition
~along a tie line joining FeS; and LizFeS,. This corresponds to moving along
A to E ou the ternary phase diagram in figure 3. Since coexisting phases on
the tie line have the same chemical potential, the voltage of the cell, at any
point on the tic line, is the same. At the end of the plateau at r = 2, the
cathode is entirely converted to the intermediate 'I' phase. Upon further
discharge to r = 4, a lower plateau which involves reaction 4.3.2 otcurs.
This reaction corresponds to the movement through E to L in figure 3.
Thermodynarnics states that the number of coexisting phases on a plateau
of a ternary systemn must be three. From in-situ X-ray diffraction experi-
ments, two of the three phases, as shown in figure 19, are unambiguously
identified as Li,S and Fe. The third phase, although undetected by X-ray
diffraction, must be the intermediate product, the ‘I’ phase. The inabil-
ity of X-ray diffraction to detect this phase leads to the conclusion that
'I' phase, formed electrochemically, must be amorphous. Furthermore, 1t
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Froure 18: The V(x) curves of the first discharge of Li/FeS, at temperatures

ranging from 21 to 75°C. The appearance of the double plateau is observed

at temperatures > 37°C
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will be shown, later in~ghis section, that the intermediate ‘I’ phase which
coexists with Li,S and Fe on the lower plateau is Li,FeS,.

At room temperature the discharge mechanism is a one-step reaction.

2 Li,S + Fe (4.3.3)

Here, the coexisting phases on the single plateau are FeS,, [1,S, and Fe. At
the end of the phase transitions, the cathode is comprised of a mixture of
Li1;S and Fe. These plateau voltages are extremely temperature sensitive,
and their temperature dependence are shown in figure 20

Recently, a step wise reaction at 20°C was observed (23). Figure 21
shows the discharge characteristics of Li/FeS; cells (SONY Energytec Inc.)
under various loads, 10, 22, 30, 47, and 100 kohms. Assuming 100%
cathode utilization, they are equivalent to discharge rates of approximately

70, 154, 208, 321, and 662 hours for Ar = 1 respectively. It seems that -

thie discharge mechanism proceeds via the formation of an intermediate
phase, even at room temperature, when the discharge rate 1s slowed to and
beyvond 154 hours for Ar = 1.

To support the proposed step-wise formation of an intermediate ‘I’
phase at elevated temperatures, ithe voltage profiles of the first recharge
of a Li/FeS, cell which had been discharged to = 2 at 37°C, and the
charging of a cell assembled with LiFeS, cathode (Li/Li;FeS,) were com-
pared. These voltage curves which are shown in figure 22 appear to be
stmilar in shape. Since V() curves reflect thermodynamic properties, the
observed similanty of V(z) curves indicates that the intermediate ‘I’ phase
must be Li,FeS,. From the chemical deintercalation of Li;FeS,; with I;/AN,
the reaction products are Li;_ FeS,, FeS,, and S. Therefore, the coexisting
phases on the plateau at 2.5 volts must be L,_.FeS;, FeS,, and S. For the
voltage region between 1.7 and 2.4 volts, a detailed discussion can be found

m section 4.3.2.

By contrast, the first recharge of a Li/FeS, cell which has been dis-

charged to r = 2 or r = 4 at room temperature has the general appearanee —

shown in figure 23. The difference between this and figure 22 is because,
in the former case, lithium is removed from the intermediate compound,
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Figure 22: A comparison of the recharge of of Li/Li,FeS, at 21°C and Li/FeS,
which has been discharged to z = 2 7t 37°C. In both cases, lithium is
removed from the intermediate compourd, LisFeS,.



Li,FeS,, while in the latter case, the removal of lithium 1s from a mixture
of L1,S and Fe. The three coexisting phases on the lower plateau at 1.7
volts are L1;S, Fe, and Li,FeS,. This corresponds to moving through L
to E in the ternary phase diagram in figure 3. By the same afgument,
the first recharge of Li/FeS, cells which had been “discharged to = = 4
at elevated temperature should exhibit similar features since according to
equation 4.3.2, at z = 4, the reaction product is a mixture of Li,S and
Fe. Figure 23 compares these voltage curves and shows that they are in-
deed similar. Furthermore, subsequent to a complete discharge to 1.0 volt,
the voltage profiles of Li/FeS, and Li/Li,FeS; cells exhibit similar charac-
teristics. This is because after the discharge to 1.0 volt, both cathodes are

comprised of a mixture of Li,S and Fe, and therefore, the cell chemistries of

these cells in subsequent charge and discharge are the same. These voltage

profiles are shown in figure 24.

As shown in figure 25, the voltage curve of the first and second dis-
charge of a Li/FeS; cell bear no resemblance. This difference is observed
because at the start of the second discharge the cathode is not comprised
of the starting material, pyrite. Instead, from X-ray diffraction, at the on-
set of the second discharge, the cathode 1s comprised of a mixture of FeS,
and S. The reason for the formation of FeS, and S instead of pyrite is not
understood. But it is one of the major differencgb between Li/FeSy cells
operated at low temperatures and at 450°C.
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4.2.2 The Reversible Voltage Range in Li/Li,FeS, Cells

Y

An in-situ X-ray diffraction study on Li/Li,FeS; cells shows that be-
tween the voltage range of 1.5 to 2.4 volts, the cycling behaviour of Li, FeS,
15 reversible. A Li/LiFeS; cell has an open civcunt voltage of about 1.71
volts.  Upon recharge to 2.4 volts, the diffraction peaks associated with
Li,FeS, shrink and broaden, and several new broad peaks appear. When
the cell 1s discharged to 1.71 volts, the diffraction pattern returns to that of
the newly assembled cell. Figure 26 shows portions of the X-ray diffraction

patterns taken during these experunents.

