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Abstract

Ž .We have performed synchrotron X-ray absorption measurements on a series of sealed Lircomposite polymer electrolyte CPE rFeS2
Ž .cells charged or discharged to various potentials. The Fe K-edge measurements include both the near edge NEXAFS and extended

Ž .EXAFS regions. The former provides information on the effective Fe valence while the latter reveals the coordination geometry. Six
Ž .cells charged and discharged at different conditions were examined. Group A consists of: fully discharged d-1.1 V , almost fully

Ž . Ž . Ž .discharged d-1.25 V , and partially charged c-1.85 V cathodes and group B includes fully charged c-2.25 , almost fully charged
Ž . Ž .c-2.05 V , and partially discharged d-1.65 V cathodes. There appear to be only two distinct Fe environments, one for group A and a
dramatically different one for group B. The two different main absorption edge peak shapes observed in groups A and B also reflect these
distinct Fe environments. The extended fine structure for group A samples reveals an ordered environment dominated by metallic Fe
while the higher Li content group B cathodes are characterized by disorder with only a single Fe–S interatomic distance. Spectral fitting

Ž .to the experimental data of the d-1.65 cell in group B suggests that the compound Li FeS is present, with no evidence of FeS. Original2 2

cathode material utilization is estimated to be only around 2r3 of full capacity, based on the amount of residual FeS required for2
Ž .satisfactory spectral fitting. On the other hand, no metallic Fe within detection limits remains in the recharged cells. q 1999 Elsevier

Science S.A. All rights reserved.
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1. Introduction

Iron disulfide has gained interest as an electrode mate-
rial in high-capacity lithium batteries. The LirFeS cell2

Žhas a high theoretical energy density about 1270 W hrkg
.based on 4erFeS and FeS is inexpensive and nontoxic.2 2

Ž .The lithiumrcomposite polymer electrolyte CPE r
pyrite-based battery has many attractive properties. The
projected specific energy for 4.0 mA hrcm2 cathode is

w x170 W hrkg 1–3 . This all-solid-state thin-film system
offers low-cost fabrication, high power and improved
safety, as a result of the use of solvent-free components.
Recently, rechargeability of the LirCPErFeS battery at2

Ž .moderate temperatures 758 to 1308C was demonstrated
w x 21–4 . Small 1–10 cm area laboratory cells have been
developed and characterized. Batteries with 7 m-thick cath-
ode have exhibited over five hundred 100% DOD cycles

w x w xwith a capacity fade rate of 0.1% 5 . It is established 6
Žthat complete reduction of pyrite theoretical four electron

) Corresponding author

.discharge leads to the formation of metallic iron and
lithium sulfide, Li S. Unlike batteries operated at 4508C,2

pyrite cannot be recharged completely at ambient and
w xmoderate temperatures 6,7 .

w xWe assume 1–4 that the cathodic reduction of ferrous
disulfide proceeds as a multi-stage process, first to Li FeS2 2

and finally to metallic iron. The first discharge curve for
LirCPErFeS cell has two plateaus, one at about 1.8 V2

and another at 1.6 V. Subsequent discharge curves differ
from the initial one, indicating that FeS is not formed on2

Ž .charge Fig. 1a . In the voltage range from 1.1 to 2.25 V,
w xthe overall reaction may be considered to be 1–4 :

FeqLi Sy2e™FeSq2Liq 1Ž .2

FeSqLi S™Li FeS chemical step 2Ž . Ž .2 2 2

Li FeS y0.5Liqy0.5e™Li FeS Fe2q, Fe3q 3Ž . Ž .2 2 1.5 2

Alternatively, the formation of Li FeS may proceed di-2 2

rectly without the presence of FeS according to reaction 4

Feq2Li Sy2e™Li FeS q2Liq 4Ž .2 2 2
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Ž .Fig. 1. a Typical charge–discharge curves of LirCPErFeS cell at2
Ž .cycles 1 and 2. b Typical charge–discharge of LirCPErFeS cell at2

cycle 2. Arrow indicates additional potential step at about 1.85 V.

