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ABSTRACT 

Naturally occurring minerals such as pyrite, (FeSz), chalcopyrite 
(CuFeS2), and materials synthesized from them have been investigated as 
cathode materials in lithium secondary batteries. The mechanism of the 
first discharge of Li/FeS2 cells is both temperature and rate dependent. 

4 At new room temperature, and high discharge rate, the reaction proceeds 
via one-step, forming Li2S and Fe. However, when the discharge rate is 
sufficiently slowed, and the temperature is increased to above 37OC, this 
reaction proceeds step-wise, forming Li2FeSz, 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'bf 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/FeSn cell, which has been discharged to x = 2, 
shows behaviour which is similar to the first recharge of a cell fabricated 
with chemically synthesized LiaFeS2. - - Between the voltage range of 1.45 - - --- 

and 2.45 volts, the cell mechanism is intercalation. Above 2.45 volts, the 
hexagonal framewark of Li2FeS2 decomposes, and dispropoction,ation of the 
coinpouqd iae$ mixture of FeS, and S occurs. Subsequent tb a complete 
discharge to 1.0 volt, the cell chemistry and thermodynamics of both of 

\ 
1 

these cells, as indicated by the V(x) curves, are the same. 

Chemical reaction of lithium with CuFeS2 at eleyited temperatures 
yields LiCuFeS2, which is a member of the solid solution- Liz-, Cu,FeS2 
where 0 < x 5 1. Single crystal X-ray diffraction determines this, com- 
pound to be isostructural to Li2FeS2. Electrochemical and chemical re- 
moval of lithium from Li2-,Cu,FeS2 result in well-defined Cu,FeS2 phases. 
The crystal structure determination of a partially delithiated Lil-aCuFeS2 

- - - - - - - - 

phase, where 6 = 0.35, indicates that as lithium is removed, copper atoms 
diffuse into the tetrahedral sites of the lithium layer. Calorimetric data 
show that Cu,FeS2 phases are metastable, and upon heating, phase tran- 
sitions back to the starting minerals, chalcopyrite and pyrite, occur. 
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1.1 The Electrochemical Cell 

The fabrication of electrodes from lithium intercalation compounds 
'4 has received conside able attention in recent years. High energy-density d rechargeable electr hemical cells employing layered transition metal di- 

chalcogenides, denoted by MX2, (M = transition metal, X = chalcogen), as 
cathodes and li thiunl 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 b a b q  based on Li/MoSs (I). 

Intercalation is the reversible insertion of guest species into a host 
w$hout significant changes occurring in the host structure. Suitable hosts 
must have sites in their lattices which are accessible f r ~ m  the surface. Con- 
sequently, these materials generally have open passages through which in- 
tercalants can diffuse. In MX2 materials, layers of metal atoms are sand- 
wiched bet ween layers chalcogens. The adjacent planes of chalcogens 
are bonded together b eak van der Wads forces as shown in figure 1. 
Intercdant atoms ditf se into and occupy sites within the van de Waals' 
gaps between the MX f sandwiches. An electrochemical cell based on inter- 
calation can be represented in the following way: 

Li /organic electrolyte containing Li+ ions/Li,MX2 r a  

using MX2 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 Li' ions and 
electrons. 

x Li 7==f x Li' + x e- (1.1.1) 

The Lit ions migrate through the electrolyte to the cathode. The electrons 
travel through the external circuit, rmct combirre with the L++ iorrs at the 
sclrface of the MX2 cathode to form lithium atoms, which diffuse into the 
cathode host structure. 



General 
form 

/\ 

+-- van der Wools gap 

Figure 1: The generd form of an MX2 layer compound sandwich. 
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Figure 2: Schematic diagram of an intercalation cell. (PC and EC denote 
-- 

prop! lene carbonate and ethylene carbonate respec t ive~~ . )  



The overall .reaction is the transfer of lithium atoms from the anode to the 
cathode. 

s. Li f MX2 - Li,MX2 (1.1.3) 
v *  , 1 

Thevoltage across the dell,can be expressed in terms of Ag, the change 
t in part id m& L - free energy. >' ' ' 

a . - .  ' j 

- . - I^&., - Ag V = - -  
F 

(1.1.4) 

where F is ~aradh~ 'g&nstant .  Since Ag is defined to be the difference in 
chemical potential of the lithium atoms in the anode and cathode, pa and 
p, respectively, the voltage can also be expressed as 

where e-is the magnitude of the electronic charge, and pa is a constant 
because the composition of the lithium-anode is unchanged. Since the 
electrode qeaction involves changes in the composition of the cathode, vari- 
ations in the voltage as the cell charges and discharges result from changes 

;I 
in pc. 

\- 

On recharge, a current is driven through the external circuit so that 
the electrons flow from the cathode to the anode. This causes Li+ iohs'to 
migrate from the cathode to the anode where they cohbine with electrons 
and electroplate onto the li thiurn metal. 



1.2 Pyrite and Chalcopyrite 
9 A 

Naturally occurring minerals such as pyrite (FeS2) and chalcopyrite 
(CuFeS2) are at tractive electrode materials.  he& 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/FeS2 cells*have excellent reversib;lity at 450•‹C 
(2,3) and attempts were made to determine the compositions of the equi- 

M 

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 Li2FeS2 as one of the intermediate phases formed. The 
X-ray diffraction powder pattern was indexed with a hexagonal-cell with 
a = 3.90 A and c = 6.28 A (3, 4, 5). 

C 

More recently, the behaviour of chenlically synthesized Li2FeS2 was 
studied in lithium batteries at room temperature (6). Two intermediate 
hexagonal phases were identified and they were thought to have the Cd12- 
type structure. By analogy with Li,TiS2 (7), the cycling mechanism was 
interpreted as intercalation of lithium between the layers in the van de -- -- 

Waals' gap. Although Li2FeSz exhibited good electrochemical reversibility, 
electrical conductivity measurements showed it to be a poor conductor 
(8). On, the other hand, substitution of copper for lithium (Liz-, Cu,FeS2) - 
increased conductivity by two orders of magnitude. This property of the 
copper subs tit uted .compound is particularly desirable as it decreases the 
internal resistance of the battery. 

. To date, information on the Liz-,Cu,Fe2 phase is limited. X-ray 
./ 

diffraction showed that substitution of copper to x = 3 (LiiCuaFeS2) de- ,, 
3 3 

creased a to 3.833 A and increased c to 6.339 A. The Mijssbauer spectrum 
of this compound resembled that of Li2FeS2 (5). Both showed two over- 
lapping quadrupole doubIets which suggested two non-FquiEiISEon sites 

, in the hexagonal crystal structure. 

Due to the complexity of the iron-sulfur system, even though phases 
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Figure 3: The Li-Fe-S phase diagram 



' 4  

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. 



EXPERIMENTAL PROCEDURES+ 

2.1 Electrochemi&l Cell Fabrication 

2.1.1 Cell Components 

An electrochemical cell based on lithium intercaWon 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 sd that their reactions 

t with lithium metal are mininiized. 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 (PEO; 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 $@mesh Sieve [I80 ) 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 0.0016 
crn thick aluminum substrate, and evaporated to dryness. Cathodes wero 
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/cm2 . When air sensitive cathodes were 
prepared, the above process was carried out inside an inert atmosphere 
glove box. /' 

Lithium hi1 (Foote) was used a~ receives, iiiidstored insZGe a selTed 
chamber in the glove box to prevent formation of lit&ium oxide or lithium 
hydroxide surface films. Anodes were made with 0.0127 cm thick lithium, 
cup to a size which co\-ered the entire cathode surface. 



The electrolyte was a 1M solution of lithium hexafluoroarsenate 
(LiAsF6) 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 LiAsFs salt (U.S. 
Agric. Chemical) was used as received. 

The separators used were Celgard #2500 microporous polypropylene 
films, cut into sheets that were larger than the cathode. They were im- 
mersed in the p r epa ra  electrolyte and wetted under 150 psi pressure to 
.open the micropores. 



2.1.2 Cell Assembly 

~ * 
Four different types of ele'ctrochemical 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 Mossbauer cell. These 
two-electrode cells were designed to meet the following requirements. The 
cathode and the anvde must be electrically isolated. There must be suffi- 
cient pressure on the electrode surfaces- to provide good electrical contact, 
and a t  the same time, minimize the internal resistance of the cell. The 
cell must fit within the constraihts 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 ark quite different, the 
assembly of each cellwas basically the same. 

Cell construction involved the assembly of a "cat hode-separator- 
anodet' sandwich between two stainless steel surfaces. The cathode mass 
was determined to f 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. - -  -- 4 

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, 15xm length) extends through the top flange and is 
connected to the gas evolution apparatus. Tightening 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 
* 
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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 0.0% 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 bcm thick greased polypropylene gasket provides the gas tight seal 
between the top cover and the stainless steel cell base. 

The in-situ Mossbauer cell is similar to the X-ray diffraction 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 tit 
elevated temperatures. The flexing of the beryllium windows which causes 

h 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, is approximately 70 to 75%. Poor cathode 
utilization of in-situ Mossbauer cells is difficult to overcome. 



C E L L  VOLTAGE CONTACT 

T 
- -010' THICK 

B E R Y L L I U M  WINDOW 

- L I T H I U M  ANODE 

CATHODE 



0 4  WIMOOW 
\ 

IMSULATOR 

C E L L  T O P  P L A T E  

(-1 C E L L  B O T T O M  P L A T E  

/ + - B A S E  S C R E W  

- T H E R M O C O U P L E  - 
, H E A T E R  

P R O P O R T I O N A L  
C O U N T E R  O E T E C T O R  

Figurc S :  -411 in-situ h4iissbaucr cell. 



2.2 Synthesis of Materials 
, 

There were two methods of preparation of lithiated cathode mate- 
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-sen~itive, 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 sqlution of napthalene (NAPH)  (Fisher) 

1 - 

in tetrahydrofuran (THF) (Fisher). Upon the addition of lithium metal, a 
- 

redox reaction with NAPH podiced the reduced form of the reagent. 

THF 
(2 - a )  Li + (2 - x )  NAPH -- (2 - x) 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 - x) LiNAPH + (1 - x) FeS2 + x CuFeS2 - 
-- - 

i (2 - x) Li2S + (x - a )  Cu + ( t  - :) Fe -( 

( 2  + i - a)  FeS2 + a CuFeS2 + (2 - x) 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 SOO•‹C for 16 hours. The reaction which 
took place during the heating process was the formation of the appropriate 
li thiated compound. 

heat 
(1 + " - a )  FeSz + a CuFeS2 - Liz-,Cu,FeS2 (2.2.3) 2 4 



Since the mole ratio of Cu : FeS2 : CuFeS2 in the reaction mixture was not 
determined the quantity of a remained unknown; But typical values for x 

(ie the amount of copper substitution) ranged between 0 to 1, and the 
values of a were, therefore, limited from 0 to x. 

a 
The second method was primarily used for the preparation of single 

crystals of the lit hiated materials. The procedure involved mixing together 
Li2S (Alfa, 99%), Fe (Spex, 99.9%f,' Cu (Alfa, 99%), natural FeS2, and 
natural CuFeSz in the correct stoichiometry. The powders were mixed and 
heated under the same conditions described above. For the preparation of 
Li2FeS2, the sample wa;s heated to 900•‹C , fifteen degrees above the reported 
melting point (4). For LiCuFeS2, the heating was only taken to SOO•‹C. The 

A 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 7 

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 
~vas important for the preparation of samples for crystallographic work. 



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- 

-7 

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) 

i" is iodine in acetonitrile (AN). It was reported that the reduction of ,iodine 

J to the colourless iodide ion iqiicated a voltage of approximately 2.8 volts. 
Thus, this is a useful techni ue to synthesize the reaction products of a 

4 fully charged electrochemica f celk. 