From the cycling results of Li/LiFes, cells at constant current, it
s concluded that the reversible voltage regimme actually extends between
1.45 and 2.4 volts. Figure 27 shows the V(r) curve of such a cell. lIts
behiaviour 1s thought to be reversible in that each charge and discharge
has the same shape. Cycling through this region, bounded between the
upper and lower plateaus at 2.5 and 1.4 volts respectively, is thought to
correspond to woving through £ and £ i the ternary phase diagram in

fioure 3

For a ternary system, when the voltage varies with r thecmodynam-
ies predicts that the number of phases present over this \'oltﬂée range must
be one or two. From a knowledge of the Liy_yCuFeS; structure, it is be-
~ lieved that during the rechiarge of LiyFeS, to 2.4 volts, as lithium atoms
arce gradually removed from layer 2, the vacant sites are filled by the dif-
fuston of lithium from layer 1 into layer 2. This gives a single phase of
varying composition, Li; FeS,, where r ~ 0.8, at 2.45 volts. “If lithium
ordering occurs, then this region may have two phase regions within it. At
2.45 volts, a phase with approximate composition of Lij ,FeS; exists. It
is thought that the movement of Li from the tetrahedral sites near the Fe
atoms introduces large stresses to the structural framework, and hence, as
observed from the X-ray patterns, poor crystallinity results. On discharge,
the process is reversible in that, as lithium is inserted back into the oc-
tahedral sites of layer 2, the lithium atoms which are already in layer .2
diffuse back into the tetrahedral sites of layer 1. Therefore; for 0 < z < 0.8

(between 1.45 and 2.45 volts), Li,_,Fes, is a true intercalation compound.
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- Beyond these voltage limits, disproportionation to materials of different Fe

and S ratio results,
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4.3.3 Mossbauer Study on FeS; and Li,FeS,
4.3.3.1 Li,FeS,; and Delithiated L;,FeS,

Mossbauer spectra of LiFeS,; and dehthiated Li,FeS, | prepared by
[,/AN, were measured at room temperature. Figure 28a shows the fitted
room temperature spectrum of crystalline Li,FeS; (sample J). The spec-
truin 1s consistent with the presence of two quadrupole split doublets. These

quadrupole splittings arise from interaction of the electric quadrupole mo

_me;gt of the excited 3 Fe nucleus with the electric field gradient. Two major

ceftributions to the electric gradient are due to the electronic cnvironment
alout the nucleus arising from the valence electrons, and the asymmetry in
the arrangement of atoms around the Mossbauer nuclei. Hoggins et al. (24)
reviewed a number of closely related systems containing iron which is tetra-
hedrally coordinated by sulfur. These compounds are of the general form
M,Fe,S, where M = Na, K, Rb, Cs, and Ba. Examination of these data
suggests that an IS of 0.17-0.20 mm/sec with an associated quadrupole
splitting of 0.4 - 0.6 mm/sec is diagnostic for high-spin tetrahedral Fe’*t.
Whereas, an 1somer shift of approximately 0.6 mm/sec with a large QS
1s indicative of high-spin tetrahedral Fe?*. The final IS and QS values of
the spectrum, fitted with two overlapping quadrupole doublets of equal 1S,
but of unequal intensity and splittings, 1s in agreement with empirically
predicted IS and QS ranges for Fe?* which is tetrahedrally coordinated by -
sulfur, and results reported by Melandres et al. (5). The goodness of fit
is given by the parameter x?, of which a value of 2.1 is obtained for this
spectrum. The consistently lower QS values reported by Meclandres is a
result of the large scatter observed in his fitted spectrum of Li,FeS, (5).

The overlapping quadrupole doublets, which suggest nonequivalent
crystallographic iron sites, are consistent with structural data obtained by
single crystal X-ray diffraction. The structure of Li;FeS;, as discussed in
section 4.1.2, has more than a single iron environment. In fact, a random
distribution of iron and lithium in layer 1 results in four different iron en-
vironments in the ratio of 3:3:1:1, two of which are apparently sufficiently
well resolved by Mossbauer spectroscopy. Table X tabulates the fitted pa-
rameters, as well as results reported by Melandres et al (5).
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Figure 28b 1s a spectrum of delithiated Li,FeS,, prepared by [,/AN
(sample K). The spectrum is dominated by several overlapping resonance
peaks attributable to the electric field gradient at the iron nucleus. In ad-
dition, six broad magnetic hyperfine lines, two of which are hidden beneath
the quadrupole doublets, are produced by the interaction of nuclear mag-
netic dipole moment with the magnetic field present at the nucleus. The
magnitude of this hyperfine field, which exists at the iron nucleus, 1s 292 kG.
As mentioned'in section 4.1.1, the sample 1s a mixture of non-stoichiometric
L1, FeS,, pyrrhotite (FeS, ), and sulfur. Qualitatively, shown in figure 28¢,
the magmtude of these magnetic splittings compares well to those observed
t the spectrum of a mixture comprising of FeS,, syuthesized from its el
ements at 430°C {sample T), From fgure 1, the value of y 15 deternuned
to be 1.064. At 4.2°K, the center doublets of the chemically delithiated
Li,FeS, sample (sample K) become magnetically split, and the spectrum
profile bears resemblance to the general features of Li,FeS; measured at
4.2°K (see section 4.3.3.4). Mossbauner spectroscopy shows that the reac
tion product coutains an amorphous and partially delithiated Li,_ FeS,
phase as well as FeS, and S. This indicates that a reaction time of 20 hours
with [; /AN does not completely remove all the lithium in Li,FeS,.
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TABLE X - A comp;arison of the experimentally determined parameters of
crystalline Li;FeS, and results reported by Melandres et al. (5).

[ Crystalline Experimént;lrmFitted Results reported by
Li, FeS, Parameters Melandres et al.
. | Doublet 1: S S A i
[somer shift (mn/s) 0.53(2) T0.50(2) 7
Quadrupote splitting {mm/s) | 0.8%6} 0.62(2)
FWHM finm/s) 1 0.53(2) 0.4
% Arca 94(4) - e
Doubles:
[somer shift (min/s) 0.53(2) 1 0.49
Quadrupole sphitting (mm/s) | 1.69(6) 1.46(2)
+ | FWHM (mm/s) 0.23(2) . 104
| 7 Arca R 5.0 6.0 S S
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4.3.3.2 Initial Discharge of Li/FeS; Cell at 55°C