From the second to fifth discharge, an additional low-volt-
age plateau, electrochemically atypical for pyrite, has been
found at about 1.3 V. Its appearance depends on the
operation conditions and it may be associated with the
formation of a new phase.

Ž .The high-voltage charge region above 1.95 V may be
Ž Ž ..attributed to a reversible insertion process Eq. 3 and is

characterized by a potential dependence on x in Li FeS .x 2

The 1.75-V charge plateau corresponds to three-phase
Ž Ž .. Ž .reactions Eq. 1 , or alternatively Eq. 4 . In addition, the

charge curves are characterized by an additional potential
Ž .step at about 1.85 V Fig. 1b . A sudden voltage jump may

Žbe associated either with a slow chemical transition Eq.
Ž ..2 or with the formation of a poorly conducting layer.
The generated overpotential may be high enough to enable

Ž .the initiation of the de-intercalation process reaction 3 ,
proceeding onto the surface of the cathode active particles.
In the inner shell of the lithiated pyrite particles, reactions
Ž . Ž .1 or 4 are assumed to continue and the three electro-
chemical processes proceed simultaneously. The proposed
intermediate phases formed during the charge–discharge
of pyrite in non-aqueous and molten media have been
widely studied by electrochemical methods, infrared and
Mossbauer spectroscopy, X-ray diffraction, and X-ray ab-¨

Ž . w xsorption fine structure EXAFS techniques 4–13 . How-

ever, the reaction mechanisms are still not clearly under-
stood, and they may be not directly applicable to our case,
as we used a composite polymer electrolyte.

The goal of this work was to identify with the use of
synchrotron-based X-ray absorption spectroscopy the dif-
ferent phases formed on charge and discharge of the
lithiumrcomposite polymer electrolyterpyrite battery at
1358C. Six cells charged and discharged at different volt-
age cutoff were analyzed. The high charge voltage cut-off
did not exceed 2.25 V, in order to prevent the formation of
polysulfides.

2. Experimental

The electrochemical cells studied comprise a lithium
Ž . Ž .anode, a composite electrolyte consisting of LiI P EO -1 20

EC 9% vrv Al O , and a composite FeS cathode which1 2 3 2

contains about 50% vrv of polymer electrolyte. The elec-
Ž . Ž .trolytes were prepared from poly ethylene oxide PEO

Ž 6.Aldrich, average molecular weight 5=10 , which was
vacuum dried at 458 to 508C for about 24 h. The LiI
Ž .Aldrich was vacuum dried at 2008 to 2308C for about 24
h. All subsequent handling of these materials took place
under an argon atmosphere in a VAC glove box with water

Ž .content -10 ppm. Appropriate quantities of PEO , LiI,
Ž .and ethylene carbonate EC were dissolved by adding in

sequence to analytical reagent grade acetonitrile. The re-
quired amount of inorganic filler, such as Al O powder2 3

˚Ž .Buehler with average diameter about 150 A, was sus-
pended in these solutions. The solutions were stirred for
about 24 h before the electrolyte films were cast on a fine
polished Teflon support. A high-speed homogenizer was
used to ensure the formation of a homogeneous suspen-
sion. The solvent was allowed to evaporate slowly and the
films were subsequently vacuum dried at 1208C for at least
5 h. The final thickness of the solvent-free films was 100
mm. The cathode foil was prepared by dispersing natural

Ž .pyrite particles less than 40 mm size in a polymer slurry
and cast on a Teflon tray. Its theoretical capacity was 10

Ž 2mA h based on 11 mg of pyrite in the 0.95 cm 45
.mm-thick cathode . The theoretical capacity drops to about

7 mA h after the first discharge, corresponding to 2.8
Želectron reversibility out of the original four electron

.reaction .
All investigations were performed in a cell of area 0.95

cm2 which permitted the sandwiching of a CPE film
between the lithium anode and the composite cathode. The
cells were held under spring pressure inside a hermetically

w xsealed glass vessel 14 . Before each experiment, cells
were equilibrated at 1358C for at least 2 h. Cells were
cycled using a Maccor series 2000 battery test system.
After charge–discharge the sandwich, containing 10 mm-
thick aluminum current collector, pyrite-based composite
cathode, polymer electrolyte, lithium anode, and 15 mm
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copper current collector was removed from the glass vessel
in a glove box and hermetically sealed with 30 mm Kapton
film. The total thickness of the sealed cell did not exceed
200 mm.