Finely ground lithiated compound was allowed to react in a stirring 
solution of iodine (Fisher) in acetonitrile (Fish&) for 16 hours. The reaction 
involved was the formation of lithium iodide which was soluble in AN. 

x 
Li,MX2 + n 12 ------ x LiI + "MX; + (n - -) I2 

8 2 

The reaction product, "MX;, may be formed as a compound, llor may dis- 
proportionate to MX and X- Typically twice the required amount of iodine - 

yas used to make b 0.2 M solution with AN. The resulting nlaterial 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 
con~pound co a fine powder, small chunks $ere put into a bottle containing 

'* AN. Iodine was added in small quantities up to approximately 20% of the 
amount required *for complete deli thiation. The reaction was allowed to 
proceed undistufbed w .  until the solution turned clear. Typically, this took 
two to three weeks. 

i 
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2.4 Summary of Samples Synthesized 

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 pm in size. h4etal analysis (by Can test Ltd.) 
using an Inductively Coupled Argon Plasma Spectrograph (ICAP) showed 
that Teck wr i te  and Teck chalcopyriti have a consistently hwer level of 
elemental impurities. Table I1 gives a summary of the reported values. 
Hence, all the results reported in this thesis are fsorn sarnples p r e p a d  
using the minerals from Teck Mining Corporation. 

'-4 
e 



TABLE I - A summary of the synthesped compounds mentioned in the 
thesis. 

Name Stoich- 
iornetry 
Li2 FeS2 

Li?FeS? 

Li FeS2 

LiF& 

Li3FeS2 

Li 1 FeS;! 

Li? FeS2 

LizFe9? 

Li2FeS2 

Li2 FeS2 

Reaction Method/ 
Temperature 
NAPH;600•‹C 

NAPII; 
200•‹C 
3OO0C, 400•‹C 
5OOuC, 800•‹C 

NAPII; 900•‹C 

J 

~roduct(s)  

LizFeS2 

LizFeSz 

Li2FeS2 + 
FeS + ... 
LizFeSa t 
FeS +... 

Li2S + Fe + 
FeS 

Li2FeSz + 
FeS + ... 

Li2FeS;! + 
FeS + ... 

Li2S + FeS 
Li2FeS2 

I,i2FeS:! 

I,i2FeS;! 

< 

Comments 

gpanish FeSa 
broad peaks 

qxmish FeS:! 

spanish FeS2 

* 
ipanish FeS2 

spanish FeS2 

spanish FeS? 
broad peaks 

spanish FeS? 

TECK FeS? 

TECK FeS2; 
crystal det. of 
LiFe, 5S2 

TECK FeS2; 
crystal det. of 
I,izFeSz 



TABLE I (cont'd)- A summary of the synthesized compounds mentioned 
in the thesis. 

.+ 
Stoich- 
iometry 
delithiated 
LizFeSz 

Li; Cu ? FeS2 

Li I Cu : FeSz 

LiCuFeS2 

delithiated 
Li Cu FeSz 

delithiated 
Li: Cu + FeSz 

delithiated 
LiGuFeSz 

LiCuPeS2 

jartially 
lelithiated 
;il-6CuFeS2 

?eS 

&action Method, 
Temperature 
h / A N ;  
room temp 

NAPII; 800•‹C 

NAPH; 800•‹C 

NAPH; 800•‹C 

I?/AN; 
room temp 

IzIAN; 
room temp 

Iz/AN; 
room temp 

LizS + FeSz+ 
Cu + Fe; 800•‹C 

[ , /AN;  
room temp 

Product(s) 

FeS + S + 
Liz-,FeSz 

Li Cu FeS2 

Li iI Cu + FeS2 

LiCuFeSz 

metastable 
Cu? FeSz 

metastable 
CU FeSz 

m?tastable 
CuFeSz 

LiCuFeS2 

metastable 
2uFeS2 

064 

Comments 

delithiation of J ;  
20 hours of stirrinl 

TECK FeSa and 

TECK FeSz and 
CuFeSa 

TECK FeSz and 
Cu FeSz 

delithiation of L; 
20 hours of stirring 

delithiation of h l ;  
10 hours of stirring 

ielithiation of h'; 
10 hours of stirring 

I'ECK Fe'32; 
:rystal det. of 
>iCuFeSz 

ielithiation of R; 
:rystal det. of 
Ail-6CuFeSa 

xs,, 
vhere yaVp + ,064 



Table I1 - Irnpuri ties. detected i i i a n d  chaleopyri te from differlnt 
sources. M e w  of analysis is by Inductively Coupled Argon Plasma (by 
Can test Ltd). 

Impurities i Spanish 
Pyrite 

TECK 
Pyrite 

k. 

UBC 
Chalcopyrite 

TECK 
Chalcopyrite 

( P P ~  
740 
450 
10 
* 

i w  

160 
8 
16 
< 30 
4 - .  I 1  

* - Copper is not an impurity in chalcopyrite. 
I 



3 EXPERIMENTAL TECHNIQUES* 
A 

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 28 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-I in CuIC, 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 28. This effect r~su l t s  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 (lo). Therefore, a cor- 
rection to the peak p.ositions 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 

b laye~ed s h d u r e s ,  the tendewy of the pl&l& b edxixesae - 

basal (001) reflections with respect to the (hbO) reflections. This effectively 
alters the relative intensities of the &fTrac&n peaks aiid r e ~ u k s  ki incorrect 

- 

placements of the atoms in the unit cell. 



t 

3.2 Electrochemical Measurements ? 

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

3.2.1 Therinodyna~nics of a Gas L 

Let the equation of state for a substance of voluxne v, pressure p, and 
temperature T te be 

Y = 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 

erature is an isotherm. 

r the isotherm illustrated in figure 10, at p < p l ,  the curve yields a 
uniqu d u e  of v ,  and a positive value for the isothermal compressibility, 3 - 

k ,  where E is defined to be 

When t >_ 0, or when the slope of the curve 2 < 0, stability conditions are 
' satisfied. Hence, in this region, a well-defined single phase wikh a relatively 

large compresibility, such as that for a gaseous phase, exists. At p > 1'2, 

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 pl < p < pz, there are three possible values of 
voltme v forettek p~essttfep. Bet hpc&cm&h-  -- 

violates the stability condition, therefore, values of v in this range are not 
as they had to an intnlnsicdy unstabTe sZua6m. Th"ls leaves tvm 
values of u,  u~ and vs. To consider the relative stability of VA m d  

- 



b'igtm 9: Sdreraatic diagram &ribkg af~ quitbkm ef sCabe &?I fcK a= .. - 

ious temperatures. The point C is the critical point. The shaded region is C 

- - 

the' area where two phases can coexist dong the horizontal. fines. 
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VB, the relative magnitude of partial molar Gibbs free energieg, gA(p ,  T) 
and gB(p, T), must be considered. 

$ 

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

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

dg = -sdT + v d p  (3.2.4) 

,4t constant T, 

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 obtai&d. When p < px, 
the substance behaves as a gas. At pressures p > px, it behaves as a liquid. 
At point X, the system shifts from the gas phase to the liquid phase. Thus, 
px correspon& to the pressure where the phase transition occurs, and that 
both phases coexist in equilibrium with each other in arbitrary proportions. . 

J -- -- 

The pressure of the phase transfornlation px corresponds to p = p~ 

- 4  
. in figure 11. The horizontal line ADB, which joins points A and B at  p ~ ,  

*, is characterized by the fact that 3 w 

It is along this line which phase transformation occurs. From equation 3.2.2, 
phase transitions are signaled by thc divergences of the compressibifity of 
the substance. 

). 

During the course of the phase transformation the total molar volune, 
vtOt, is given by 

utWt = ~ J B  + (1. - (1% (3-2. 2) 

where. vs  is the molar volume of the gas, v~ is that of the liquid, and t is 
the fraction of the total molar volume in the gas phase. 



/ 
Figure 10: An isotherm for an equation of state 3.2.1 

Figure 11: The behaviour of g ( p )  at constant teolperature im$ied by the 

curve of 10. 



+ *  
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3.2.2 Thermodynamics of an Ineercalation Battery +!- 

As shown in equatidn 1.1.4, the voltage of an intercalation battery 
can be relatei to Gibbs free energy, G, where 

G; is the number of moles of phase i present. Like g ( p ,  T), the function 
G(p, T )  is defined to be 

G = E - T S + p v  (3.2.9) 

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

4 
In an intercalation battery, the number of lithium atoms in the cath- 

ode, n,  can vary. This quantity is usualb referenced to the number of metar 
atoms in the cathode, N ,  such that 

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 + p d n  ' (3.2.12) 

Thus, the Maxwell relation, 

can be derived. 

Equations 3.2.4 and 3.2.12 are identical if the substitutions v to 12 

and p to - p  are made. Thus, the therrnodparnks of a gas is analogous 
to the thermodynamics of the intercalation battery. Following the analogy, 



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

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

for the intercalation battery. Divergences, or peaks (wh& kinetic effects 
are included) signal first order phase transitions. The fraction i of the 
cathode in phase 1 and the fraction (1 - C) in phase 2, are determined by 

where xl  and x 2  are the compositions in the two coexisting phases. Table 
I11 summarizes the analogies between thermodynamics of the intercalation 
battery 'and the gas. 



- 

TABLE I11 - Analogy between thermodynamics of the intercalation battery (, 
and the gas 

i 

Thermodynamic ' 
Quantity 

~ ~ u a ' t i o n  of State 

F'ree Energy 

Compressibility 

Maxwell relation 

Intercalation 
Battery 

Gas 

s = d P 1  T )  
dg = -sdT + v d p  

_I 
kX, 

t - the thermodynamics of a gas is identical to  the thermodynamics of the intercalat- ,- r 
" <  " 

ion battery when the substitutions v to n ,  and p to -,u are made. 



t,; 

,3 . .C ., 
3.2.3 Phase Transitions in an ~ntercalhtion Battery 

b 

When a cell based on intercalation is charged or discharged at con'-. 
stant current, the rate of change of cell voltage with time is 

D 

where V is the cell voltage, Q is the charge, and t is the time. is the 
current, I ,  and 2 ; s  defined to be Q,, the charge which flowed to change 
x bv I* Therefare. 

This states that $ is proportional to the thermodynamic quantity $. 
Hence, by measuring the V ( t )  curve at mnstant current, $ is inversely 
proportional to the slope of V ( x ) .  This rn+hod of measuring is called 
derivative constant current chrgnopotentiometry (13). 

f, - * 

*. 
The equation of state 3.2.14 for an intercalation battery is shown 

schematically in figure 12(a). Zhe corresponding "G vs. x" curve, as shown 
in (b), is obtained by 

f 

G - G ,  = - l o V d r  (3.2.19) 

These curves are analogous to those shown in figures 10 and 11 for the 
gas. Following the analogy, at composition x < X I ,  phase 1 exists. At 
composition x > x2, phase 2 exists. In the intermediate range, xl < x < x2, 
a phase transition occurs and phase 1 and 2 coexist. The dashed line, which 
joins x1 and 22, is determined by drawing a common tangent to the lowest 
free energy of composition xl It represents the free energy of the 
two coexisting phases. 

For an ideal cell during a phase transition, the suhce  amcentr;Ltianaf 

lithium remains fixed while the phase boCndary moves through the crystal. 
This mems that p, is m s k m k ,  a d ,  from ecpknm 1.1.5, the vcrttage in 
a two-phase .region is also constant. Thus, a plateau in the , L ' ( s )  curvc 

4 



Figure 12: (a) A V ( x )  curvq (b) The behaviour of C ( x )  a t  constant 
tcrnperaiure implied by the curve shown in (a). 

3 3 



generally signals a first order phase transhion. Since dV = 0, according 
to 3.2.18, a divergence in 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 5 from the ideal delta hmctions into 
peaks of finite width and area (14). These peaks, as observed in " @ vs. V" 
plots in fi$yre 30, are unambiguous signrrla of first order pliasp transitions. 

in single phase regions of a binary syste~n, the voltage of 
the cell,?: varies with x,  whereas, in two phase regions of a biirxy system, 
V rern&ns constant, independent of z. Si~riilarly, for a, ' n  - ary'  system, 
in [I, 2, ..., ( n  - I)] phase regions, V must vary with s. But in 'n' phase 
regions V must- rerrlczin constant, independent of z. 



3.2.4 The Constant Current Method 

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

where I is the current, t is the &ration of eu~rcmk flow (see), M is the 
1 

molecular weight of the cathode, rn is the cathode mass and F is Faraday's 
constant. 

Equation 3.2.20 assumes that the net charge transfer is due totally 
to the intekalation of lithium into the cathode. Ir, practice, there are 
two factors which affect the d u e  of x and they must be considered. The 
first is the "side reactions" as described in section (2.1). The second is - "cathode utilization". This problem arises when the entire cathode mass is 
not c4ectricdly connected to the aluminurn suhstratc. 