£n in-situ Mdssbauer experiment on the discharge of Li/FeS, at 55°C
shows evidence which supports reactions 4.3.1 and 4.3.2. Figure 29 shows
Mossbauer spectra of such a cell at £ = 0, 2, and 4. At £ = 0, the FeS;
spectrum, modelled by a pair of quadrupole doublets can be fitted to yield
a x? of 1.5. At r = 4, the spectrum is fitted to iron metal, and unreacted - : -
FeS,. In the intermediate stage of discharge, at z = 2, the spectrum bears
no resemblance to that of crystalline Li,FeS;, shown in figure.28a. But since
Li,FeS;, formed electrochemically, is amorphous, it is not unlikely that their
Mossbauer spectra are different. Due to poorly resolved features, fitting of . .
this spectrum is not attempted. But more importantly, as predicted by the =~ '
step-wise reactions, ‘[\eﬁmagnetic dipole splitting due to iron metal is n'otg\/"\
observed at z < 2. A summary of final IS and QS values are tabulated in

( table XI.
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Figure 29: Mossbauer spectra of the discharge of an in-situ Li/FeS, cell at

55°C, at (a) r =0, (b) z=2,and (¢c) r = 4.~
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TABLE XI - The fitted parameters 8f the first discharge of a Li/FeS, cell -
at 55°C at £ =0, and 4. -

&

A

% AREA

84 -

"Li/FeS; - [somer shift | Quadrupole | Magnetic | FWHM
Cell = = (mm/s) Splitting Field (mm/s)
(mm/s) (kG) ' :
Jatx =0 0.28(2) ( 0.61(6) — 0.32(2) [ 100
. - FeS, .
at x :‘4; ' ) ’ .
(1) Fe 0.00(2). — 330 - 0.29(2) 137
(2) unreacted | 0.28(2) 0.61(6) — 0.32(2) | 64
F652
v
ﬂﬂﬁ

~
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‘4.3.3.3 Co;p\arative Study of Li/FeS, and Li/Li,FeS, Cells .
N
Y AN

Figm'e\%\ 30 shows a . typical V(z) curve of the first recharge of a
Li/Li,FeS, cell. Marked on the curve are the equilibrium voltages at which
spectra of in-situ Mossbauer cells are measured. These cells, Li/FeS, and
Li/Li,FeS,, are maintained at their operating temperatures of 55°C and
25°C respectively. The Li/FeS, cell is initially discharged at a rate of 20
hours for Az = 1to a voltageqlmlt of 1.58 volts. From figure 18, this is
equivalent to taking the cell to the end of the upper plateau and thus, con-
verting the cathode to the intermediate ‘I’ phase, Li,FeS,. At this point,
both cells are subsequently charged by the constant voltage method de-
scribed in‘section 3.2.5. After measuring the spectra at 2.80 volts, the
cathodes of these cells are recovered and transferred jnto gas-tight sample
hoiders for Mossbauer measurements at liquid helium temperature (4.2°K).

Blectrochemical oxidation of Li/Li,FeS,; shows that up to the removal
of 0.8 lithium, the species which undergoes oxidation is iron. As men-
‘tioned in section 4.3.3.1, Mossbauer spectroscopy can resolve two of the
four different crystallographic iron sites in Li;FeS;. Thus, the fitting of
the sequence of Mdssbauer spectra, displayed in figure 31, modelled con-
sistently with two sets of quadrupole doublets, is attempted. In the fit-
ting procedure, the FWHM (full-width-half-maximum) of each doublet .is
‘constrained to the values which best fitted the initial compound, Li,FeS,.
A correction to base-line curvature is applied to the spectra at z < 1.
At z > 1, magnetic hyperfine splittings are observed. The magnitude of
these splittings corresponds well to those observed in figure 28c, the spec-
trum of non-stoichiometric FeS,, synthesized from its elements at 450°C.
Since pyrrhotite, formed electrochemically is a ;}on-stoichiometric mixture
of FeS,, fitting a mixture of magnetic sites was not attempted.

At 2.80 volts, the spectrum is similar in some'?espects to that of
chemically delithiated Li;FeS,. This resemblance is also observed in the
spectrum measured at 4.2°K, where the center doublets, observed in the

room temperature spectrum, are magnetically split, and overlapping ‘the -

magnetic lines of pyrrhotite (section 4.3.3.4). “This complex spectrum sug-
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Li,_.FeS, is in coexistence with FeS, and S. The presence of Li,_.FeS;
_ means incomplete removal of lithium from the cathode. From the point of

view of thermodynamics, it means that the Li/Li;FeS; cell has not reached

equilibrium at a voltage of 2.80 volts. However, since the Mdssbauer cell

is fabricated between two 0.025 cm thick beryllium squares, the cell is
very sensitive to beryllium flexing. Excessive flexing can be caused by un- '

even pressure on the electrode surfaces due to non-uniform lithium plating.
As mentioned in section 2.1.2, this leads to poor electrical contact which

can result in even poorer cathode utilization. During the recharge of the

Li/Li,FeS, cell, beryllium flexing inducing reduced cathode utilization may

have been observed. At 2.80 volts, the residual Li,_.FeS, observed in the

Moéssbauer spectrum is likely to have been from the portion of the cathode
which has become electrically disconnected.

Empirical correlation of isomer shifts of iron with oxiation states are

based on the relationship between IS and s-electron densities.

IS o %}3 (#2(0) - %2(0)) ‘ (4.3.4)

where %Z2(0) and 1¥?(0) refer to the S-electx:,o‘;{ densities at the nuclei in the

absorber and source respectively, R is the mean nuclear radius at the ground ’

state, and AR = R., — Rg. For ’"Fe, when the.nuclets emits a gamma-
ray, the size of the nucleus expands. Thus, the physical constant, QRB. < 0.
Since s-electron density at the nuclei in the absorber is usually greater than
that of the source (ie - ¥2(0) > %2(0)), higher s-electron densities at the

iron nuclei are reflected in a decrease in isomer shifts. As a result, Fe(II),-

which has a d® configuration, has a more positive isomer shift than Fe(III).
The removal of a d-electron in the latter species effectively increases the
s-electron density a. the iron nucleus.

Hoggins et al. (24) empircally correlated the isomer shift, ISps , .

of iron (high-spin, and tetrahedrally coordinated by sulfur) with oxidation
state, .QS, assuming that the magnitude of IS varies linearly With valence

state.

ISos(mm/s) =A-B (OS), L (435)

where A is a constant, and B = (IS;4 — IS34). As mentioned in section .

