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Li,_,Cu,FeS, forms a solid solution for 0=<x =1.

The crystal structures of LiCuFeS,

[a=3.807(2) A and ¢=6.352(1) A] and Li,_;CuFeS,, where §=0.35 [¢=3.772(2) A and ¢=6.265(2)
10\] have been determined by single-crystal x-ray diffraction. Both structures, space group P3m1,
have hexagonal close-packed layers of sulfur with one formula unit per cell. In LiCuFeS, the iron
and copper atoms appear to equally and randomly fill all of the tetrahedral sites between two sulfur
planes (layer II). The lithium atoms occupy the octahedral sites between the adjacent sulfur planes
(layer I). When lithium atoms are removed from this compound (i.e., Li_g ¢sCuFeS,), some of the
copper atoms in layer II move to tetrahedral sites of layer I. When all the lithium atoms are re-
moved, a new hexagonal Cu,FeS, phase (~0.25=<x =<1) forms. Differential scanning calorimetry
shows that this phase is metastable. Upon heating, phase transitions to chalcopyrite and pyrite

occur.

INTRODUCTION

Many lithium-iron-sulfide phases form during the
charge and discharge of Li/FeS, high-temperature secon-
dary batteries. Among these are Li;Fe,S, and Li,FeS,.!
Although little is known about Li;Fe,S,, Li,FeS, has
been studied extensively structurally,? electrochemical-
ly,>* and by Mdssbauer spectroscopy.’ Recently,
Li,FeS, has been found as an intermediate phase which
forrr;s at low temperature during discharge of a Li/FeS,
cell.

Some of the lithium atoms in Li,FeS, can be substitut-
ed with copper to form Li,/;;Cu,/3FeS,.>° X-ray
diffraction and Mdssbauer spectroscopy show that these
hexagonal compounds are structurally related.> Both of
these phases are poor conductors,® but the conductivity
of the copper substituted phase is higher than Li,FeS, by
two orders of magnitude. This is desirable as it decreases
the internal resistance of the battery electrodes.

Here, Li,,;Cu,,;FeS, was synthesized by reacting
stoichiometric amounts of lithium with pyrite (FeS,), and
chalcopyrite (CuFeS,). The powder x-ray diffraction pat-
tern can be indexed with a hexagonal unit cell, whose lat-
tice parameters are in agreement with those previously
reported. This copper substituted phase is a member of
the solid solution Li,_,Cu,FeS, where 0=x <1. We
find that lithium can be removed from these materials
electrochemically or by using chemical methods, to make
new hexagonal Cu,FeS, phases. The structure of
LiCuFeS, and the chemically delithiated derivative
Li_g ¢sCuFeS, were determined by single-crystal x-ray
diffraction. Finally, the thermal stability of the Cu, FeS,
phase is studied by differential scanning calorimetry.

EXPERIMENTAL

The starting materials, chalcopyrite (CuFeS,) and py-
rite (FeS,) (Teck Mining Corp., 99.8% pure and 99.7%
pure, respectively) used in the preparations of
Li,_,Cu,FeS,, where x=0, 1, 2, and 1, were natural
minerals which had been ground to a powder of less than
45 pm in size. Metal analysis showed copper (0.2%) as a
major impurity in pyrite, and aluminum and calcium to
be present in both minerals in trace amounts.

Chemical lithiation (lithium napthalide in tetrahydro-
furan followed by heating to 800°C) and delithiation (I,
in acetonitrile) of Li, ,Cu, FeS, (0 =x =1) phases for use
in powder x-ray diffraction studies and cathode fabrica-
tion proceeded analogously to those in the Li,FeS, sys-
tem.* The procedures for cathode preparation, cell con-
struction, electrochemical measurements, powder x-ray
diffraction, and differential scanning calorimetry have
been given elsewhere.* Structure determination by
single-crystal x-ray diffraction proceeded as described
previously.?

Crystals of LiCuFeS, were prepared by mixing
stoichiometric amounts of Li,S (Alfa, 99% pure), Fe
(Alfa, 99.9% pure), Cu (Alfa, 99.9% pure), and CuFeS, in
a helium-filled glove box. The powders were mixed and
heated to 800°C under the same conditions used previ-
ously in the preparation of lithiated materials.* After
heating, the sample was allowed to cool over a period of 8
h to room temperature. The product had a golden metal-
lic luster.

The sample (49.916 g) showed a weight loss of 0.6%.
Assuming that the loss can be accounted for by the loss
of lithium, this is equivalent to, at most, x=0.204 in
Li,_,CuFeS,. But since heating was carried out in a
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TABLE I. Crystal data acquisition and refinement parameters of LiCuFeS, and Li_, ¢sCuFeS,.