3.2.5 The Constant Voltage Method 
b 

The constant voltage technique involved incrementing (or decrement- 
ing) the cell voltage and measuring the charge which flowed until the cell 
reached equilibrium. 1n-situ X-ray and Mossbauer 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 $ plotted against V reveals fine features in the V(z) 
curves. From these graphs, the stepping volt ages are determined. Cells 
which are charged and discharged by constant voltage are usually stepped 
beyond a peak to a voltage where is minimum. This corresponds to 
taking the cell across a plateau on the V ( x )  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 p a p s .  Once the current 
flow through the cell is less than 5 parnps, the cathode is considered to be 
in equilibrium. X-ray and M6ssbauer spectra measured a t  this point can 
yield useful information about the phase transition. 

# 



3.3 Single Crystal X-ray Diffraction 

The literature contains incorrect speculations on the strycturea of 
Li2FeSz and LiiCuzFeSz based on techniques such as powder X-ray dif- 

3 3 " fraction (3, 4, 5, 6, 15), Mossbauer spectroscopy (5), and Infrared Spectro- 
scopy (16). Using single crystal X-ray diffraction, the structures of Li2FeS2, 
Li2Fe3S4, LiCuFeS2, and Lil-aCuFeS2 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 acqgrately centered reflections 
(28 > 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. 

Computat ions were performed with complex scattering factors for I 

. . 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. 



3.3.1 Data Acquisition Procedures 
0 .  

Using the unit $ells obtained from powder X-ray diffraction, the pos- 
sible Laue symmetry for these structures are: 3, 3m, 6/m, Glmrnm. By 
analysis of the intensit!es 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, P3m1, P321, and P312. 

~ a b l e . 1 ~  summarizes the crystal data acquisition and refinemkt pa- 
rameters. Only ~eflections with intensities greater than 2.5 a 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(lF0I - IF,1)2 ( where w is the weight assigned 
to an observed reflection, Fo and Fc are observed and calculated structme 
factors) in the space group P3m1 yielded acceptable final residual R-values. 
A weighting scheme, which kept w( I FoI - IFC1)' near constant as a function 
of IF.1, y, and the Miller indices, h, I; ,  and 1, was applied. Finally, re- 
finement was terminated when the shifts in parameters at the end of each 
least squares cycle over t % e 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. 

+ 
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Table IVa - Crystal data acquisition and refinement parameters of 
L ~ F ~ ; . ~ S ~  and LisFeSz 

COMPOUND 
Space Group 

4 A) 
4) 
u(A3) 

(cm-' ) 
p(glcm3) 
Z 
F W  ('g(rno1e) 
Measurement 
Temperature (" C) 
Crys t a1 
Dimen'sions (mm) 
"I'ransrnission 
Coefficient 
Scan mode 
Scan width (deg) 
scan speeds("/min_: 
2&naz(deg) 
Number of 
Reflect ions 
Refined Vari%bles 

Rf t 
R w f  t t 
G.O.F. f 
k,  Instrument 
Errdr $$  

t Rj  = 7-!; for observed data (I > 2.5o(I)) 



- 
Table IVb - Crystal data acquisition and refinement parameters of .J 

L ~ C U F ~ S ~  and Lil-sCuFeS2 ( =9 

P M ~ K ~ ( c ~ - ' )  

p(glcm3) 
z * 
F W  (glmole) 
Measurement 
Temperature (" C) 

COMPOVND LiCuFeSz . 
Space Group P3ml 

3.807(2) 

Crys t a1 1 0.18 x 0.15 x 0.15 

Lil-&uFeS2 
P3tnl 
3.77(4) 

Dimensions (mm) 
Transmis~lion 
Coefficient 
Scan mode 
Scan width (dcg) 
Scan speeds('/min) 

2Kba,(deg) 
Number of 
Reflections 
Refined Variables 

Rf t 
Rwf t t 
G.O.F. $ 
k ,  Instrumcn t 
Error f  

t, tt, 1, $ 1  - see Table IVa. 



\ 3.4 57h3 Massbauer Spectroscopy 

1n-&e 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 

is lost as recoil kinetic wrergy, E,, and' hence the 
itted has an energy (Et - E,), where E, is the nuclear energy 

Similarly, for resonance absorption, the required photon 
energy ig (Et + E,). As shown irr figure 13, the thermal motion of the emit- 
ting and absorbing atoms may linewidth sufficiently 
that a smdI fraction of the undergo nuclear 
resonance fluorescence. / 

s 

Mossbauer discovered that when the is solidly bound in a 
crystal lattice, emission or absorption of the ray occurs without nu- 
clear recoil or thermal broadening. Thus, observed resonance 
absorption lines, which are now linewidth of 
the gamma- radiation, are usudly very sharp. is phenomenon is known 
as the Mossbauer effect. To observe such an with 57Fe nuclei, "Co. 
is used as radiation source. T$is isotope u dergoes electron capture to 
give metastable "Fe (tlI2 = 1 . 0 k  lod7 sec) which decays rapidly to the 
ground state by emitting p n m a - r a b .   h he e ergy of the gamma-iay rnon- f itored is 14.4 KeV. From Heisenbergls unce tainty principle, the natural '  
linewidth of 'this transition is 4.8 x low9 eV. It is this unique production 
of monochromatic electromagnetic radiation of such d precise enzrgy 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 i r np ing~  on the iron-containing ab- 
sorber, atoms which have the same chemical environment as the source will 
undergo resunmce absorption. h t  if the &ems k &e absorbe~ h a  
different electronic environment, the energy levels of the*iron nuclei of the 
absorber are shifted. Hence, the energ required for excitation is s@kikly 5 differen1 than that of the gamma-ray emi ted by the radiation source. Typ- 

1 
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4 A Figure 13: The resonance overlap for,free-atoms. Nuclear gaIrlIna resonrulcc 
is the small area shaded in black. 

1 



*# 

ical changes to the nuclear energy levels are of the order of lo-' eV. In order 
to investigate such perturbations of the energy levels of the iron nuclei in the 
absorber, th& g q m a - r a y  energy must be modified. This can be achieved 
by moving the radiation source towards and away from the' absorbe; at 

L 

velocities of the order of 0.2 mm/s. 

The source is mounted on an elect,rornecl~anical tran ducer and is B 
driven' back>&d forth at constant acceleration to scan a range of velocities 
(typically from -8 to 6 mm/s). The experiment is set up in the transmis- 
sion mode where the gamma-rays emitted by the source pass through the 

@a absorber and enter a proportional counter. Thus, the occurrence of reso- 
a nance - 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 velocity can be derived for each channel. 
The spectrum recorded is a plot of gamma-ray counts atNthe detector, or 
relative transmission, against the velocity of the source with respect to the 
absorber. 

A-Mossbauer spectrum is characterized by the n d b e r ,  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), &d their significance will be addressed 
in section 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. 



3.5 Differential Scanning Calorimetry 
a 

Calorimetric ~neasurements are made using a Perkin-Elmer DSC-4 dif- 
ferential scanning calorimeter CDSC) Sanlples were pre-weighed and loaded 
into stainless steel containers with a copper gasket seal. The prepared sam- 
ple and an empty r e w n c e  container were placed in a chamber which was 
continually purged w i t h h y  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 sa~nple and the eference and adjusts 
the amount of heating power to each accordingly such k at the temperature 
difference is reduced to zero. The output is a plot of the rate of heat flow, 

in joules/sec versus temperature. dl  ' 
6 

Since heat capacity is defined as 4 

it is related to 5 by '? 

d H  d H d T  - - -- - 
4: dT dt 

where 2 is the heating rate. &s, ordinate displacement is a direct nwa- 

RF 
surement of the heat capacity, and the change in energy associated with a 
transition is the integral of the peak with respect to time. 

In practice, instrument calibration with high purity iudium is xwcessary. 

# 



4 RESULTS AND DISCUSSION 
ds - L , 

4.1 The&FeS2 (O<r < - 2) System - . +  

4.1,1, Materials Synthesized 

The family of compounds for ihe Li,FeS2 (0 < t < 2) system were 
synthesized by NAPH/THF reactions and heated at  600•‹C and 800•‹C. Ta- 
ble I summarizes the products of the stoichiornetric reactions. Under these 
reaction conditions, the only compound that exists in pure form is Li2FeS2. 
Furthermore, a study of the reaction temperature (sample A )  shows that 
Li2FeS2 forms as low as 300•‹C. 

s)r 

Powder X-ray patterns show thai the compound can be de&ribed by 
a, 

a hexagonal unit cell with (attice 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 Cd12 type structure asVproposed by Brec 
et al. (6). In fact, t.0 account for the observation of the very intense (003) 
peak, preliminary model calculations require that the iron atoms be tetra- 
hedrally coordinated by sulfur atoms. ~ h $ ,  in order to clarify the structure 
of Li2FeS2, a single-crystal structure determination w . x  undertaken. 

In the first attempt to solve the structure of LizFeSz (sample I), an , 
alternhte structure with the stoichiometry LiFel,,S2 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 resynthesize LiFel.,S2 were unsuccessful, as 
will be described in section 4.1.4. 

Upon deintercalation of LizFeS2 iii a sti sdntinrr of 1, fiW fef 
20 h m r s  ( s k p l e  I<), a 'powder mixture of Liz-,FeS2, ferromagnetic pyr- 
rhotite, FeS,, and sulfur was obtained. The presence of Li2-,FeS2, as win 
be discussed in section 4.4, wz.s an indication that chemical dcintcrcalatio 



was incomplete. Since pyr*tite exists over a range of compositions, a 
plot of the variation of lattice parameter c versus y (21), as shown in figure 
14, allows a determination of y. From the observed lattice parameters 
( a  = 3.482(2)A, and c = 5.83(1)A), the composition of pyrrhotite Tn the 
mixture is FeSl.025. The thermal properties of this mixture will be discussed 
in section 4.4.1. b 





Z 
4.1.2 Crystal Structure of Li2FeS2 

The crystal structure of LizFeSz (sample J )  has been determined (22). 
The compound has space group P3ml with a = 3.90?(1)A, e = 6.294(2)A, 
and m e  molecular formula per unit cell. The structure consists of hexag- 
onilly close-packed layers of sulfur in the same arrangement as the iodine 
atoms in the CdIz structure. Iron m d  lithium atoms fill all the tetrahedral 
interstices equally and ranciody between ari adjacent pair of suIfur layers 
fiayer 1). The remaining lithium atoms fill the octahedral sitcs bet.ween 
the other pair of sulfur layers in the unit cell (layer 2). Figurv 15a shows a 
scheniatic of the layered structure, and a projectiun in the ( 110) plane. This 
asrqemmt of atoms within the sufRir layers caust-s Iwer 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 natation of hexagonal close-packed layers, the LilFeS2 structure ca.11 

be desci bed by the stacking sy~ilbol 

' ,  
w h t v  the capital I t ~ t t ~ r s  dcnotc the r+tive sequt3ncc1 of the  sulfur layers, 
tlic srridl letters clre the Prori or litlliurn in layer 1, and the greek letters 
rcprcserit thc lithium in layer 2. 

In  cnir niodel, tlie litliir~~n site (0.0.0) has point symn~~etry 3 7 7 1  with 
iL Li - S distance of 2.7441(8)A. The tetraheclraliy coordinated iron and 
l i  tliirini have point symmetry 3n2 wi tli  Ft. - S distances of ?.4126(15).1 itlong 
tllc t hree-fold axis md.2.3737(7 to the three "basal" sulfur atorns. Tlic 
hZ - hl distance, wlrere M = Fe R" r Li, is 2.601?( 14)1(. Tlw refined occuparay 
for an i r ~ n  atom only at a trtralieclral kite in layer 1 is 0.533(4). This 
significant iricrcase over half iron occupancy is attributed Lo half lithium 
occupancy in this hyt*r. Since there is no e v i d e ~ m  of a snper~t~uct t i re ,  the 
iron and the lithium atoms arc tliought to be eqtmlly ctisorder~d o w r  all 
tlw tetrahedral sitcs within 1ayt.r 1. 