4.3.3.1, Hoggins et al. examined a number of closely related systems which
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Eontained high-spin Miron atoms which are surrounded by tetrahedra of sulfur
atoms and chose 1S3 to be 0.20 mm/sec; and IS4 to be 0.60 rnm/sec ‘This
suggested an empmcal relatlonshlp,

IS (mm/s) = 1.4 — 0.4 (OS) . (4.35)

*

Equation 4.3.6 was improved by Goodenough (25), and an alternate em-

'S
-

IS (mm/s) = 1.68 .~ 0.5 (OS) (4.3.7)

pirical formula,

~

was "obta.inedf/

Since the iron in Li;FeS, is tetrahedrally coordinated by sulfur, an
attempt to correlate the series of isomer shifts to the oxidatipn states of
iron for the recharge of a Li/Li,FeS; cell is made. Table XII summarizes the
oxidation states for each iron site, the overall weighted average oxidation
state of the cathode, and the final IS and QS values obtained from fitting the
‘two overlapping doublets. As shown in ﬁgure 32, the IS and QS of doublets
1 and 2 decrease with increasing r in Li,__ FeS;. This means that as lithiumr
'is removed from the cathode, both types of iron nuclei are oxidized. The
variation of OS with x during the recharge of the Li/Li,FeS; cell is shown in
" figure 33. In this model, as lithiunf atoms are removed from the structure,
the IS of doublet 1 gradually decreases. Whereas, the IS of doublet 2 drops
rather suddenly from 0.37 to 0.03 mm/s at x=0.64. This obser_ved feature
is not understood, but, as shown in figure 30, it coincides to the region of
the 'V (z) plot where a change in slope in the curve is obsé\rved.
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" Figure 32. The variations of IS and Qx‘of the two doublets with z in
Li;_.FeSy. The solid curve indicates doublet 1 and the dashed curve indi-
cates doublet 2. ‘
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TABLE XII - The fitted parametérs of the recharge of a Li /Li,FeS, cell.

E3

zin IS QS . % AREA | FWHM | OS OS of °
Li;_ FeS; | (mm/s) | (mm/s) (mm/s) Cathode
(£10%) (£0.02) | (£0.06) | (4) (£0.02) | (£0.05) | (£0.05)
z=0.00; | .
(1.71V)
Doublet 1 | 0.53 0.89 94 0.53 2.18 ,
‘ . 2.18
Doublet 2 [ 0.53 | 1.69 $ 0.23 218 *
z =0.21; g
(1.91V)
Doublet 1 | 0.51 089 -/ 86 053 ] 2.23
] ' 2.24
Doublet 2 | 0.48 1.68 14 0.23 2.30 (
r = 0.46; '
(2.17 -
Doublet 1 ¥0.50 0.89 83 .| 0.53 2.25
2.31
Doublet 2 | 0.37 1.39 17 0.23 2.58
r = 0.64; N
1 (2.30v)
Doublet 1 | 0.47 1.01 91 0.53 2.33 .
‘ . 2.43
Doublet 2. 0.03 0.73 9 0.23 3.43
z =0.79;
(2.43V)
Doublet 1 | 0.49 0.91 85 053 .| 228
B ' 244
Doublet 2 | 0.07 0.60 15 0.23* 333 .
r =167,
(2.54V) :
Doublet 1 | 0.47  |.0.94 81 0.53 2.33 !
2.52
Doublet 2 | 0.07 0.60 19 0.23 3.33
r~2;
(=~ 2.8V)
Doublet 1 | 0.47 0.93 78 0.53 2.33
A 2.55
Doublet 2 | 0.07 0.60 22 0.23 3.33
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During the recharge,the QS of doublet 2 decreases by nearly a factor
of three, whereis the QS of doublet 1 remains unchanged. Qualitatively, the
quadrupole splifting reflects the symmetry of the bonding environment and
the local symmétry of the iron nuclei. At z = 0. 64 the QS of the outer doﬂi
blet shows a 50% decrease, as the valency of the iron nuclei change from 2. 58
to 3.43. This is because high spin Fe(III) nucleus has a nearly spherically
symmetric d® electronic configuration. Therefore, a smaller quadrupole
splitting is usually observed. A high spin Fe(II) nucleus usually exmbxts
large quadrubole spllttmg arising from the asymmetry in the

PR 1

environment.

The Fe-Fe bond in Li,_ FeS,, at 0 < z < 0.8, be assessed
by analogy to the prevusly reported structures in the Ba-Fe-S system
(25, 26, 27, 28). These structures are based on a structural scheme consist-
ing of FeS tetrahedra which link, by edge or corner sharing, into infinite
chains. These chains are separated by about 6A from adjacent units and
they are in turn linked laterally by barium ions located between the sulfur
atoms of the chains. Structural refinement shows that the Fe — Fe distances
in these compounds range from 2.83A to 2.75A. These bond lengths are
comparable to the Fe-Fe bond length in Li;FeS,. :

Figure 34 displays the sequence of Méssbauer ;Rectra for the Li/FeS,
cell. Fitting the complete set of spectra was not atﬁempted because the
features are poorly resolved. The general changes of tile absorption peaks
resembles that of the Li,FeS, series, shown in figure 31. A comparison of the
spectra of these two cells measured at z = 0.64 is shown in figuce 35. The
sudden decrease of the IS of doublet 2 in the Li;FeS; cell is also observed
in the Li/FeS; cell. The IS of the outer doublet suddenly shifts to lower
velocity, showing a small portion of its peak on the spectrum (labelled A)
in figure 35b. This spectrum is fitted with three sets of doublets, doublets .
1’ and 2/ for LvizFeS;,, and a doublet for unreacted FeS,. Doublet.2', fitted ' _
with the +final IS, QS and FWHM parameters from the Li/Li,FeS, cell,
is approximately ;5 the area of doublet 1’. This ratio, tabulated in table
XHI, ISW with theebsefvedfelata%a{:easgf these doublets in L
the Li/Li,FeS; cell. Thus, the series of spectra for both of th-:se cells shows )
sunilar features which further supports the previous conclusion, based on
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Figure 33: The variation of the overall oxidation state of iron with z in

Li,_ . FeS,.
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-
electrochemical data, that upon discharge of Li /FeSg at temperatures above

37°C, an intermediate phase; which exhlblts properties similar to that of
ngFesg, is formed.