4425

Compound LiCuFeS, Li_g ¢sCuFeS,
Space group P3m1 P3m1
a (A) 3.807(2) 3.772(2)
c (Aﬂ)3 6.352(1) 6.265(2)
U (AY) 79.7 77.2
Umoka (cm™!) 122.1 126.0
p (g/cm?) 3.97 4.05
VA 1 1
FW (g/mol) 190.45 184.20
Crystal dimensions (mm?) 0.18X0.15X0.15 0.31X0.24X0.24
Transmission 0.67 to 1.00° 0.099 to 0.211°
Scan mode 0—20 0—20
Scan width (deg) 1.1+0.35tan© 2.9+4+0.35tan©
Scan speeds (deg/min) 0.96 to 5.49 2.75
20, (deg) 100 60
No. of reflections 363 110

[305(1 =22.501)] [108(I=2.501)]

Refined variables 9 13
R,° 0.033 0.044
R,*° 0.043 0.055
GOF* 2.01 1.82
Weights’ k=0.0002 k=0.0008
Final difference peak (e/R) 4.8(3)8 0.8(3)

“Data corrected empirically for absorption after Ref. 11 (relative transmission coefficients given).
®Data corrected analytically for absorption after Ref. 12.

R;= (|Fo|—I|F.|)/ 3 |F,l; for observed data [I >2.50(I)].

SRy =(3 [w(|Fo|—|F.1)*1/ 3 wF})"% for observed data [ >2.50(D)].

"Goodness of fit, GOF=( 3 [w(|F,| —|F,|)*]/degrees of freedom)'”2.

=|oHF)+kF?|™\.
gThls peak occurs on the three- fold axis at (4

5 3 , 0.29596) and is O. 49 A from Fe. Similarly, the second

largest difference peak [1.6(3) e/A’ ] occurs 0.53 A from S at (2 2, 1,0.32948). While the amplitudes of
these peaks are significant, the good agreement (3.3%) and favorable observation/variable ratio indi-
cates the overall soundness of this model; however, the possibility of twinning, a superstructure, disor-
der, or some combination of these cannot be excluded as candidates for a more refined analysis.

continuous flow of argon, under unsealed conditions, it is
possible that the weight loss may also involve sulfur
evaporation. Powder x-ray diffraction of the bulk sample
showed the material to be a single phase, and lattice con-
stants [a=3.815(1) A, c=6.362(3) Al] to be in agreement
with those measured on the single-crystal selected. The
composition of the product is nevertheless assumed to be
LiCuFeS,, and in no event is x <0.204 in Li, _,CuFeS,.

Crystals of Li_, ¢sCuFeS, were obtained by treating
crystalline LiCuFeS, with a stoichiometric amount of
iodine in acetonitrile. After considerable effort, a single
crystal was selected, mounted in a 0.5-mm diameter glass
capillary tube, sealed with epoxy in the glove box, and
subsequently flame sealed. The broad diffraction maxima
for this crystal indicate that the delithiation process de-
grades the crystal quality. Attempts to prepare single
crystals of CuFeS, by an analogous method yielded only
microcrystalline material.

Table I summarizes the crystal data acquisition and
refinement parameters. Major features of the final
difference map (see Table I) of these structures were max-
ima and minima occurring near the Fe and S. Computa-
tions were performed with complex scattering factors for

neutral atoms’ using programs from the NRC-VAX crys-
tal structure system.

RESULTS AND DISCUSSION

The Li,_, Cu, FeS, phase, where x=0, 1, 2, and 1, was
prepared. Over this range of composition, the copper
substituted phase forms a solid solution. Powder x-ray
diffraction patterns show that these compounds can be
indexed with a hexagonal unit cell. Figure 1 shows the
variation of the lattice parameters with x. As the amount
of copper substituted for lithium increases, the a axis de-
creases while the c axis increases, The lattice parameters
for Li, 5Cu, 5FeS, [a=3.836(2) A and ¢=6.333(3) A] are
in go?d agreement with those reported by Melandres
et al.

The crystal structure of LiCuFeS, is isostructural with
Li,FeS, (Ref. 2), Cu replacing Li in tetrahedral holes in
one layer shared equally and randomly with Fe [see Fig.
2(a)]. The refined occupancy [1.055(7)] for an iron atom
in this site is consistent with 50% occupancy by both Cu
and Fe. The spacing between sulfur layers separated by
Cu/Fe is 3.228(2) A, while for those separated by Li the
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FIG. 1. Variation of the lattice parameters a and c¢ in

Li,_,Cu,FeS, with x.

spacing is 3.124(2) A. The latter value is comparable to
the analogous interlayer spacing in Li,FeS, (Ref. 2)
[3.133(2) ;\], while the former, as a result of Cu substitu-
tion for Li, is significantly greater [3.160(2) A in Li,FeS,].
The structural parameters are summarized in Table II.