To it first a p p r d q  ~~ b & c k y w h  ttf Li 4 
Fc scattering factors, and tht. rrlovemcrl of Li a ~ i d  Fi* are thc sarricB, the a 
l i t t i i t ~ m  ectftt&rtrctrt to thc &rd occupancy c a  be cakcutatect usillg 



for Li atoms, and 

x f (Fe) + (1 - 2 )  f (Li) = 0.533(4) x f (Fe) (4.1.2) 

for Li+ ions, where x is the fraction of Fe in layer 1, f(Fe), f(Li+) and t 

f (Li), which are the numb& of scattering electrons for Fe, Li+, and Li, are 
26, 2, and 3 respectively. For Lit, r = 0.49, whereas for Li, z = 0.49. 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 Li2FeS2. 

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

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

was not at tempted. Although this treatment considers the angular depen- 
dence of iron and lithium scattering factors, it, again, assumes that the 
rnovement 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 

I 

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 
wliidl are just as accurate. 



TABLE V - Atom Positions in Li2FeS2 

t - OCCUPANCY 
$ - This lithium is disordered among the tetrahedral sites of layer 1 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. 



4.1.3 Crystal Structure of LiFe,.,S2 (Li2Fe3S4) 

The compound LiFel.5S2 (sample I), which belongs to space group 
P3m1, is isostructural with LizFeS2. The lattice parameters of this selected 
crystal are a = 3.851(2)d1 and c = 6.305(3)A. The unit cell of the two 
compounds has very similar c axes but differs in a. Refinement proceeded 
by fixing the iron occupancy at  3 .  

Like Li2FeSzl 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 i r o ~  atoms while lithium atoms occupy all the oc- 
tahedral. sites in layer 2. Figure 15b shows a schematie of this layered strue- 
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).k The interatomic 
distances in this compound have decreased in comparison with Li2FeS2. 
The Li-S distance is 2.7170(11)A and the Fe-S distances are 2.3959(2).1 
along the three-fold axis and ?.3583(ll)A to the "basal" sulfur atoms. Ta- * 

B ble VI summarizes the atom positions in LiFe,:5S2. 

TABLE VI - Atom Positions in LiFel,5S2 

It should be noted that the crystal, from which the structure of 
LiFel.SS2 was determined, was selected from a batch of Li2FeSz powder 
(sample I). Lattice constants determined for the batch had the usual Li2F'eSz 
unit n l l  dimensions ( a  = 3 . 9 ~ 3 ( 9 ) k ,  E = & . ~ q a , @ ) .  The selected 

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 

ATOM 

Fe 
S 
Li 

t - OCCUPANCY 

0CC.t  

0.75 
1 
1 + 

x 

3 ' 

, y  

3 
0 0 0  

z 

0.37233(8) 
0.24768(9) 

UII(A-~) 

0.0164(2) 
0.0159(2) 
-- 

U=(AZ) 

0.0172(2) 
0.0141(2). 

Uiso( - i2 )  

- 

- 
- 



Figure 15: ~cher;~atic diagrams of the crystals: (a) Li2FeS2, (b) LiFel.sS2, 

( c )  LiCuFeS2, md (d) Lil-&nFeS2. (i) f d r m c  ~~ of the ~ ~ p ;  
sequerice of the layel~d structures. ( i i )  the ( 1  10) projcction of the struc- 
t tms.  * ? 



Synthesis of Li,Fe3S4 
Cbc 

Several attempts to synthesize Li2Fe3S4 on a large scale yielded mix- 
tures of products, and their lattice constants bore no resemblance to that of 

Li2Fe3Sb Table VII summarizes the reactions and the observed prqiucts. 
The synt eses in table VII demonstrate that LizFe3Sl is not a stable phase 
at  temperatures above 300•‹C. Although these experiments were unsuccess- 
Eul, it does not preclude theccistence of the phase. Instead, it leads us ta 
think that the Li-Fe-S phase diagram is far m and that a more 
detailed study of conditions for synthesis is nece n order $0 study this 
new phase. 

The key difference between Li2Fe3S4 and Li2FeS2 is the lattice con- 
stant a. A decrease in the a - axis was observed when one sample of Li2FeS2 
was briefly exposed to air at  room temperature. The refined parameters 
obtained a w e  a = ~ . s s s ( ~ ) A  and c = 6.?86(3);1. The proposed reaction is 

R.T. 44 
3 Li2FcS2 + 4 H 2 0  - Li2Fe3S4 + 2 H2S + 4 LiOH (4.1.4) 

-1 4 This implies that Li2Fe3S4 is a metastable phase which forms at room tem- 
perature. Thus, a plausible explanation is that the crystal from which thz 
crystallographic data was collected may have been briefly exposedcto air. 



i 

TABLE VII - ~ t t e r n ~ t e d  Synthesis of Li,Fe3Sa 
L 

Sampla 
Name 

Propwed Reaction Observed 
Products 

300•‹C 
t 

NAPHITHF Li.2St+ FeSZ + FeS + Fe 

Liz FeSz + FeS NAPHITHF 

Li2S + FeS + Fe + S 

400•‹C 

NAPHITHF LizFeSZ + Fe 

&FeS2 + FeS 



a 

4.2 The Liz.-,Cu.FeS2 (0 < x $ 1) Phase 

4.2.1 Materials Synthesized 

The Li2-,CuzFeS2 phase, where x = I,:, and :, was prepared. Over 
this range of composition, this copper substituted phase focms 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- 
rameteis with x. As the amount of copper substituted for lithium increases 
the a - axis decreases, while the c - axis increases. The lattice parameters 
for LitCuzFeS2 ( a  = 3.836(2)A and c"= 6.333(3)A) are in good agreement 

3 3 

Melandres &d Tani et al. (5). .T 

s 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 LiZFeS2 was dark grey. A 50 g bat:h of 
LiCuFeS2 (sample R) was prepared at  800•‹C. Following heating, the + weight 
of the sample changed from 49.916 g to 49.595 g, corresponding tb  a weight 
loss of 0.321 g. This is equivalent to, at  most, Ax = 0.204 in Lil-,CuFeS2, 
assurnink: 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 
Li2FeS2 crystals. There, a weight loss of 0.434 g which corresponded to 
Ax = 0.194 in Li2-,FeSz is observed. But in both cases, since the r e a d o n  
was carried out in a continuous flow of Argon, under unsealed conditions, 

? '  
it is possibl? that the weight loss may also involve sulfur evaporation. 

Deintercalaton of lithium for this phase was carried out by using 
12/AN. Unlike the removal of lithium in Li2FeS2, these cornpoqnds do not 
disproportionate. Instead, they retain the hexagonal close-packed frame- 

d 
work, and lbrm the CuzFeSz phase. Figure 17 shows thc lattice parameters 
of Cu,FeSa versus x. 

Several attempts were made to prepare single crystals of the Cu,FeS, 
phase. Delithiation by the conventional method (ie. with stirring), pro- 



x in Li,-,Cu, FeS, t 

-* x in Li,-,Cu,FeS2 

Figure 16: Variation of lattice para~-Acters a ,  and c i n  Li2-,Cu,Fi.S2 witk 
x. 
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Figure 17: Variation of lattice parameters a ,  and c ill Cu,FeS2 with  x. 



duced unsuitable microcrystalline plate-like crystals less than 0.05 mm. In 
anolher attempt, fragments of the lithiated compound were placed in a 
solution of 12/AN. The reaction was allowed to proceed without distur- 
barice for a week, and powder X-ray diffractiori confirmed that Cti,FeS2 
had formed. However, structure determination was unsuccessid 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 crystd of a partially 
dclithiated compound, Lil-6C~FeSZ. The batch (sarriplc S)  from which thc 
structure of Lil-6CuFeSz was determined was prepared without stirring. 
But more importantly, delithiation was donne mort slowly. It was 1loyc.d , 

that under these conditions the crystals would be more likeiy to retain &cis 
crystdtinity and yet would still give indications of any structural changes. 
The initial amount of iodine dissolvcd in A N  was equivalent to 6 3 0.35. ' 
The reaction was allowed to proceed until thc solution turned clear; an 
ilidicatiorl that the reaction wiis corr:plc~tc~. At this stagc, a single crystal 
W;LS s~lectcd, and the e~~lpiricitl for~nula, 1m.st~i on thc iodi~ic* added, tvas  

Lio 6,C'uFt.S2. 



r 

4.2.2 Crystal Structure of LiCuFeSz 

Analysis of symmetry equ iden t  reflections showed that LiCuFeS2 
(sample R) belonged to the space group P3nrl. Refinement h g m  with 
the atomic parameters taken from the Ci2FeS2 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 onl i  filled by iron 
atoms. Thus, the refined occupancy of F'g, as shown in table VIII, ww 
1.055(7). This is equivalent to full occupancy of the tetrahedral sites by 
a species with 29.5 electrons, or a 50% probability of each site being fiiled 

21rf'L9- by either an iron or a copper atom, since 26+26 - 1.058. Thus, copper is 
present in layer 1 and the ratio of Fe to Cu is 1:l. Figure 15c shows the 
schematic of this structure and table VII sumrncarizes the atom positions of 
LiCuFcS2. 

1 
TABLE VIII - Atnrn Pmiti6ns in LiCuFeS2 

C 
I 

A 

P 

t - The copper is disordered among the tetrahedral sites of layer 1 w i t h  the iron a to~ns .  

' It was not included in the refinenierits but  the greater tliari 100% occupancy of the tetra- 

licdral sites of the iron gives full occupancy of a specie  with 27.5 electrons. This is the 

, < averaging e#ect arising from the disordered airangern~nt  of iron a i d  copper atorns wit hi^ 

An absorption correction was applitd using the empirical rnc>thod. 
This involved measuring the trar~sxnission of X-rays of a series of sixiglc 
reflections while the crystal r d  360"- &ugh prdarence is given 
to applying absorption correction by the analytical procedure, this met h ~ l  
was not used since an adequate description of tlic crystal was not possible. 



For comparison, refinement using b t  h niethods of correction. 
The analytical method yielded a R, value of 0.046 but the cxnpirical method 
gave a significantly lower R,t d u e  of 0.033. 

The crystal structure of LiCuFeS? is isostructural with Li2FeS2. Since 
no superstructure is found, the copper and iron atotris are rrtndomly and 
equally distributed over the tetrahedral sites ill laycr 1. The lithiurn atorris 

occupy the octahedral sites between thc adjacent sulfrxr layer. The coppu  
substitution for lithium in layer 1 has resulted n slightly i ~ m - t w x c - I  spacitig 
of 3.2?~(?) .4  and a decreased spacing of 3.1?4(2)A for 1nyt.s 2.. 



4.2.3 crystal Structure of Lil-iCuFeS2 

A s  mentioned in section 4.2.1, the empirical formula af the partially 
delithiated compound, based otl the reaction with iodine, was Lio65C~E;6Z 
(sample S). Analysis of symmetry equivale~it reflections showed that this 
compound belonged to the space group P3ml. The diffraction peaks wcrc 
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 arc 
u c: 3.77~(18)%l ,  and r = 6.2646(15).&. Evidence shows thnt thew lattlcr 
co~~stants  describe the unit cell of a substructure, and that an unsolvcd , 

supcrstructurc exists. 

Initial structure refixle~xient proceeded with thret. atoms, Fe, S, anti 
Li, A partial cwxpancy of the Fe site was obtained during the initial cyclcs 
of rcfinernent. A difference map at  this point showed a peak near the thrw 
fold a i s  in  the layer occupied by the lithium atoms.' A copper Join, Cu, 
tviLs p l a c ~ d  at this sitc and the occupancy w m  refined. It was evidcnt thnt 
the removal of lithitmi atollls from the structure hm resultcd iri a r~lovemerlt 
of c.opptnr ; ~ t o ~ u s  from layer 1 to the a a jacent layer 2. Figurt. 15d shows thv 
srhm~etic: o f  this structure r u d  table IX sumnmrizea the atom yositiolls of 

Layer 1 consists of tetrahedral sites partially filled t)y iron and copper 
ato~ns.  The tefincd occupancy d 0.869(13) gittft. : mrrt k eeppw & 
within ttw layer. As a rrsult, tlic* occupancy of Cu ixi thta tctrallcdral sitw 



in layer 2 should be approximately a .  The refined occupancy for an iron 
atom in layer 2 is 0.145(7). This corresponds to an equivalent copper atom 
occupancy of O.l31(5). 