+

TABLE XiII - The fitted parameters of a,hélf-dischargWeSz cell on
recharge at z = 0.64. ‘

x=064in | LiFeS; doublets | unreacted FeS;

Li,_.FeS; Doublet 2 | Doublet 1

IS (mm/s) 0.03(2) 0.36(2) 0.28(2)

QS (mm/s) 0.73(6) |'1.31(6) | 0.67(6)

FWHM (mm/s) | 0.20(2) 0.56(2) 0.32(2) _
% Area .1 5(2) 56(2) 1 39(2)

T

) As with the Li/Li,FeS, cell, at voltages abgve 2.43 volts, magnetic

splittings due to pyrrhotite begin to appear. At 2.80 volts, unlike that of
the Li/Li;FeSj cell, the spectrum consists of two dlstmct species, a single -
doublet due to unreacted FeS,;, and six broad magnetxc hyperfine lines
split to give a field of the same magnitude as that of non-stoichlometric
FeS, (sample T). At 4.2°K, the spectrum confirms the above interpretation.
Thus it appears that, for the Li/FeS; cell at 2.80 volts, complete removal
of lithium from the cathode is observed. The fitted doublets of the spectra/’
at x = 0.99 and z =82.00, shown in ﬁgure 34, are, that of unreacted pyrite

in the Cathode ~
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Figufe 35. A comparison of the Massbauer spectra of (a), a Li/Li;FeS,
cell at = = 0.64 in Li;_ FeS,, to (b) a Li/FeS; cell at = 0.64 in Li;_.FeS,.
These spectra are taken from the series of spectra in figures 31 gnd 34.
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4.3.3.4-Mébssbauer Spectra at Liquid Helium Temperature (4.2"K)

Magnetic hyperfine interactions occur if a magnetic field.is present
at the iron nucleus. This magnetic field can derive from the atom itself,
from the crystal via exchange interactions, or as a result of an externally
applied magnetic field. Regardless of how the field originatés 1t introduces
asymmetry into the system such that the nuclear levels of spin [ is split
into (2 + 1) nondegenerate states, For S'Fe, this results in six magnetic

hyperfine lines.

. Not all compounds containing unpaired valence electrons show a hy-
perfine magnetic splitting effect because a factor, known as electronic spin
relaxation, must be considered. In paramagnetic compounds, the spin re-
laxation time is usually short, such that the electronic spins which generate
magnetic fields are changing directions very rapidly. The net result is a
magnetic fteld which has a time-average of zero over the time scale of the
Mossbauer experiment, and no magnetic splitting is seen. By lowering the
temperature, the spin-lattice relakation time, which involves energy trans-
fer from the spin system to the lattice, is increased. If the spin relaxation
is sufficiently slow, the generated magnetic field is nonzero and an interac-
tion with the nucleus which results in magnetic hyperﬁne splitting can be

observed.

-

Magnetic hypérﬁne interactions were observed in several of the
Méssbauer spectra measured at liquid helium temperature. The spectra
of various Li,FeS, and delithiated Li,FeS, éamples, as shown in figures 36
and 37, are very complex. For the purpose of this thesis, they are only
interpreted qualitatively. These spectra are discussed in sections 4.3.3.1,
4.3.3.2, and 4.3.3.3. In order to determine the ferromagnetism or antifer-
romagnetism of these samples, further work which involves measurements
of these samples in the presence of an applied magnetic field is required.

- o
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Figure 37. Liquid helium spectra of cathodes: (a) Li/FeS; discharged to
x = 2 at 35°C; the spectrum is composed of an amorphous intermediate
Li,FeS, and unreacted pyrite, (b) Li/FeS, which has been discharged to
¢ =2 and rechaxge(‘i to 2.80 volts; the spectrum is composed of FeS, and
unreacted pyrite, and (c)Li/Li;FeS, recharged to 2.80 volts; the spectrum

is composed of Li,_,FeS,; and FeS,.
99

10.0



4.3.4 Li/CuFeS, and Li/LiCuF¢S, Cells

The discharge mechanism of Li/CuFeS; cells is a one-step reaction.
Unlike FeS, cells, chalcopyrite cells do not discharge via an intermediate
phase. After an initial region of small capacity, a single plateau is observed.
The proposed cell reaction,

2 Li;S + Cu + Fe' (4.3.8)

4 Ll + CuFeSz
describes a phase transition in a quartenary system. Therefore, the four co-
existing phases on this plateau are CuFeS,, Li,S, Cu, and Fe. At z = 4, the
cathode is comprised of a mixture of the reaction products of reaction 4.3.8.
Figure 38 shows the first discharge of these cells at temperatures between -

21 and 75°C.

The voltage profile of the Li/LiCuFeS; cell is shown in figure 39.
The V(z) curves for the Li/LiCuFeS; and Li/Li,FeS, cells differ in that for
LiCuFeS2 cells, a recharge to 3.4 volts results in a gradual voltage variation
with z. For Li;FeS; cells, a plateau at 2.5 volts is observed, because beyond
the removal of lithium to r ~ 0.8, the compound disproportionates to FeS,
and S. In contrast, wheri lithium is removed from Li,_,Cu,FeS,(0 < x < 1),
well defined Cu, FeS; phase result.-

A}

The subsequent discharge of Li/LiCuFeS; cell, shown-in figure 40,
exhibits similarities to that of the first discharge of a Li/CuFeS; cell (figure
38). Therefore, it is believed that the cell reaction at this stage of discharge
18 ) ‘

(4 — 6) Li + LisCuFeS2 2Li,S+ Cu+ Fe (4.3.9)

where 6 is the amount of lithium which was not removed from the compound
- after the initial recharge. A further investigation of reactions 4.3.8 and
4.3.9, using in-situ X-ray diffraction, will be discussed in section (4.3.5).

\
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Figure 38: The first discharge of Li/CuFeS; at temperatures from 21 to
75°C. .
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4.3.5 Gas Evolution Study of Li/CuFeS, Cells

A gas evolution study at 55°C shows that the small plat‘eau in the
initial region of the Li/CuFeS, cell (figure 38) is due to gas productlon
resulted from electrolyte breakdown.