X-ray absorption measurements of the iron K edge were
made at room temperature at beam line X23A2 of the
National Synchrotron Light Source at Brookhaven Na-

Ž .tional Laboratory using a double Si 311 monochromator.
Both the near-edge X-ray absorption fine structure
Ž .NEXAFS and the extended X-ray absorption fine struc-

Ž .ture EXAFS were measured. The composition and thick-
ness of the cell cathodes allowed the measurements to be
performed in transmission mode. All spectra were normal-
ized to the main edge jump. The energy resolution was
typically ;0.5 eV, but somewhat smaller shifts were
detectable using a reference standard. Fig. 1 illustrates a
typical spectrum including both the NEXAFS and EXAFS
regions.

3. Results and discussion

Fig. 2 shows the voltage profile of the LirCPErFeS2

cells at first discharge. Two clear plateaus at 1.8 and 1.6 V
are apparent. An initial discharge capacity of 7.2 mA h
Ž .corresponding to four electrons per mole FeS was ob-2

tained, consistent with the conversion of pyrite to Fe and
Li S. However, the cathode active material utilization was2

estimated to be only about 70%, probably due to poor
Žinterparticle contact. Subsequent cycling of the cells after

.the first discharge was stopped at different stages of

Fig. 2. First discharge of the three experimental LirCPErFeS cell;2
Ž . Ž .cathode composition: 50% vrv FeS , 50% vrv CPE, cathode thick-2

Ž .ness 45 mm, CPE composition: LiI P EO EC 9% Al O . Operating20 1 2 3

conditions: T s1358C, discharge current density s0.05 mArcm2.

charge–discharge as shown in Fig. 3a and b. Six cells were
Žexamined by EXAFS: charged to 1.85 V referred to

. Ž .hereafter as c-1.85 ; charged to 2.05 V c-2.05 ; com-
Ž .pletely charged to 2.25 V c-2.25 ; discharged to 1.65 V

Ž . Ž .d-1.65 ; discharged to 1.25 V d-1.25 ; and completely
Ž .discharged to 1.10 V d-1.10 .

Fig. 4 shows the near-edge X-ray absorption region for
the cathode series. The six spectra fall into two distinct
groups of three cells each, depending on the charge–dis-
charge voltage cutoff. Group A consists of fully discharged
Ž . Ž .d-1.1 V , almost fully discharged d-1.25 V , and partially

Ž .charged c-1.85 V cathodes. This group exhibits a some-
what steeper edge jump than group B: fully charged
Ž . Ž .c-2.25 , almost fully charged c-2.05 V , and partially

Ž .discharged d-1.65 V cathodes. The charge–discharge
curves imply group B cathodes must have a LirFe ratio of
at least 2. Group B exhibits considerably less structure in
the near edge region, and are characterized by a distinct
loss of long-range order, as indicated by the EXAFS
results discussed below. The overall edge position is also
shifted to lower energies with increasing lithium content.
This well-known effect is due to the decrease in binding
energy of the Fe 1s2 electrons as the average oxidation is
lowered. The derivative plot of the totally discharged

Ž .cathode not shown has two distinct peaks. One is sharp
and corresponds in shape and position to metallic iron at
;7111 eV; the other is relatively broad and corresponds
to a peak at ;7120 eV in the FeS polycrystalline2

standard. This evidence of the coexistence of metallic iron
and pyrite phases is confirmed by the EXAFS analysis
below. The small pre-edge feature near 7112 eV is sharper
in the low lithium Group B spectra. This pre-edge feature
corresponds to 1s™3d transitions which are dipole-forbi-
dden in octahedral symmetry and its strength therefore
indicates that the symmetry decreases as Li is removed
from the cathode.