Layer 2 consists of octahedral sites partially filled by lithium atorns, 
and tetrahedral sites partial filled by copper atorns. It is probably the 
ordering of the filled sites that leads to the existr~ice of a superstructure.The 
occupancy of lithium in layer 2 refined to 0.9(2). Since lithium is a w e d -  

scatterer of X-rays, the error associated with this value is large a i d  is only 
a qualitative indication that the m o u n t  of littiiurn in this compound is 
reduced. The empirical formula, derived from the amount of iodine, gives 
sui accurate itetermination of the amourit of lithium present. 

Of the four atoms, the yositiori of the Cu a b r n  in layer 3 is lest 
nrruratrlr placed. A description of the motion misotr&icdlY gives therural 
p r m i c t e r s  which effectively equal in magnitude. Therefore, inclusion of 

these extra parrneterv is not justified. At tempts to reduce the motion rcsult 
111 i l  slight displaw~nfmt of t l i ~  atom from the three-fold axis. Since thermal 
riiotio~l arid position arc corrcldtd,  it is impossible, with tlie present data, 
to aslive at  a Illore accurate position for this nthrn. 

*r 
+ 



4.3 Electrochemical Measurements 

4.3.1 Li/FeS2 and Li/Li2FeS2 Cells 

The discharge mechanism for the first discharge of Li/FeS2 cells hrts 
been s t u k d .  Figure 18 shows the first discharge of these cells a t  21, 30, 
37, 55, and 75•‹C at  a rate of 20 hours for A s  = 1. When the ccIIs arc 
discharged at temperatures above 37OC, the reaction proweds step-wise, as , 

follotvs. 

Tllt~scx reartio~ls are reflected as double plateaus in thtb I r ( x )  curves Fro111 
thv thw~nociync?mics of the cell, as  discussed in section 3.2.3,  these plateatis 
artb indications of two distinct phase transitions in a ternary system (reprt. 
stmttd by the equilateral triiulgle in figure 3). Although figure 3 shows the J 
t-quill t)riiuli p h x s  of the Li-Fe-S system at  450•‹C, there are sixnilari ties 
I)t.twt-t~~ this phase diagram and that which is observed a t  Tower tempera- 

r ,  t,u~c+s I hc  top plateau which involves reaction 4.3.1, is a phase trcvlsition 
ido l l~  i L  tit' lint' joining FeSz axid LizFeSz. This corresponds to moving ;big 
.4 to E o r 1  tlw tvs1111~y phase diagrtwn in figure 3. Sinw coexisting phasts on 
t l h '  tir line iiavtx the snmb cliernical potential, the voltage of tht. cell, at  any 
l ~ ~ i ~ i t  011 th t~ tic li~it*, is the sarne. At the end of the plateau a t  s = 3, the  
cathode is entirely corivcrtcd to the iriternlertiatc 'I' phase. Upon f u r t l ~ ~  
il~.;(.liitrgt. to x = 4, n lower p l a t ~ a u  which involves reaction 4.3.2 otcurs. 
T l ~ i s  rtw-tion correspmds to the ~lmvement through E to L in figure 3. 
Tl~c.r~nodynarnics states that the number of cwxisting phases 011 a plateau 
of a tt:rnary system must be threc. From in-situ X ray diffraction exper;- 
11i:~its, two of the three pliasc*s, as showti in figure 19, are unambiguously - - 

iclcwtificd as Li2S and FF. The third phnsc, although undetected by X-ray 
ct tffrdb;)  mtrjt be khe iftkr- p&dwA-j h ' I '  pha- The d- 
ity of X-ray diffraction to detect this phase leads to the conclusion that 
'I' pllase, fomied elcc trochemicdly, ~rius t be rur~orphous. Furtherrnom, i t  





will be shown, later inpChis section, that the intermediate 'I' phase which 
coexists with LilS and Fe on the low& plateau is Li2FeS2. 

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

Here, the coexisting phases on the single plateau are FeS,, L i2S, m d  Fe. At  
the end of the phase transitions, the cathode is comprised of a mixture of 
Li2S and Fe. These plateau voltages are extremely temperature sensitive, 
and their: tempxature dependence are shown in figure 2U.' 

e 

R ~ c r n t f ~ ,  a strp- wise wa&m at 20% RYS obserwd (23). Figttre 2 1 
slmvs the discharge characteristics of Li/FeS2 cells (SONY Energytec Inc.) 
~iridcr vanom loads, 10, 22, 30, 47, and 200 kohm.  Assuming 100% 
rathocit. utilization, they are equivalent to discharge rates of approximately - - 
a ,  151, ?OS, 321, ;uid 662 hours for Ax = 1 respectively. It seems that 
t l i c .  clisthargc. rnedlanism proceeds via the formation of an interr~wdiatt~ 
pliase, t ~ t ~ 1 1  iit rcw111 tcniperaturc, when the discharge ratc is slowed to and 
l)t*j.o~itl 154 holir.; for Ax = 1 

'Frr sttrqmrt the propufed skp-wise formation of an inkxmedkte 'I' 
p t l i ~ ~ t '  i ~ t  c1vvatc.d ttmperaturcs, ihe voltage profiles of the first recharge 
o f  a Li/F;S2 c-cll whicli had been discharged to z = 2 at 37"C, and the 
cliru-ging of a cell a s ~ ~ ~ n b l t ~ i l  with Li2FeS2 cathode (Li/Li2FeS2) were corn- 
~ ) ; ~ r t ~ l .  These voltage crirvcs which are shown in figure 22 appear to be 
sitl~ilil~. i l l  shape. Since V ( r )  curves reflect thermodynamic properties, the 
otjscrved sirriilarity of V ( x )  curves indicates that the intermediate 'I' phasc 
r~itlst bc Li2FcS2. From t tie chemical deintercalation of LizFeSz with 12/A N, 
t tit. rvaction products are Liz-,FttSz, FeS,, and S. Therefore, the cwxistirig 

or1 the  ~ l a t e a u  at 2.5 volts must be L2-,FeS2, FeS,, and S. For the 
voltagt? r~giori between 1.7 and 2.4 volts, a detailed discussiori can be found 
i r i  st.(-tiori 4.3 .2 .  

By cont ra t ,  the* first redrage of a Li/Fc.S2 c ~ l l  which has been dis- 
chxgt~d to r = 2 or r = 4 at room tempcmtmv bas tfrp @ --- 
show11 in figtin- 23. The difference between this arid figure 22 is because, 
in t h t a  for111c.r c a w ,  Iitfliu~rl is removed from the interrn~diate compound, 
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Figure 22: -4 c o m p a r i ~ ~ l  of the reclrargst;EiJLi2m at 214: andLi/F& 
which has been disclqrgeed to x = 2 at 37•‹C. In both cases, lithium is 
removed from the intermediate cornpou d, LizFcSa. f -  



Li2FeS2, while in the latter case, the removal of lithiurn is from a mixture 
of Li2S and Fe. The three coexisting phases on the lower plateau at 1.7 
volts are Li2S, Fc, and Li2FeSr. This corresporlds to moving through L 
to E in the ternary diagram in figure 3. By the smne afgument, 
the first rech'zrge of L~/FCS,~  cells which had been discharged to r L. 4 
at elevated temperature should exhibit similar fcnturcs since according to 
equation 4-3.2, at x = 4, the reaction product is a mixture of LiLS mid 
Fe. Figure 23 compares these voltage curves and shows that they are in 
d t d  similar. Furthermore, subsequent to a co~npl r t r  discharge to 1.0 volt, 
the voltage profiles of Li/FtbS2 and Li/Li2FeS2 cells exhibit similrtr chuac  
teristics This is because after the discharge to 1.0 volt, both catlludes arc 
comyrixd of a mixture of Li2S and Fe, and thcrcfclre, h c  e l l  chenlistries of 

these cells i r t  subsequent charge and discharge artb the snrnc. Thcsc voltagt 
profiles are show11 in figure 2.2. 

A s  ghown in figure 35, tlic vo1t;tgta curve of the first and scccmd dis 
c h ; q y  o f  ii Li/Ft-S2 rcll twar n o  resc~nblancc. This difference is observtd 
hcrrulsc at t11~ start of the sccorld dischrgr the catliode is not cornprist.cl d 
o f  the starti~lg rnatt>rial, pyrite. Instcad, from X-ray diffraction, at the ou- 
set of tht.  s c ~ o n t l  discharge, the cathode is comprised of a mixture of FeS, 
a~lcl S. Ttitm reilson for tlie fornl;ttion of FeS, arid S instead of pyrite is not 
~ r t .  But it is oiir of the major ditfert.nc$ I)rtwren Li/Ft>Sr cells 
o~)tmtttd at low tterrlpcrittur~s and nt 450•‹C. 



/ - 
Figure 23: .A comparison of the recharge of LijFeS? at 37•‹C after a previous 
discharge to 1.0 volt, and the cccharge of Li/FeSz which has been 4ischarged 
to x = 2 or 4 at 21%. In both cases, lithium is reIIlovcd from a mixture of 
Li2S and Fc. 



Figure 24:. Subsequent to a complete discharge to 1.0 volt, the V ( x )  curves 

. L of Li/Li2FeS2 and Li/FeSz are similar. 
4 



Figure 25: Tllc first and srcnnd discharge of Li/FcS2. 



4.2.2 The Reversible Voltage Range i t 1  Li/Li2Ft*SZ Cells 

FOS ;i t,t3rni~ry S Y S ~ ~ I I I ,  W ~ ~ C I ;  tilt' ~c)lt;lgt' V;LI i t - s  \t 'itIi .r t l l ( ' t ~ ~ i o ( i ~ ~ l i t ~ ~ ~ .  
ivs 1 ) ~ c ~ I i c . t ~  t l ~ i ~ t  t l l ~  111111lhcs of I ) h ~ ~ ~  prcst!lit oVrbs ttiis \'oltilgt* s a q t 3  11111~t. 

1 ) ~ '  0 1 1 ~  o r  t.\vo. h o ~ l l  i L  k ~ l ( o ~ I t ~ i g ( ~  o f  tilt> I,,, . ,jC'tlFt%S2 s t , s ~ ( . t , t ~ ~ ,  i t  is h-  
l i c ~ ~ . c : c l  tllat dliririg t11c rc'cllargc o f  L,irFeS2 t o  2.4 volts, as liSl1iu111 ~ttorr~s 
iI r - tx  gradually renloved from layer 2, tlic ~+;lc.itrlt sitt3s art: f i l l t d  by the dif- 
fusiori of lithiurn from layer 1 irlto 1;~~c.r I,'. Tliis p i ~ s  a sirigle phase o f  

varyi11g cor~iposit io~~, Liz-,FtbS2, wlicw z - 0.8, at 2.45 volts. If lit lliurri 

ordering occurs, then this region niay 1lavtb two phixv regions withiri it. At 
2.45 volts, a phase with approximate coinposition of Lil.*FeSZ exists. It 
is tllouglit that the nlovenient of Li from the tetrahedral sites near the Ei: , 

atoms introduces large stresses to tlie structural fra~neworli, arid 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- 
tslicdral sites of layer 2, the lithium atoms which are already in layer,2 
diffuse back into the tetrahedral sites of laye  I. Tkefefofq fof O < e 5 0.8 . 
(between t .4$ and 2.45 volts), Liz-,Fes2 is a true intercalation conlpou~ld. 