4 Li(s)+PC(‘1)+EC(1) 2 Li2C03+propene(g)+etheﬁe(g) (4.3.10)

.Figure 41a shows V(z) for the first discharge of a Li/CuFeS, cell assembled “

as described in sections 2.1.1 and 2.1.2. This cell, which had a 0.068 g
cathode, was discharged at a rate of 40 hours for Az = 1. Figure 41b
shows the volume of gas evolved per gram of CuFeS, at 50°C and 1 atm.
The rate of evolution of gas declines substanfi_a.lly when the cell locks on
to the long plateau. By analogy to the gas evolution of propene during
discharge of a Li/MoS, cell in 1 M LiAsFg/PC electrolyte (9), the gases
evolved during the discharge of a Li/LiCuFeS, cell in 1 M LiAsF¢/PC/EC

electrolyte are probably propene and ethene. =

Although the mechanisms which govern the production of gas are
still not well understood, these experiments have shown that the amount
of gas produced (ie - the length of the small plateau) is dependent on the
operating temperature of the cell. A higher temperature favors electrolyte
breakdown, and therefore, increases the preduction of gas.

The capacity, :v?a,, for reaction 4.3.10 can be determined by

Tgas =

oL L es11)
N CuFeS; ]

where ny;, the moles of Li required, to support reaction 4.3.10, is related to

the volume of gas produced by the ideal gas law, and ncyres, is the numbegr

of moles of CuFeS,. For the first discharge of Li/CuFeS; at 50°C, 20.6 ml

of gas per gram of CuFeS, was generated. This corresponds to 4., = 0.50.
Figure 42 shows the temperature dependence of xy,, the small plateau.
cépacity, obtained from the set of discharge curves in figure 38.
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' 4.3.6 ' In-situ X-ray Diffraction Measurements of Li/LiCuFeS, Cells

Figure 43 shows the voltages at which X-ray measurements are-taken
along the V(z) curve of a Li/LiCuFeS; cell. As lithium is removed from
LiCuFeS, electrochemically, tHe hexagonal framework of this compound
does not collapse. Instead, at voltages above 1.45 volts, the unit cell lattice
constants can be determined by indexing the powder pattern with a hexag-
onal cell. Table XIV summarizes the lattice constants of the Li,CuFeS,
compound observed at eacli voltage. .
TABLE XIV - Lattice constants of Li,CuFeS, from in-situ X-ray mea-
surements of a Li/LiCuFeS; celi.

Scan Name Recharge/ | Voltage | Lattice Constants A
Discharge | (volts) | a c
A (Brand new | — 1.76 3.807(2) | 6.347(4)
cell)
B recharge | 2.40 - 3.806(2) { 6.280(3)
C recharge- |'2.80 13.769(2) | 6.268(3) .
D discharge | 2.20 3.769(1) | 6.271(1)
E discharge | 1.80 3.792(2) | 6.321(4)
Fy discharge |'1.45 — - —

i the diffraction peaks of Li;CuFeS; at this point are very broad. At this voltage, peaks

which are due to Li2S, Cu, and Fe begin to appear in the diffraction patterns..

From the knowledge of the Erystal structure of the partially deinter-
calated compound, Li,_sCuFeS,, as discussed in section 4.2.3, the metha-
nism of the initial recharge of the Li/LiCuFeS, cell becomes obvious. As
lithium is removed from the octahedral sites in layer 2, copper atoms from
the tetrahedral sites in layer 1 gradually fill the tetrahedral sites in layer
2. At 2.80 volts (scan C) the measured lattice constants, a = 3.769(2)A
and ¢ = 6.268(3)A, differ from those determined using I,fAN (sample K;
a = 3.706(1)A and ¢ = 6.169(3)A). The observed difference is not under-
stood, but is believed to have resulted from poor kinetics of the in-situ
X-ray cell at this voltage. Therefore, although scan C was measured when
the current flow through the cell was less than 5pamps, the kinetics, which

)
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Figure 43. (a) The V(z) curve of the first charge and discharge of

Li/LiCuFeS;. (b) The dt/dV vs. V curve of (a). Iudicuto\d on these curves/-[f

arc the voltages at which X-ray spectra are measured.
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within the cathode is removed. In contrast, chemical delithiation (sample
. Q) proceeds to completion under vigorous stirring for 2-3 da; ’s with mate-
rial less than 0.05 mm in size. This ensures good chemical ¢bntact of each
cathode particle with iodine, which is present in excess, such that poor
kinetics may be overcome. At 1.45 volts (scan F), the diffraction peaks of
Li,CuFeS; are very broad. The hexagonal framework begins to decompose,
and, as shown in figure 44, Li,S, Fe, and Cu begin to appear. Thus, it is
evident that as Li/CuFeS, and Li/LiCuFeS, cells are discharged across the
plateau at approximately 1.2 volts, reactions 4.3.8 and 4.3.9 occur respec-

tively.

“"é?
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are governed by the diffusion of lithiuﬁl, are so slow that ‘not all the lithium
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4.4 Calorimetric Measurements

4.4.1 Delithiated Li,FeS,

. As mentioned in section 4.3.3.1, the Méssbauer spectrum of chemi-

cally delithiated Li,FeS; (sample K, prepared by I,/ AN) measured at 4.2°K
indicates the presence of a Li,_.FeS; phase. This suggests that under vig-
orous sfirring for 20 hours, the removal of lithium from Li;FeS; remains
incomplete. It was thought that an investigation of the thermal stability
of the delithiated mixture by DSC may lead to an understandmg of the
products of recharge of a Li/Li,FeS; cell. :

Calorunetrlc data of the delithiated powder, recorded as a plot of %
vs temperature, are shown in figure 45. The 0.028 g sample was heated
" at a rate of 10°C/min from 25°C to 550°C. At temperatures below 265°C
the spectrum contains two peaks, an endothermic peak at 118°C, and an
exothermic peak at 197°C. Beyond 265°C, the spectrum, which consists of
overlapping exothermic peaks, is very complex. X-ray diffraction spectra of
the powder, which had been heated to temperatures of 235°C and 550°C,
are measured.