The k 3 weighted spectra for the cathode series and the
corresponding magnitude of the Fourier transforms are
shown in Fig. 5a and b. There are evidently two entirely
different structural environments around the absorbing Fe
ion. Group B demonstrates very little structure beyond the

˚first peak around 2 A. Group A, on the other hand, clearly
˚shows long range structure up to more than 5 A. The

spectra within each group of cathodes display the same
features, implying a nearly identical Fe environment. To
identify which compounds were present in the cathodes,
spectra for several possible Fe compounds, including
metallic iron, FeS, FeS , and Li FeS , were calculated2 x 2

w xusing the program FEFF 6.01 15,16 and fitted in r-space
to the measured data. A combination of scattering paths
corresponding to several coordination shells was required.
In the fit, the scattering distances and coordination num-
bers for all paths were kept fixed at known crystallo-
graphic values, while Debye–Waller factors, inner poten-
tial E , and overall scale factors were allowed to vary.0

Differences in overall scale factors were attributed to
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Ž . Ž . Ž .Fig. 3. a Second discharge of LirCPErFeS cells; cathode composition: 50% vrv FeS , 50% vrv CPE, cathode thickness 45 mm, CPE composition:2 2
Ž . 2 Ž .LiI P EO EC 9% Al O . Operating conditions: Ts1358C, discharge current densitys0.300 mArcm . b First charge of LirCPErFeS cells;20 1 2 3 2

Ž . Ž . Ž .cathode composition: 50% vrv FeS , 50% vrv CPE, cathode thickness 45 mm, CPE composition: LiI P EO EC 9% Al O . Operating conditions:2 20 1 2 3

Ts1358C, charge current densitys0.05 mArcm2.

varying proportions of the corresponding compounds and
not to changes in coordination. This attribution was possi-
ble because we obtained overall scale factors by fitting to
experimentally measured spectra of the pure compounds.

Fitting each spectrum in group A gave results which are
identical within experimental uncertainty. As shown in

Ž .Fig. 6 for the d-1.25 discharged to 1.25 V cathode, best
fit values were obtained from a combination of FeS and2

metallic iron. The values for the Debye–Waller factors,

Ž .Fig. 4. Near edge Fe K-edge X-ray absorption of the LirCPErFeS2

cells.

which measure random disorder about the ideal atomic
positions, were somewhat greater for the cathode fit at
higher order FeS shells compared to the fit to the experi-2

mental standard. This indicates an increase in static disor-
der with increasing distance within the coexisting pyrite
phase. The metallic iron contributions are consistent with
those calculated for the foil standard. The overall scale
factors corresponding to the two structures, which are free
parameters in the fit, are corrected for by the correspond-
ing ones from the fit to the experimental standards, Fe foil
and FeS powder. The values thus obtained imply a2

35"5% abundance of FeS and 65"5% abundance of2

metallic Fe, in good agreement with estimated cathode
utilization on first discharge.

Ž . Ž 3 . Ž .Fig. 5. a EXAFS oscillations k -weighted of LirCPErFeS cells. b2
Ž . Ž .Fourier transform amplitudes FTA derived from a .
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Ž .Fig. 6. EXAFS FTA of cell d-1.25 group A , with Fe and FeS data2

shown for comparison.

While the FTA of the EXAFS function closely resem-
Ž .bles the radial distribution function RDF about the ab-

sorbing ion, these are not identical. Differences occur for
two reasons. First, the peak positions in the FTA are
shifted from the ‘true’ positions of the neighbouring shells
due to phase shifts in the scattering. This can in principle
be corrected for, using the k dependence of the phase shift
due to each scatter, which may be obtained from experi-
mental standards or theoretical calculations. Differences
are also caused by the fact that the EXAFS signal is
averaged over the immediate neighbourhood of the absorb-
ing ion, which may include shells from different com-
pounds or closely spaced shells in the same structure, for
example, a distorted octahedral arrangement with long and
short bonds. If these distances are too closely spaced and
cannot be resolved due to the limited bandwidth of the
data, they will appear as a single distorted Gaussian peak.
Interatomic spacings calculated from best fits to the data,

Ž .along with the Debye–Waller factors s , are listed in
Table 1.