When lithium was removed from the Li,_,Cu,FeS,
phase, for x =1, , and 1, either chemically using I,/ AN
or electrochemically, a well-defined layered Cu,FeS,
phase forms ( ~0.25 <x < 1) whose varying powder x-ray
diffraction patterns can be indexed with a hexagonal unit
cell (Fig. 3). Since diffraction peaks of the Cu, FeS, phase
were very broad and weak, the more crystalline partially
delithiated compound was studied.

The diffraction pattern of Li_, ¢sCuFeS, was indexed
on a simjlar hexagonal cell (Table I). These lattice con-
stants are thought to describe the unit cell of a substruc-
ture. The structure derives from that of LiCuFeS, by the
reduction of the observed electron density in the previous
Fe/Cu sites of one layer and incidence of new electron
density in the tetrahedral sites of the layer previously oc-
cupied only by octahedral Li. Copper atoms are known

(a) () (b) (i)
1— \C)u, Fe
c Ei
L S
Cu, Fe
(i) (i)

p——o00o

FIG. 2. Schematic diagrams of the structures: (a) LiCuFeS,
and (b) Li, _sCuFeS,, where §=0.35. (i) Schematic diagrams of

_ the layered structures, and (ii) the (110) projection of the unit

cells of these structures. (A solid circle represents 100% occu-
pancy of an atom at a site; a semicircle represents 50% occu-
pancy of an atom at a site; a dashed circle perimeter represents
partial occupancy of an atom at a site.)

to be mobile in intercalation compounds such as

; Cu},MOGSg.9 Independently refined occupancies of the

metal atom sites (Table III) could suggest similar migra-
tion of Cu from one layer to the other concomittant with
removal of Li from the latter layer. Figure 2(b) shows a
schematic diagram of the substructure, and a projection
in the (110) plane. Table III summarizes the structural
parameters of Li_; ¢sCuFeS,.

Figure 4 compares the first recharge of cells assembled
with LiCuFeS, and Li,FeS, cathodes. The voltage profile
of Li/LiCuFeS, cells shows a gradual variation with x in
Li,CuFeS,. For Li/Li,FeS, cells, a plateau at 2.5 V is
observed. As previously reported,* beyond 2.5 V,
Li,FeS, disproportionates to nonstoichiometric FeS and
S. In contrast, when lithium is removed from LiCuFeS,,
the copper atoms diffuse into the tetrahedral sites of the
lithium layer. The hexagonal framework of LiCuFeS, is
retained, and the layered Cu,FeS, phase (where x=1)
forms. Figure 4(a) shows that when a Li/LiCuFeS, cell is
recharged to 3.4 V, approximately 3 of the lithium in
LiCuFeS, is removed. In contrast, when delithiation

TABLE II. Atomic positions in LiCuFeS,.

Atom Occupancy x y z Uy (13;2) Us; (1&2) Uieo (AZ)
Fe/(Cu)? 1.055(8) % % 0.37327(8) 0.0150(2) 0.0196(3)
S 1 % % 0.24587(12) 0.0115(3) 0.0130(3)
Li 1 0 0 0 0.032(3)

“The electron density at this site was modeled with the scattering factor for neutral iron. The refined occupancy is consistent with the

statistical average of 50 at. % Cu and 50 at. % Fe.



39 NEW Li,_,Cu,FeS, (0=<x <1) AND Cu,FeS, (~0.25<x<1)... 4427
TABLE III. Atomic positions in Li_  ¢sCuFeS,.
Atom Occupancy x y z Uy, (AZ) Uj; (AZ) Uiso (1&2)
Fe/(Cu)* 0.869(13) 1 2 0.37131(19) 0.0139(6) 0.0213(8)
Cu 0.145(7) T 2 0.1300(12) 0.020(29)
S 1 2 1 0.25114(29) 0.0127(9) 0.0228(11)
Li 0.90(18) 0 0 0 0.063(17)

#The electron density at this site was modeled with the scattering factor for neutral iron.

proceeds by chemical methods (I,/ AN), the solution is
usually stirred vigorously for 2-3 days. This ensures
good chemical contact of each cathode particle with
iodine such that delithiation proceeds to completion.
Figures 5 and 6 show scanning calorimeter traces on

J

hexagonal Cu, ;FeS, and hexagonal CuFeS,, respective-
ly. Diffraction patterns of Cu,,FeS, samples cooled
from 355 °C show that the products of the exothermic re-
action near 205°C are chalcopyrite, CuFeS,, and mar-
casite, FeS,. The reaction can be described by

Cu, ;FeS, (hexagonal)— 2 CuFeS, (tetragonal)+ 1 FeS, (orthorhombic) . (1

(chalcopyrite)

Samples which have been cooled from 447°C or 550°C
show diffraction patterns of chalcopyrite, and FeS,,
which is present as a mixture of marcasite and pyrite.
Both thermograms show a small endothermic peak near
118°C which corresponds to the melting of elemental
sulfur which is present in less than 1%.