The endothermic peak at 118°C corresponds to the melting of sulfur.
Since the heat of fusion for sulfyr is 38.309 joules/gram (29), the amount
of melted sulfur, calculated by integrating under the endothermic peak,
is 0.004(1) g. The exothermic peak at 197°C Corresponds to the heat of
reaction of FeS, from FeS and S.

FeS + S FeS, (4.4.1)

Theoretically, the heat of reaction, AH,, of reaction 4.4.1 can be
calculated from the heats of formation of FeS and FeS, from its elements.
These are -89.33 KJ/mole and -154.31 KJ/mole respectively (29). Hence,
the heat of reaction of reaction 4.4.1 is -64.98 KJ/mole. Assuming that
the entire sample consists of FeS and S, integration of the exothermic peak
_ ylelds an experimental heat of reaction of -23.14 KJ/mole. The calculated
A Hy and weight of melted sulfur consistently show that only approximately
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35% of the powder is FeS and S. M&ssbauer spectroscopy suggests that the
remainder of the powder may be Li,_.FeS,. However, it is not possible to
draw any further conclusions from the present data.

The X-ray diffraction pattern, measured at 235°C, confirms that the
product Is marcasite, the orthorhombic form of FeS;. At 550°C, some
residual marcasite is observed, but the diffraction pattern i1s dominated by
peaks which are due to pyrite, the cubic form of FeS,.

N
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4.4.2 Delithiated Li,_,Cu_,FeS,

Calorimetric data on chemically dehthlated LuCuzFeSg (sample O)
and LiCuFeS, (sample Q) are shown in figure 46 and 47. Both samples were
heated at a rate of 10°C/min-from 25°C to 550°C. Because of the complex-
ity of these spectra, interpretation of the data, aided by the diffraction
patterns measured at different temperatures, is purely qualitative.

Delithiated LuCuzFeSz and LiCuFeS; data show a small endothermic
peak near 118°C whicl corresponds to the melting of sulfur. The size of
the peak indicates that both delithiated samples contained trace amounts
of sulfur. In the delithiated Li%CU%F@Sz data, broad peaks near 205°C
and 530°C were observed. Diffraction pattern measured at 355°C indicates
that the products of the exothermic reaction near 205°C are the naturally
ocurring minerals chalcopyrite, CuFeS,, and marcasite, FeS,. The reaction

can be described in terms of the phase transition
. . "’x/ :

Se 1§Fe32(hexagonle) ’
,g 2 CuFeSy(tetragonal) + 3 FeS;(orthorhombic)  (4.4.2)

At 447°C and 550°C, the diffraction pattern remains that of chalcopyrite,
but FeS, is present as a mixture of marcasite and pyrite.

The general features observed in the delithiation of LuCuzFeSg are
also observed for delithiated LiCuFeS,. The exothermic reaction which
occurred near 205°C, now occurs nedr 340°C. Diffraction spectra of the
powder which had been ramped to temperatures of 365°C and 550°C both
display the powder patterns of chalcopyrite. Thus, it is evident that the
Cu,FeS, phase, prepared by I,/AN, is a metastable phase at room temper-
ature. At elevated temperatures it undergoes a phase transition to form

“chalcopyrite.
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4.4,2.1 Metastable Cu,FeS, and Chalcapyrite ' [

The structure of chalecopyrite contains four molecules in a tetragona]
unit of the dimensions, a = 5.244, and ¢ = 10.304 (30). - The atomic

arrangement is essentially that of zinc blende, where metallic atoms are -

surrounded by tetrahedra of sulfur atoms, while each sulfur atom in turn
resides in a tetrahedron: formed by two iron atoms and two copper atoms.
'Figure 48 shows the atom arrangement of zinc and sulfur atoms in zinc
blende. Two views are showﬁ, one down an axis and the othey, in the [111]

- direction, to emphasize the layers of metal and sulfur’atoms. In the latter

view, the planar sulfurs form a honeycomb hexagonal'lattice. Geometric
calculations show that the planar S-S distance is 3.714. In the notation of
hexagonal close-packed layers, chalcopyrite has a three layer sulfur stacking
sequence, and can be described by the stacking symbol

A,B,C.A.B,C.A,

where the capital letters denote the relative sequence of the sulfur layers,
the small letters represent the Cu and Fe atoms, in a 1:] ratio occupying
half of the tetrahedral sites between two layers of sulfur. Figure 49a is a
- schematic diagram of such an arrangement. The interplanar S-S distance,
from S, to Sc, is calculated to be 6.1A. This distance is equivalent to
the two layers sulfur stacking sequence, as observed in the Cu_,FeS, phase,
where x=1.- ) .

The metastable Cu;FeSQ phase, where z = 1, has a unit cell dimension
of @ = 3.708(1)A and ¢ = 6.188(2)A. The schematic diagram in figure 49b
shows the major difference in the arrangement of metal atoms of this phase

and that of chalcopyrite. The Cu and Fe atoms of the metastable phase .

do not reside between the same layers of sulfur. Instead, the Cu and Fe
atoms occupy the tetrahedral sites in alternating layers of salfur. Since
the dimension of the hexagonal}pi

chalcop‘yfite, the phase transition from metastable Cu,FeS; to chalcopyrite
becomes easy to envisage. Upon heating, when enough energy is supplied,
the sulfur planes slip, and the metal atoms within the hexagonakframework
undergo rearrangement into new positions such that a minimum free energy
state in the crystal is achieved. This lowest energy state, not surprisingly,

117

mework is almost identical to that of
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Figure 48. The structure of zipc blend, showing the arrangement of the
zinc and sulfur atoms. Two views are shown, one down an axis and the
other to show the planes of atoms in the {111] direction.
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occurring mineral, chalcopyrite.
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(b)

| — *

6.188(2) A - Sg
1 Fe

Figure 49. A schematic diagram of the stacking sequence of (a) chalco-
pyrite in the [111] direction, and (b) the layercd Cu.FeS; phase, where
r=1..
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5 SUMMARY AND SUGGESTIONS FOR
FUTURE WORK

A

5.1 Summary of the Thesis

The purpose of this thesis was to investigate the chemistry and elec-
trochemisty of pyrite and chalcopyrite as ambient temperature lithium re-
chargeable battery electrodes. The thesis began with a brief introduction
to the concept of intercalation, and a summary of the previous work, which
contained many incorrect speculations based on analogies to the well-known
intercalation system Li, TiS,. Fabrication of the different types of electro-
chemical cells and methods of chemical syntheses of materials which were

used in this study were described.