Figusc 26: Portions of the X - r q  diffrnrtioil i).ltlesns sllowing thc peal; mri -  
atinns in tllr reversible voltage range, 1.43 volts to 2.4 volts, of Li/Li2FcSI. 
The diffraction peaks d i e  to Li/Li2F& aze Wd 'r' indicate c x t r ~ u e -  
ous peaks due to the cell holder and the separator in the cell. 'Bc' indicates 

pcaks due to beryllium. 
- * 







4.3.3 Miissbauer Study on FeS2 and Li2FeS2 

4.3.3.1 Li2FcS2 and Delithiated Li2FeS2 
I 

kiossbauer spectra of Ll :FeSr and drti t hizrttd LI: F't*S2, ~ ) ~ t ' p i ~ ( * ( i  t)y 
12/  A N, wtma rncasuri~l at rcwm temperrtturc Figurt~ 2Sa show\ tilt. fitted 
room temperature spc~ctrurti of rrystdlirie 14tr Fc*S2 (samplr J f The spcc- 
trum is consisterit with the prcsenc-e of two q~iadrupolt- split doublrts T h e w  
cluacirupole splittings Etrlse from irltcract~on of the t>lt.c-tr~c qtiacfrupvlt* r r i o  

-', Irle t of the excited Fe I IUC~CUS w t  h ttit* clectric field graduwt T w o  ~najc,~ 
d r l h u  t ions to the electric gradient N P  dur to the r l t ~ t r o ~ i l c  c ~ i t . i r o n n ~ r ~ ~ t  
a&ut the nuclcus arising from the valenre rlectrons, and the asymmetry t r l  

the arrwtgement of atoms arouncl the MGsst>aucr nucle:. Ho~girls et d (24) 
rtwcwed a number of closely related systerns contairiing iron whid i  is tc.tri~ * 

licdrally coordinated by sulfur. Thesc corupourlds are of the general form 
hl,Ft.,S, w h t w  M = Na,  I i ,  Rb,  Cs, w~ci Ba. Exaruirlatiori of thcsc data 
suggests that ,an IS of 0 17 0.20 rrm/sec with an associated quadrupolt~ 
splitting of 0.4 - 0.6 rnm/scc is diagnostic for high-spin tctrahcdral Fe". 
LVliercafi, an isomer shift of approxiruately 0.6 r ~ i m / s t ~  with a large QS 
i h  indicative of hgh-spin tetmhcdral Fez+- The final IS m d  QS values of 
thc- spctruni ,  fitted with two overlapping quadrupole doublets of equal IS, 
Lut of utleqitai i l i t~~isi ty  and splittings, is ill agreerncnt with erripirically 
predicted IS and CJS ranges for Fez+ which is tetrahedrally coordinated by 

sulftir, and'rcsults reported by Melandres et al. (5). The goodness of fit 
is given by the parameter ,t2, of which a valuc of 2.1 is obtained for this 
spectrunl. The consistently lower QS values reported by Mclmdres is a 
t ~ s u l t  of the large scatter observed in his fitted spectrum of Li2FeS2 (5). 

The overlapping quadrupole doublets, which suggest nonequident 
crystallographic iron sites, are consistent with structural data obtained by 
single crystal X-ray diffraction. The structure of Li2FeSz, as discussed in 
section 4.1.2, has more than a single iron environment. In fact, a random 
distribution of iron and lithiurn in layer 1 results in four different iron en- 

' virmrncnts in the ratio Of 33: I: I,  t w  of which a s  a p p a d y  st&Ae&b 
well resolved by Mossbauer spectroscopy. Table X tabulates the fitted pa- 
rameters, as well as results reported by Melandres et a1 ( 5 ) .  



Eigurc 2s: qM6ssbauer spectra of (a) c r y s t a h e  Li2FcP2, (b) detithiatcd 
Li2FeS2, and (c) synthesized w, (where y = 1.064) from its elernexlts at 

450•‹C. 



Figure 26b is a spectrum of dtdithiated LizFt:S2, prepared by 12/AN 
(sample K). The spectruni is dominateti by severd overlapping rcsonancr 

pt'& at t r ibutable  t o  the electric fie5 graAeut at the iron nucleus. In ad- 
dition, six broad magnetic b p e r f i n e  linrs, two of whidl  a r e  hidden beneath 
the  quadrupolt doublets,  ~arr ~ ~ O C ~ U C C ~  by t h c  intt-raction of n t i ~ l t * ~ ~  rnag- 
ritttic dipole ~rlorncnt with tho mag~lctic. fit.1~1 prest!llt at the ~ m c l r u s .  T tw 
rrlagnittde of thls hyperfine field, which clusts at the  iron ~ ~ u c l e u s ,  is 292 kG. 
As  rricntkrned'in section 4.1.2, the snnrple i s  a n~ixtr l rc  of nirrl-stoicii~~tt1t-'trit. 

Li,-, Ft.S2, pyrrhotite ( FcS, ), ard sulfur. Qtialitatively, shown in figure 3dc,  
the magnitude of these uiagrwtic spfittingr c'ornpwrs wt-11 to t h i w  observed 

i l l  tht. spec-tr11r11 of n rnixtr~rt. cornprisir~g of Ft-SI, ~ y n t l i c s i z ~ d  fro111 its c.1 

= e ~ ~ e a t s  ak 4kdY"' ( w p k  TT). fit=& k u r e  14, t ! ~ .  F ~ W  td y is dekcrznirrn! 
t o  t ) t b  1 .OG4. A t  4.2"Ii, tht. c t ~ i t e r  ~ h h l e t s  of the cherriic:Jly dclithiatcd 
Li2FtiS2 sa t rph  (sa~nplt. Ti) t t ~ ~ m i c  ~nagnetically split ,  a d  the  spectrum 
profilt. bt~ars r~scmblnncc- to t hc gcncral features of Li2 E+S2 m e n s u r ~ d  a t  
4.?"1< (SCT swt ion  4 3 . 3 . 4 ) .  Mikshnticr spectroscopy shows tha t  the  reac 
ti011 ~)roci~~c.t .  cor~tttiris iul miiorphotis and partially cltblithiattd Li2-,FtbS2 
~ ) l l ~ c  iL5 ~ ( ' 1 1  iLS F't'S, i l ~ i ( l  S. This  ir~(licates tha t  ii reitc.tio11 t ime of 20 hours 
n-i th I r / . 4 N   tit^^ 11ot cotnpletely rrnlove all the l i t h i ~ m  i n  T,izFt-Sz. 





4.3.3.2 Initial Discharge of Li/FeS2 ~ e l i  at 55•‹C 

Rn in-situ Mossbauer experiment on the discharge of Li/FeS2 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  x = 0, 2, and 4. At x = 0, the FeSz 
spectrum, modelled by a pair of quadrupole doublets can be fitted to yield 
a ' of, 1.5. 4 t  x = 4, the spectrum is fitted to iron metal, and unreacted 
FeS2. In the intermediate stage of discharge, at x = 2, the spectrum bears 
no resemblance to that of crystalline Li2FeS2, shown in figure2Sa. But since 
L ~ ~ F ~ S ~ ,  formed electrochemically, is amorplmus, it is not unliiely 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, % rnagoetic dipole splitting due to iron metal is 
observed at z < 2. A s;mmary of final IS and QS values are tabulated in 

i 



Figure 29: Mossbauer spectra, of the discharge of all in-situ Li/FcS2 cell at 
5$"C, a t  (a) x = 0, (b) T = 2, and (c) T = 4.-  

1 83 , 



TABLE XI - The fitted paramekrs 8f t h e  first discharge of a Li/FeS2 cell 
at 55OC at x = 0, and 4. 

Quadruple 
Splitting 

Cmm/s) 
0.61(6) 

Isomer shift 

(mm/s> 

Magnetic 
Field 

a t  x = 0; 
- FeS2 

at x = 4; 

(1) Fe 
(2) unreacted 

FeSz 

FWHM 
(mm/s> 

% AREA 



Study of Li/FeS2 and Li/Li2FeS2 C& 
\ 

\ 
Figur&,30 shows a .  typical V ( x )  curve of the first recharge of a 

Lj/Li2FeS2 cel. ~ a r h d  on the curve are the equilibrium voltages at  which 
spectra of in-situ Mossbauer cells are measured. These cells, Li/FeS2 and 
Li/LizFeS2, are maintained at  their operating ternperatLres of 55OC and 
25•‹C respectively. The Li/FeS, cell is initidly discharged a t  a rate of 20 
hours for Az = 1 to a voltag$limit 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, Li2FeS2. At this point, . 
both ,cells are subsequently charged by the constant voltage method de- 
scribed in 'secti~n 3.2.5& @ter measwihg the spectra a t  2.80 volts, the 
cathodes'of these cells are recovered and transferredinto gas-tight sample 
hoiders for Miissbauer measurements at liquid helium temperature (4.2'K). 

Blectrocl~emical oxidation of Li/LizFeSz shows that up to the   em oval 
of 0.8 lithium, the species which undergoes oxidation is iron. As men- 

\ , tioned in section 4.3.3.1, Mossbaucr spectroscopy can resolve two of the 
four different crystallographic iron sites in Li2FeS2. Thus, the fitting of 
the sequence bf Mossbauer spectra, displayed in figure 31, modelled con- 
sistently with two sets of cpadrupole doublets, is attempted. In the fit- 
ting procedure, the FWHM (full-width-half-maximum) of each doublet is . 
"constrained to the values which kest fitted the initial compound, Li2FeSz. . &- 

A correction to base-line curvature is applied to the spectra at  x < 1. 
At x > 1, magnetic hyperfine &littings are observed. The magnitude of 
these split'tings corresponds well to those observed in figure 28c, the spec- 
trum of non-stoichiomctric FeS,, syAthesized from its elements at  450•‹C.' 
Since pyrrhotite, formed electrochemically is a non-stoichiometric mixture ' 

of FeS,, fitting a mixture of inagnefic sites was net attempted. 
' 

%. 0 

At 2.80 volts, the spectrum is similar in some'respects to that of 
cllernically delithiated Li2FeS2. This resemblance is also observed in the - 

spectrum measured at  4.2"1<, where the center duullets, observed in the 
roam temperature spectrum, are ruagretb+Uy &, a d  e\wlaftpmg.& -- 

.I - 
mdgnetic lines of pyrrhotite (section 4.3.3.4). .This cornplex spectrum sug- 



Figure 30. (a) The V ( x )  curve of the first recharge of Li/Li2FeS2. (b) 
The &/d l r  m. Y c u n r  of (a). kitdiealeti ort t k  c w w  arc the r c k t g p  

at which Mijssbauer spectra are measured. 



V a O C l r r  ( d m )  
- 

Figure 31. The sequrricc of hliissharirr spectra obtaillcd at various stages of ' 

recharge of a Li/Li2FeS2 in-situ Mossbauer cell. T1a:se spcct;a are recorded 

at room texnperaturc. 
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Liz-,FeSz is in coexistence with FeS, and S. The presence of Lis,,FeS2 
means incomplete removal of lithium from the cathode. From the point of 

9 

view of thermodynamics, it means that the Li/LizFeS2 cell has not reached 
equilibrium at  a voltage of 2.80 volts. However, since the Mijssbauer 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 dde 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/Li2FeSz cell, beryllium flexing inducing reduced cathode utilization may - 

have been observed. At 2.80 volts, the resid,ual Liz-,FeS2 observed in the 
Mossbauer 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 oxiatiofl states are 
based on the relationship between IS and s-electron densities. 

where dZ(0) and d:(O) refer to the s-electr,~; densities at the nuclei in the 
absorber and source respectively, R is the, mean nuclear radius at  the ground ' 
state, and AR = Re, - R,. For 57Fe, when the,nuclehs emits a gamma- 
ray, the size of the nucleus expands. Thus, the physiqal constant, % < 0. 
Since s-electron density at the nuclei in the absorber is usually greater than 
that of the source (ie - df (0) > $:(0)), higher s-electron densities at the 
iron ~ucle i  are reflected in a decrease in isomer shifts. As a result, Fe(II),- 
which has a 8 configuration, has a more positive isomer shift than Fe(II1). 
The removal of a d-electron in the latter species effectively increases the 
s-electron density ab  the iron nucleus. 

Hoggins et al. (24) empirically correlated the isomer shift, ISos , . 
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), - (4.3.5) 

where A is a constant, and B z (IS2+ - IS3+). As mentioned in section 
4.3.3.1, Hoggins et al. examined a number of closely related systems which 



contained high-spin iron atoms which are surrounded by tetrahedra of sulfur 
atoms, and chose IS3+. to be 0.20 mm/sec; and IS2+ to be 0.60 mm/sec. This 
suggested an empirical relationship, 

Equation 4.3.6 was improved by Goodenough (25), and an alternate em- 
pirical formula, ' + \ 

IS (mm/s) = 1.6S,_ 0.5 (0s)  (4.3.7) . 
Fc' was obtained. 