The general features observed in the thermogram of
Cu, /;FeS, are also observed for CuFeS, (hexagonal). The
exothermic reaction which occurred near 205°C now

L

3.7 T

— 3.70 -
o<( ] L

3 3.69- -

(marcasite)

occurs near 340°C. The diffraction pattern of CuFeS,
(hexagonal), which had been heated to 365°C or 550°C,
displays the powder pattern of chalcopyrite. Thus, it is
evident that the layered Cu,FeS, phase is a metastable
phase at room temperature. It undergoes phase transi-
tions to form pyrite or marcasite and chalcopyrite at
elevated temperatures.
To understand the phase transition,

CuFeS, (hexagonal)— CuFeS, (tetragonal) , (2)

3.68O

T T
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0

FIG. 3. Variation of the lattice parameters a and c¢ in

Cu, FeS, with x.

" 0.4 038
x in Cu,FeS,

1.2

< 3.04 (a) )
" i
< 2.0 i
[
— . 4
o)
> 1.0
1.0 075 05 0.25
X in Li xCuFe82
(b) T T T
> 2.5
&
g 2.01 1
[
o)
Q 1.5+ ] | l -
10 2.0
X in L|2_xFeS2

FIG. 4. A comparison of the recharge of (a), a Li/LiCuFeS,

cell to 3.40 V, and (b) a Li/Li,FeS, cell to 2.80 V. Both of these

cells are charged at a rate of 20 h for 1 Li/Fe.
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FIG. 5. Scanning calorimeter trace from a 33-mg sample of
hexagonal Cu, ,;FeS, heated at a rate of 10°C/min.
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FIG. 6. Scanning calorimeter trace from a 26-mg sample of
hexagonal CuFeS, heated at a rate of 10°C/min.
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FIG. 7. A schematic diagram of the stacking sequence of (a)
chalcopyrite in the [112] direction and (b) hexagonal CuFeS,.
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at elevated temperatures, the structure of chalcopyrite
must be considered. Chalcopyrite contains four CuFeS,
units in a tetragonal unit cell with a=5.24 A, and
¢=10.30 A.'° In the [112] direction, the structure con-
sists of layers of metal atoms sandwiched between planes
of sulfur atoms, which are approximately cubic closed

acked. The closest intraplanar S - - S distance is 3.71
A. In the notation of close-packed layers, chalcopyrite
has a three-layer sulfur stacking sequence, and can be de-
scribed by the stacking symbol

AaBbCc ,

where the upper case letters denote the relative sequence
of the sulfur layers, and the lower case letters represent
the Cu and Fe atoms in a 1:1 ratio occupying, in an or-
dered arrangement, half of the tetrahedral sites between
two layers of sulfur.

From powder x-ray diffraction, the hexagonal CuFeSz
phase has a_unit cell dimension of a=3.708(1) A and
c=6.188(2) A. The major difference in the arrangement
of metal atoms of the metastable phase and chalcopyrite
is shown schematically in Fig. 7. Assuming only Cu
atom migration, we infer that the Cu and Fe atoms of the
metastable phase do not reside between the same layers of
sulfur. Instead, the Cu and Fe atoms occupy the
tetrahedral sites in alternating layers of sulfur.

CONCLUSIONS

When copper atoms are substituted for lithium in
Li,FeS,, a solid solution, Li,_,Cu,FeS, where 0<x <1,
forms. Single-crystal x-ray diffraction shows LiCuFeS, to
be isostructural to Li,FeS,. Between two hexagonal
close-packed sulfur layers, all the tetrahedral sites are
filled equally and randomly with iron and copper. The
lithium atoms fill the octahedral mterstlces between the
alternate pair of sulfur layers.

Upon delithiation of the solid solution, either chemi-
cally or electrochemically, a hexagonal Cu,FeS,
(~0.25 <x =1) phase forms. The crystal structure deter-
mination of a partially delithiated phase, Li,_sCuFeS,,
where 6=0.3510.02, shows that as lithium is removed,
copper atoms diffuse into the tetrahedral sites of the lithi-
um layer. Scanning calorimetry shows that the Cu, FeS,
(~0.25<x =1) phase is metastable, and upon heating,
phase transitions back to the minerals, chalcopyrite and
pyrite, occur.
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