The thermodynamics of an intercalation battery, based on the analogy
to the isotherm of a gas, was reviewed. Based on the similarity of the two
systems, a set of thermodynamic quantities for the intercalation battery
was derived (section 3.2.2). From these fundamental quantities, features of
V(z), and —%& curves can be used to detect first order phase transitions.
The methods of measurements and the interpretations of these quantities
are described (sections 3.2.4 and 3.2.5). Other techniques which were used

to aid in verifying the interpretations of the V(z) curves were discussed.

Experimental results were presented in chapter four. A summary of

the results is given below.

1. In the high temperature Li FeS; series (0 < z < 2), LgFeS; 1s the
only compound which exists in pure form. This compound forms at

a temperature of 300°C (scction 4.1.1).
. X

[AV]

Copper substitution for one of the two types of lithium in Li,FeS, re- ;
sults in a series with composition Li;_; Cu, FeS, where, over the range
of 0 < = < 1, a solid solution forms (section4.2.1).

? N

-,
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. The crystal structures of lithiated pyrite, Li;FeS,, and lithiated chal-
copyrite, 'LiCuFeS,;, were determined (sections 4.1.2, and 4.2.2).
These materials are synthesized at high temperatures from the natu-
rally occurring minerals pyrite and chalcopyrite.

. The crystal structure of a partially delithiated compound,
Li;_sCuFeS,, was determined (section 4.2.3). As lithium atoms are
removed from the compound, copper atoms move from one layer of

- sulfur to another.

. A LiFe, 55, crystal was selected from a batch of Li,FeS, powder. Its -

structure was determined (section 4.1.3). Attempts to synthesize this
phase at temperatures above 300°C were unsuccessful. Thus LiFe, 5S,
is not a stable phase above 300°C (section 4.1.4).

. Upon the removal of lithium from Li, FeS, with [,/AN, disproportion-

ation of the compound is observed. The reaction product is a mixture

of partially delithiated Li,_,FeS,, FeS,, and S (section 4.3).

. Calorimetric measurements on delithiated Li,FeS, show that only ap-
proximately 35% of the mixture is comprised of FeS, and S. The re-
maining 65% 1is made up of the partially delithiated phase,
Li, . FeS,. Upon heating, FeS and S react to form marcasite, which
then undergoes phase transition to pyrite (section 4.4.1).

. Delitijated Lip.,Cu;FeS; (0 < ¢ < 1) with I,/AN results in well-
defined Cu,FeS; phases. A gradual variation of the lattice parameters
of this series with r is observed. The structures of these compounds
are similar to natural chalcopyrite but has Cu and Fe atoms between
different sulfur planes (section 4.2.1).



A"

9. When heated to 550°C, the metastable Cu,FeS, phases, for z < 1,

10.

11,

13.

undergo phase transitions to form chalcopyrite, marcasite, and pyrite.
For z = 1, only chalcopyrite is formed (section 4.4.2). The dimen-
sions of the honeycomb hexagonal sulfur framework of Cu,FeS, and
chalcopyrite are almogt identical. Therefore, phase transitions at high
temperature only involve minor sulfur slipping and rearrangements of
the metal atoms in the crystal lattice (section 4.2.3).

-

The discharge mechanism of the first discharge of a Li/FeS; cell at
high discharge rate at room temperature is

At temperatures above 37°C, and at low rate discharge at room tem-
perature, the reaction proceeds step-wise, forming an intermediate
phase, Li,FeS, (section 4.3.1).

2 1a + FQS‘)

Li)FeSQ
2 LIQS + FE‘

Related experiments to confirm these equations are found in sections
4.3.1, and 4.3.3. ' '

RN

le first and second discharges of a Li/FeS, cell bear no resemblance
siNce at the start of the second discharge, the cathode does not com-
the starting material, pyrite. Instead, it contains a mixture of

FeS, and S (section 4.3.1).

The chemistries of Li/FeS, cells and Li/Li,FeS, cells, after a complete
discharge to 1.0 volt, are the samne (section 4.3.1).

¢

In the Li/Li;FeS, cell, the reversible voltage range is between 1.45
and 2.45 volts. This corresponds to 0 < r < 0.8 in Li,_,FeS,, where
the observed cycling mechanisin is that of intercalation. Beyond this

[l
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14.

15.

range, new phases with other Fe:S ratios are fornied (section4.3.2).

A Mossbauer study shows that in the initial siage of recharge of a
Li/Li,FeS, cell, there is eviderice that indicates that the species which
undergoes oxidation is iron. The rate at which the two different types
of iron in Li,FeS, underio oxidation is significantly different ‘(section

4.3.3.3).
<? !

The discharge mechanism of Li/CuFeS, cells is

4 Li 4+ CuFeS,

2 Li,S+ Cu+ Fe -

(section 4.3.4, and 4.3.6). Unlike Li/Li,FeS; cells, an intermediate

phase is not formed (section 4.3.4). In the initial region of discharge,

gas production resulting from electrolyte breakdown is observed (sec-

tion 4.3.5). ~ ¢
. L
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S
5.2 Suggestions for Future Work

In this thesis, we have discussed the chemistry and electrochemical
reactions of cells fabricated with pyrite and chalcopyrite. More experiments
are required to probe into the mechanisms which are responsible for the
subtle features observed in the voltage curves. o

-

Measurements of the changes in electronic properties such as con-
ductivity, and magnetic susceptibility as a function of temperature would
be useful. Further structural work includes investigating the occurrence
of lithium ordering in Li;FeS, and Li;_.FeS;, and growing crystals of fully
delithiated Cu_ FeS, phases. In-situ resistivity measurements of these electro-
chemical cells are required in order to understand the kinetics of these
materials. Variable temperature Mossbauer measurements on the starting
materials may yield useful information on magnetic interactions which may
facilitate the interpretation of the complex spectra observed at 4.2°K. Fi-
nally, a detatled study of synthesis is required in order to study the LiFe, 5S,
phase, as 1t has the characteristics of an intercalation compound.

e,
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