/ 

.. 
Since the iron in Li2FeS2 is tetrahedrally coordinated by sulfur, an * 

attempt to correlate the series of isomer shifts to the oxida t i~n  states of 
1 

iron for the recharge of a Li/Li2FeS2 cell is made. Table XI1 sumrnarize~ 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 decrekse with increasing x in Liz-,FeS2. This means that as lithium. 
is removed from the cathode, both'types of iron nuclei are oxidized. The 
variation df OS with x during the rechdrge of the Li/Li2FeSz cell is shown in 
figure 33. In this model, a s  l i thiud atdms 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 observed featare 
is not understood, but, as shown in figure 30, it coincides to the region of 
the8V(x) plot where a change in slope in the curve is observed. 

4 



f Figure 32. The variations of IS and Q 'of the two doublets with z i i  

. \ 

B 
Li2-.FeS2. The solid cufw indicates doublet 1 and the dashed curve indi- 
cates doublet 2. 
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TABLE XI1 - The fitted pararnetQs of the recharge of a Li/Li2FeS2- cell. 
4 



b -  . .  
A. 

. During the recharge,the QS of doublet 2 decreases by n d y  a factor 
of three, where4 the QS of doublet 1 remains unchanged. Qualitatively, the 

% 

quadrupole ing reflects the symmetry of the bonding environment and 
cf the iron nuclei. At z = 0.64, the QS of the outer do& 

5 
as the valency of the iron nuclei change from 2.58 

to &43- This is because high spin Fe(II1) nucleus has a nearly spherically @ 

symmetric d5 electronic configuration. Therefore, a smaller quadrupole 
qplitting is usudly observed. A high spin Fe(I1) nucleus usudly exhibits 
large quadrufmle splitting arising from the asymmetry in 

4 environment. 

J - 

The Fe-Fe bond in Liz-,FeS2, at 0 < x < 0.8, 
by analogy to the prevhsly  reported structures in the 
(25, 26, 27, 28). These structures are based on a structural scheme consist- 
ing of FeS4 .tetrahedra which link, by edge or corner sharing, into infinite 
chains. These chains are separated by about 6%L 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 ts the Fe-Fe band length in Liz&&. 

Figure 34 displays the sequence of Mijssbauer spectra for the Li/FeS2 
cell. Fitting the complete set of spectra was not atbempted because the 
features are poorly resolved. The general changes of the absorption peaks 
resembles that of the Li2FeS2 series, shown in figure 31. k comparison of the 
spectra of these two cells measured at x = 0.64 is shown in f igc~e 35. The 
sudden decrease of the IS of doublet 2 in the LilFeS2 cell is also observed 
in the Li/FeS2 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 LizFeSz, and a doublet for unreacted FeS2. Doublet.2', fitted 
with the&allS, QS, and FWHM parameters from the LilLi2FeSz cell, - 
is approximately 5 the area of doublet 1'. This ratio, tabulated in table 

with t k e k d ~ ~ ~ ~ d Q U b l e t S i n  
8 

hus, the series of spectra for both of thuse cells shows 
sh i l a r  features which further supports the previous conclusion, based on 

I .  



Figure 33: The variation of the overall oxidation state of iron with x in 



electrochemical data, that upon discharge of Li/FeSz at temperatures above 
3 7 ' ~ ,  an intermediate p h e  which exhibits properties similar to that of 

. Li2FeSz, is formed. 
t 

TABLE Xi11 The fitted parameters of a half-dischq-s2 cell on 
recharge at x = 0.64. 

LilFeSl dopblets unreact& Fe~z  
Doublet 2 Doublet 1 
0.03(2) 0.36(2) 0,28(2) 
0.73(6) 1.31(6) 0.67(6) QS (mm/s) 

FWHM ( ~ l s s / s )  
% Area 

As with the Li/Li2FeS2 cell, a t  voltages abgve 2.43 volts, ~nagnetic 
splittings due to pyrrhotite begin t o  appear. At 2.S0 volts, unlike that ..of 
the Li/Li2FeS2 cell, the spectrum consists of two distinct species, amsingle 
doublet due to Gnrencted FeS2, and six broad rndgn'etic hyperfine Jioq 
split to give a field of the same magnitude as that of non-stoichlometric 
FeS, (sample T), At 4.2*1{, the spectrum confirms the above interpretation. 
Thus, it appears that, for the - Li/FeS2 - -  - cell at 2.80 volts, complete removal .. 

of lithium from the cathode is observed. The fitted doublets of the sp&trzd - 

at s = 6.99 and z A2.00, shown in figure 34, are, that of unreac.ted pyrite 
in  the cathode. 



Figurr 34. The sequence of Mossbaucr spectra obtained at  various stages 
of sccharge of a Li/FcS2 in-situ Mosst)aucr ct.11 wl~ic l i  has 1x:cn discharged 
to r = 2. The operating temperature of the cell is 55OC. 
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Fizure 35. A comparison of the h.T)j,sbauer spectra of (a),. a Li/Li2FeS2 
cell a t  x = 0.64 in Liz-,FeS2, to (b) a Li/FeS2 cell at  x = 0.64 in Liz-,FeS2. 
These spectra are taken from the series of spectra in figures 31 & 34. *-w 

96 



4.3.3.4 -MGssbauer Spectra at Liquid Helium Temperature (4.2'10 

Magnetic hyperfine interactions occu; if a magnetic fieldLis 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 originate?, it introduces 
asymmetry into the system such that the nuclear levels of spin I is split 

o into ( 2 1  + 1) nondegenerate states. For S 7 ~ &  this results in six magnekc 
\ 

hyperfinelines. 

, Not all compounds containing unpaired valence electrons shdw a hy- 
perfine magnetic splitting effect because a factor, known as electronic spin 

, relasation, must beaconsidered. In paramagnetic compounds, the spin re- . 

lasation time is usually short, such that the etectronic spins which generate 
magnetic fields are changing directions very rapidly. The net result is a 
magnetic field 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 relajcation 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. 

L. . '  
Magnetic hyperfine interactions were observed in several of the 

hlossbauer spectra measured at liquid helium temperature. The spectra 
of various LizFeS2 and delithiated LizFeSl $amples, 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. 



Figure 36. Liquid helium spectra of chemical bynthesized c&x~pounds: (a) 

crystalline Li2FeS2, (b) delithiated Li2FeS2 with 12/.4N; the spectrum is 
compo.:ed of Liz-; FeS2 and FeS, , and (c) non-stoichiornet ric FeS , (~v l~e rc  

' 

y = 1.064) synthesized from its elements. 
q C 
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Figusc 37. Liquid helium spectra of cathodes: (a) Li/FcS2 discharged to 
r = ? at 5j0C; the spectrum is composed of an a~norpllous intermediate 
Li,FcS2 and unreacted pj-rite, (b) Li/FeS2 whirl1 has been discharged to 

- 

r = 1 and recharge? to 2.60 volts; the spectrum is cornposed of FeS, and 
t 

unreacted pyrite, and (c)Li/Li2FeS2 recllargcd to ?.SO volts; the spectrum 
is composed of Liz-,FeS2 and FeS,. 



+ - -- 

4.3.4 Li/CuFeS2 and L~/L~CUF'~S?  Cells 
\ 

The discharge mechanism of Li/CuFeS2 cells is a one-step reaction. 
Unlike FeSz cells, chalcopyrite cells do not dis&arge via an intermediate 
phase. After an initial region of small capacity, a single plateau is observed. 
The prbposed cell. reaction, 

4 Li + Cul?eSZ - 2 LizS + Cu + Fe (4.3.8) 

describes a phase transition in a quartenary system. Therefore, the four co- 
existing phases on this plateau are CuFeS2, Li2S, Cu, and Fe. At x = 4, the 
cathode is comprised of a mixture of the reaction products of reaction 4.3.8. 
Figure 38 shows the first discharge uf these cells at temperatures between 
21 and 75•‹C. 

  he voltage profile of the Li/LiCuFeS2 cell is shown in figure 30. 
The V ( x )  curves for the Li/LiCuFeS2 and Li/Li2FeSz cells differ in that for 
LiCuFeS2 cells, a recharge to 3.4 volts results in a gradual voltage variation 
with r .  For Li2FeSz cells, a plateau at  2.5 volts is observed, because beyond 
the removal of lithium to x E 0.8, the compound disproportionates to FeS, 

. arid S. In contrast, wheri lithium is removed from Liz-,Cu,FeS2(0 < x 5 I), 
~vell defined Cu,FeS2 phase result. 

t 

The subsequent discharge of Li/LiCuFeS2 cell, shown* in figure 40, 
exhibits similarities to that of the first discharge of a Li/CuFeS2 cell (figure 
3s). Therefore, it is believed that the cell reaction at this stage of discharge 
1s 

(4  - 6) Li + Li6CuFeS2 - 2 Li2S + Cu + Fe (4.3.9) 

) 
whcre 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). 



Figure 3s: The first dischnrgc of Li/CuFeS2 a t  tc~npcratures froin ,2 l  to 
- - 
1 a0c .  



# 

Figure 39: The first recharge of a Li/LiCuFeS2 cell to 3.4 volts. 
'r 



Li/Fe ratio 
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Figure 40: The second discharge of Li/LiCuFeS2 cell. 
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4.3.5   as Evolution Study of Li/CuFeS2 Cells 
h 

A gas evolut'ion study at  55OC shows that the small plateau in the 
initial region of the Li/CuFeS2 cell (figure 38) is due to gas production 
resulted from electrolyte breakdown. 

4 Li(s) + P C(l) + EC(1) - 2 Li2C03 + propene(g) +ethene(g) (4.3.10) 

Figure 4 l a  shows V(z) for the first discharge of a Li/,CuFeS2 cell assembled 
as described in sections 2.1.1 and 2.1.2. This cell, which had a 0.068 g 

> 

cathode, was discharged a t  a rate of 40 hours for Ax = 1. Figure 41b 
shbws the volume of gas evolved per gram of CuFeS2 at 50•‹C and 1 atm. 
The rate of evolution of declines substant@ly when the cell locks on 
to the long plateau. By analogy to the gas evolution of propene during 
discharge of a Li/MoS2 cell in 1 M LiAsF6/PC electrolyte (9), the gases 
evolved during the discharge of a Li/LiCuFeS2 cell in 1 M LiAsF6/PC/EC 

.. electrolyte are probably propene and ethene. c. 

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 

4 

- - 
operating temperature of the cell. A higher temperature favors electrolyte 
breakdown, and therefore, increases the preduction of gas. 

The capacity, z?,,, f$ reaction 4.3.10 can be determined by 

. L where n ~ ; ,  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 ncu~=s ,  is the number 
of moles of CuFeS2. For the first discharge of Li/CuFeS2 at 5OoC, 20.6 ml 
of gas per gram of CuFeS2 was generated. This corresponds to x,,, = 0.50. 
Figure 42 shows the temperature depedence of x,,,, the s d  plateau 
capacity, obtained from the set of discharge curves in figure 38. h 



U/Fe ratlo 

Figure 4P. (a) The 1'6) curvc and, ( 1 ) )  voltime of gas evolved vs. x in  
Li/Li,CuFeSZ cell during the first disdl&c. 
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4:3.6 ' In-situ X-ray Diffraction Measurements of Li/LiCuFeS2 Cells 

Figure 43 shows the voltages at  which X-ray measurements are-taken 
along the V ( r )  curve of a Li/LiCuFeS2 cell. As lithium is removed from 
LiCuFeS2 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,CuFeS2 
compound bbserved at eacli voltage. 

I 

TABLE XIV - Lattice constants of Li,CuFeS2 from in-situ X-ray mea- 
surements of a Li/LiCuFeSs celi. 