It proved impossible to fit the group B cathodes using
coordination numbers and atomic distances obtained from
published crystallographic data. As an example we discuss
cathode d-1.65, although values obtained for all three
spectra were similar. Due to the high correlation of the fit
parameters and the k range constraint on the number of
independent points in the spectra, successive refinements
were made keeping some parameters constant and varying
others. As shown in Fig. 7, the best fit was obtained by a

Ž . Ž .combination of FeS 30"5% and Li FeS 70"5% ,2 2 2

in which the Li FeS distances were allowed to vary,2 2

yielding a nearest-neighbour Fe–S distance of 2.31" .01
˚ ˚A, significantly different from the value of 2.37 A reported

w xfor crystalline Li FeS 17 . A proper fit to the first Fe–S2 2

shells cannot be obtained without the FeS contribution.2

Table 1
Interatomic distances and Debye–Waller factors of the LirCPErFeS2

cells and standard compounds

2 2˚ ˚Ž . Ž .Sample Shell r A s A

FeS electrodes2
Ž .1. d-1.25 V group A Fe–S 2.26"0.02 0.004

Fe–Fe 2.48"0.02 0.004
aŽ .2. d-1.65 V group B Fe–S 2.26"0.03 0.003
bFe–S 2.31"0.03 0.004

Fe standards
1. FeS Fe–S 2.26"0.02 0.0042

2. Fe metal Fe–Fe 2.48"0.02 0.004

cCrystallographic data
1. FeS Fe–S 2.259"0.0052

2. Fe metal Fe–Fe 2.48
3. Li FeS Fe–S 2.3737"0.0042 2

a From FeS component.2
b From Li FeS component.2 2
c w xFrom Ref. 17 .

˚The second peak is fit to a Fe–Fe interaction at 2.73 A.
Thus, the main scattering contribution in this group of
spectra is due to an Fe environment similar to that of
Li FeS , but with shorter atomic distances. The disagree-2 2

ment between EXAFS measurements on pyrite cathodes
believed to contain Li FeS and crystallographic Li FeS2 2 2 2

w xhas been noted previously 13 . The absence of longer
range peaks due to the pyrite may be due to modest
disorder of the FeS structure in the lithiated composite2

cathode, which would broaden the Fe–Fe peaks above 3
Å.

Because FeS is a possible intermediate compound in the
Ž Ž ..c-2.05 and d-1.65 cathodes Eq. 1 , Fig. 7 shows the

Žeffect on the fit of including 10% and 20% FeS sub-
.stituted for the Li FeS . It is clear that including FeS2 2

Ž .Fig. 7. EXAFS FTA of cell d-1.65 group B , including fits to Li FeS q2 2

FeS , with amounts as indicated of FeS included in the fit.2
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Žonly worsen the fit the simulated spectral width and
.amplitude must both fit the experimental data . Thus,

Ž .significant amounts of FeS more than several percent can
be ruled out. It is also important to see if metallic Fe, the
dominant feature in the low Li Group A cathodes, is
detectable in the higher Li cathodes. For the d-1.65 and
c-2.05 samples, an upper limit of 5% metallic Fe can be
set on the basis of. the observed degradation of the fit if
more is included.

4. Conclusions

EXAFS and NEXAFS measurements of sealed Lir
CPErpyrite batteries provide evidence that the dominant
cathode component of the cells charged up to 1.85 V is
Li FeS , with no evidence of FeS. The cathode discharged2 2

to 1.10 V contains a mixture of 65"5% metallic iron and
35"5% pyrite, due to incomplete utilization of active
cathode material. Upon recharging, there is no evidence
Ž .beyond the detection limit of ;5% of metallic Fe
remaining. It would be of interest to extend these studies to
cells charged or discharged to Li contents between those of
c-1.85 of group A and d-1.65 of group B, in order to
observe more closely the transition between Fe environ-
ments characteristic of these groups. It would also be
useful to examine cells that have undergone more exten-
sive cycling.
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