A (Brand new 
cell) 

Recharge/ 
Discharge 
- 

recharge 
recharge - 
discharge 
discharge 
discharge 

Voltage Lattice Constants A 1 
(volts) a- 

i the diffraction peaks of Li,CuFeS2 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.- 

3 

From the knowledge of the crystal structure of the partially deinter- 
t 

calated compound, Lil-&uFeS2, as discussed in section 4.2.3, the me'cha- 
nism of the initial recharge of the Li/LiCuFeS2 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 c = 6.268(3)a, differ from those determined using 12/AN (sample K; 
a = 3.706(1)A and c = 6.163(3 )A). The observed diaeren~e is iia uidcr- 
stood, but is believgd 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 bhrough the cell ~vas less than 5pamps, the kinetics, which 

, 



[a) 
2.80V 

Figure 43. (a) T i e  V ( r )  curve of the first c h a w  and a f  

Li/LiCuFrS2. (h) The d t / d V  vs. If curve of (a). I~ldi ra t rd  1 on these curves, 4 
f 

\ 

arc the roltagcs at rvliicll X-ray spectra i r e  n i ra~urcd.  



are governed by the diffusion of lithium, are so slow that not all the lit h i u i  
within the cathode is removed. In contrast, chemical helithiation (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 i ntact 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,CuFeS2 are very broad. The hexagonal framework begins to decon~pose, 
and, as shown in figure 44, Li2S, Fe, and Cu begin to appear. Thus, it is 
evident that as Li/CuFeS2 and Li/LiCuFeS2 cells are discharged across the 
plateau at approximately 1.2 volts, reactions 4.3.8 and 4.3.9 occur respec- 
tively. 





* 
4.4 Calorimetric Measurements 

4.4.1 Delithiated Li2FeS2 
4 

As mentioned in section 4.3.3.1, the Mossbauer spectrum of chemi- 
cally delithiated Li2FeS2 (sample I(, prepared by E2/AN) measured a t  4.2"K 
indicates the presence of a Liz-,FeSz phase. This suggests that under vig- 
orous stirring for 20 hours, the removal of lithium from Li2FeS2 remains 
incomplete. It was thought that an investigation of the thermal stability 
of the delithiated mixture by DSC may lead to an understanding of the 
products of recharge of a Li/Li2FeS2 cell. 

Calorimetric 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 

P the spectrum contains two peaks, an endothermic peak at llS•‹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 

1 

the powder, which had been heated to temperatures of 235•‹C and 550•‹C, 
are measured. b 

The endudhrnlic peak at llS•‹C corresponds to the melting of sulfur. 
Since the heat of fusion for sulf r is 38.309 joules/gram (29), the amount 2. of melted sulfur, calculated by ~ntegrating under the endothermic peak, 

4 is 0.004(1) g. The exothern$c peak at 197•‹C corresponds to the heat of 
reaction of FeS2 from FeS and S. 

Theoretically, the heat of reaction, AHl, of reaction 4.4.1 can be 
calculated from the heats of formation of FeS and FeS2 from its elements. + 

These are -S9,33 KJ/mole and - 154.31 I<J/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 

. yields an experimental heat of reaction of -23.14 I<J/mole. The calculated 
AHl and weight of melted sulfur consistently show that only approximately 





35% of the powder is FeS and S. Mossbauer spectroscopy suggests that the 
remainder of the powder may be Li2-,FeS2. However, it is not possible to 
draw any further conclusions from the present data. 

The X-ray diffraction pattern, measured at 235"C, confirms tha? the 
product :s rnarcasite, the orthorhornbic form of FeS3. At 550•‹C, some 
residual marcasite is observed. 'but the diffraction pattern is dominated by 
peaks which are due to pyrite, the cubic form of FeSz. 



4.4.2 Delithiated Liz-,Cu,FeS2 

Calorimetric data on chemically delithiated LiiCuzFeS2 (sample 0 )  
3 3 

and LiCuFeS2 (sample Q) are shown in figure 46 and 47. h t h  samples were 
4 

" 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 temperat;res, is purely qualitative. 

L Deli thiated Li i Cu 2 FeS2 and LiCuFeS2 data show a small endothermic 
3 3 

peak near llS•‹C which corresponds to the melting of sulfur. The size of 
the peak indicates that both delithiated samples contained trace amounts 
of sulfur. In bhe delithiated LiiCuzFeS2 data, broad peaks near 305•‹C 

3 3 

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, CuF'eS*, and rnxcasite, FeS2. The reaction 
can be described in terms of the phase transition 

i 

C 12 FeS2(hexagonal) 

1, L3 2 CnFeS2(tetragonal) + FeS2(orthorho~nbic) (4.4.2) 

At 447•‹C and 550•‹C, the diffraction pattern remains that of chalcopyrite, 
but FeS2 is present as a rriixture of marcasite and pyrite. 

' 

The general features observed in the delithiation of Li,iCuzFeS2 are 
3 3 

also observed for deli thiated .LiCuFeS2. The esot hermic reaction which 
occurred near 205"C, now occurs ne8r 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,FeS2 phase, prepared by 12/AN, is a metastable phase at room temper- 

\i ature. At elevated temperatures it undergoes a phase transition to form 
' chalcopyrite. 







1 

4.4.2.1 Metastable Cu,FeS2 and c halchpyi5te I 

' ,  

The structure of chalcopyrite contains four molecules in a tetrago 
unit of the dimensions, a = 5.24& and c = 10.30A (30). The atomi 
arrangement is essentially that of zinc blende, where metallic atoms are ' 
surrounded by tetrahedra of sulfur atoms, while each sulfur atom in turn 

j resides in a tetrahedron; formed by two iron atoms and two copper atoms. 
Figure 48 shows the ato,m arrangement of zinc and sulfur atoms in zinc 
blende. Two views are shown, one down an axis and the othel, in the (1111 
direction, to emphasize the layer's of metal and sulfur toms. In the latter '7 view, the planar sulfurs form as honeycomb hexagonal lattice. Geometric 
calculations show that the planar S-S distaoce is 3.7181. 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 a  B b C c P a B b C c A a  

A where the capital letters denote the relative sevence of the sulfur layers, 
the small letters represent the Cu and Fe atoms, in a 1:l ratio occupying ' 
half of the tebrahearal sites between two layers of sulfur. Figure 49a is a 
schematic diagram of such an arrangement. The interplanar S-S distance, 
from SA to Sc, is calculated to be 6.181. This distance is equivalent to 
the two layers sulfur stacking sequence, as observed in the Cu,FeS2 phase, 
where x=l . .  

The metastable Cu,FeS2 phase, where x = 1, has a unit celf dimensinn 
of a = 3.i08(1)A and c = 6.188(2)A. The schematic diagram in figure 49b 
shows the major difference i? the arrangement of metal atoms of this phase 
and that of chalcopyrite. The Cu and Fe atoms of the Aetastable phase 
do not reside between the same layers of sulfur. Instead, the Cu and Fe 
atoms occupy the tetrahedral site in alternating layers of mlfur. Since 
the dimension of the hexagona mework is almost identical to that of UJ 
chalcopyrite, the phase transition from metastable Cu,FeS2 to chalcopyrite 

I 

becomes easy to envisage. Upon heating, when enough energy is suppbed, 
the sulfur planes slip, and the metal atoms within the hexagonal-framework 
undergo rearrangement into new positions such that a minimum free enggy 
state in the crystal is achieved. This lowest energy state, not surprisingly, 



Figure 45. The structure of zipc blend, showing the arrnngernent of the 
zinc arid sulfur atoms. Two views axe shown, one down an axis and thc 
other to show tlie planes of atoms in tlle [ I l l ]  direction. 



occurring mineral, chalcapyrite. 

\ .  



I ', Cu, Fe 
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Cu, Fe 

Cu, Fe 

Figure 49. A schematic diagram of the stacking scqucncc of ( i i )  clialco- 

pyrite in the 1111) direction, and (b) the lnycrcti Cu,FeS2 phase, whcrr 
z = 1. 



SUMMARY AND SUGGESTIONS FOS- 
FUTURE WORK 

7. 

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,. Faprication 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 
\/'(I), 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 ( x )  curves were discussed. 

Experimental results were presented in chapter four. A summary of 
the results is given below. 

1. In the high temperature Li,FeS2 serics (0 < x 5 2), LhFeS2 is the 
only compound which exists in pure form. This compound forms at 
a temperature of 300•‹C (section 4.1.1). 

1 

3. Copper substitution for ,one of the two types of lithium iri Li2FeS2 re- 
sults in a scrics with composition Liz.-,Cu,FeSz where, over the rangc 
of Q < x < 1, a solid solution forms (seck42-1)  . . 

7~ 
"1* 



3. The crystal structures of lithiated pyrite, LizFeSz, and lithiated chal- 
copyrite, ' LiCuFeS2, were determined (sections 4.1.2, and 4.2.2). 
These materials are synthesized at  high t#emperatures from the natu- 
rally occurring minerals pyrite and chalcopyrite. 

4. The crystal structure of a partially delithiated compound, 
Lil-&uFeS2, was determined (section 4.2.3)'. As lithium atoms are 
removed from the cornpoLnd, copper atoms move from one layer of 
sulfur to anothcr. 

5. A LiFel.5S2 crystal was selected from a batch of Li2FeS2 powder. Its 
structure was determined (section 4.1.3). At tempts to synthesize this . 

phase at temperatures above 300•‹C were unsuccessful. Thus LiFel 5s2 
is not a stable phase above 300•‹C (section 4.1.4). 

6. Upon the rcnioval of lithium from Li2FeS2 with 12/AN, disproportion-' 
ation of the compound is obsekved. ,The reaction product is a mixture ' 
of partially dclithiated Li2-,FeS2, FeS,, and S (section 4.3). 

7. Calorimetric measurerncnts on deli tlliated Li2 FeS2 show that oqly ap- 

proximately 35% of the mixture is comprised of FeS, and S. The re- 
rrlaining 65% is m& up of the partially delithiated phase, 
Liz-,FcS2. Upon heating, FeS iuld S react to for111 marcasite, wllicli 
then undergoec pliase transition to pyrite (section 4.4.1). 

8. Deliti,iatd Liz-,Cu,FeS2 (0 < x 5 1) with 12/AN results in well- 
defined Cu,FeS2 phascs. A gradual variation of the lattice paranleters 
of this series with x is observed. T h t  structures of thcsc conipounds 
are similar to natural chalcopyrite but h;ts Cu mid Fe atorns between 

8 

different sulfur planes (set: tion 4.2.1). 



9. When heated to 550•‹C, the metastable Cu,FeSa phases, for x < 1, 
undergo phase transitions to form chalcopyrite, n~arcasite, and pyrite. 
For x = 1, only chalcopyrite is formed (section 4.4.2). The dimen-' 
sions of the honeycomb hexagonal sulfur framework of Cu,FeSz and 
chalcopyrite are almoat 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). 

b ,  

The discharge mechanism of the &st discharge of a Li/FeS, cell at 
high discharge rate at  room temperature is 

At temperatures above 37OC, arid at low rate discharge at  room tcm- 
perature, the reaction proceeds step-wise, forming an intcrnlediate 
phase, LiaFeS2 (section 4.3.1). 

Related espcriments to confirm these equations are found in sections 
-1.3.1, and 4.3.3. 

e' 

he first arid second discharges of a Li/FcS2 cell bear no resenhlancc 
the start of the second discharge, the cathode docs riot com- 

the starting rnatcrial, pyrite. Instead, it contai~is a mixture of 
S (section 4.3.1). 

The chenlistries of Li/FeSa cells a d  Li/Li2FeS2 cells, aftcr a complete 
disdmrge to 1.0 volt, arc the same (section 4.3.1). 

In the Li/Li2FcS2 cell, the revccible voltage r ;mg~ is l~et~vctm 1.45 
and 2.45 volts. This corresponds to O < .c < 0.8 in Ei2-,FeS2, where 
the observed cycling ~ncchanis~n is that of ilitercdation. Beyond this 



C 
range, new phases with other Fe:S ratios arc forxed (section4.3.2). 

14. A Mossbauer study shows that in the init id Phage of recharge of a 

u > 9  

~ i / ~ i ~ ~ e $ - c e l l ,  there is evidefice that indicates that the species which 
- t '  

undergoes oxidation is iron. The rate at  which the two different types 
of iron in Li2FeS2 undergo oxidation is significantly different (section 

15. The discharge mechanism of ~ i / C u F e s ~  cells is 

(section 4.3.4, and 4.3.6). Unlike Li/Li2FeSz 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). 
1. 



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 p;obe into the mechanisms which are responsible for the 
subtle features observed in the voltage curyes. ' 

. 
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 Li2FeSz and Li2-,FeS2, and growing crystals of fully 
delithiated Cu,FeS2 phases. In-si tu 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 detailed study of synthesis is required in order to study the LiFet.5S2 
phase, as i t  has the characteristics of an intercalation compound. 
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