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Electronic and structural properties of materials
generated by the reduction and subsequent
oxidation of pyrite in a lithium-based solid
polymer electrolyte have been examined by in situ
fluorescence Fe K-edge X-ray absorption fine
structure (XAFS) in a FeS9/Li battery environment.
The XAFS results obtained are comsistent with the
formation of metallic iron as one of the products
of the full (4-electron) discharge, in agreement
with information reported in other laboratories.
Extended X-ray absorption fine structure (EXAFS)
data reveal that a subsequent 2-electron or 4&4-
electron recharge generates a species with a Fe-§
bond distance identical to that of pyrite, d(Fe-S)
= 2.259 A, with no other clearly detectable
interactions due to more distant atoms. Based on
the similarities between the metrical parameters
and other features in the X-ray absorption near
edge structure (XANES), the ferrous sites in these
species appear to be tetrahedrally coordinated, as
in chalcopyrite (CuFeS3), for which d(Fe-S) is
2.257 A, and, thus, different than in LisFeSjy, a
material that exhibits longer Fe-S distances.

INTRODUCTION DISTRIBUTION OF THIS DOCUMENT 1S UNLIMITED.

The electrochemical reactivity- of pyrite in non-aqueous, lithium-
based electrolytes continues to receive attention from both
scientificl-5 and industrial® communities. Much of the impetus for
research in this area is derived from the prospects of developing high
energy density, low cost, and environmentally safe rechargeable Li/FeSg
batteries with potential use in vehicular propulsion and other
applications. A number of structural and spectroscoplc techniques,
including in situ X-ray dlffractlon (XRD), in situ J7Fe Mossbauer
effect spectroscopy (MES)2:3 and in situ X-ray absorption fine
structure (XAFS)? have been employed to establish the identity of cell
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reaction products and determine the factors that control the extent of
reversibility.

In particular, Dahn and coworkers, based on in situ XRDZ and in
situ 57Fe MES data?:3 obtained for FeSyp electrodes in a non-aqueous
liquid electrolyte concluded that at high temperatures ( > 379C), or
sufficiently low discharge rates at lower temperatures (21 - 30°C), the
discharge curves of Li/FeSy cells display two plateaus associated with
the step-wise reduction of pyrite to form LigFeS9 as an intermediate,

1.e.
2Lit + 2e” + FeSy ---> LigFeSy 1)
2Lit + 2e” + LipFeSy ---> Fe + 2Lip$ (2)

Although Fe and LigS could be positively identified in the in situ XRD
pattern of cells that had been discharged to the equivalent to three
equivalents of Li per Fe (Li/Fe), no evidence could be obtained from
this technique for the presence of LigFeSj, leading these authors to
suggest that this electrochemically formed material was amorphous (am.)
when generated at these temperatures. Support for this view was gained
from the close resemblance of the recharge profiles (Voltage vs Li/Fe
ratio) of Li/FeSy cells, which had been discharged to 2 Li/Fe, and
charge (lithium insertion) profiles of Li/LigFeSy cells prepared with
chemically synthesized crystalline LigFeSp (cryst.) up to 2Li/Fe
equivalent.

The recharge of a 4 Li/Fe discharged Li/FeSy cell was
characterized by a plateau at 1.7 V ascribed to the reverse of Eq.(2)
above, up to 2 Li/Fe, regenerating LigFeSj(am.). Additional in situ XRD
experiments involving Li/LijFeSg(cryst.) cells? revealed that up to
40%, Lit could be reversibly removed from the LijFeS, lattice for more
than 60 cycles. Regardless of whether the electrode was 2 Li/Fe or &
Li/Fe discharged FeS9 or LigFeSp(cryst.), the subsequent full removal
of Li* in the temperature range examined did not lead to the formation
of FeSp. This behavior is unlike that observed for Li/FeS9 batteries at
higher temperatures (T = 400°C) in a molten salt electrolyte,4 for
which FeSgp(cubic) is indeed reformed upon full recharge, independent of
the extent of prior discharge.

This work presents in situ fluorescence Fe K-edge X-ray absorption
fine structure (XAFS) data for a FeSy cathode in a Li/FeSy solid
polymer electrolyte battery operating at 55°C at various stages of
discharge and recharge to gain insight into the nature of the
intermediate species denoted as LigFeSp(am.). In contrast to earlier
studies involving in situ XAFS measurements on an operating Li/FeS)
battery in a liquid, lithium-based electrolyte involving rather thick
technical-type FeSy electrodes,” the data shown herein is virtually
free from thickness effects, thereby enabling a more detailed analysis
of the X-ray absorption near edge structure (XANES).




EXPERTMENTAL

All operations involved in the preparation of components and
overall cell assembly, including film casting and curing, FeSo
grinding, cell sealing, and packaging in Ar-filled containers for
shipment, were performed in a high quality glove box equipped with an
09 sensor, under a high purity Ar atmosphere (0O < 3 ppm). Additional
monitoring of the overall purity of the Ar in the glove box was
provided by exposing freshly scraped lithium strips and checking
visually for any losses in brightness.

A schematic diagram of the Li/FeS9 cell designed for in situ Fe-K-
edge XAFS studies in the fluorescence mode is shown in Panel A, Fig. 1.
This battery-type, sandwich arrangement, is built around a LiClO,-
doped poly(ethylene oxide) (PEO) solid polymer electrolyte (10 mm x 8
mm, 35 pm thick) prepared by methods described elsewhere.’ The cathode
is formed by spreading ca. 0.1 mg of freshly ground pyrite onto a
rectangular section of the PEO(LiCl04) film (0.32 cm ) A piece of
gold-sputtered Ni foil placed directly above the cathode serves as a
current collector. To complete the cell, a thin Li strip 0.5 mm thick,
used as a counter-reference [C/R] electrode, is attached to the other
side of the PEO(LiClO4) film. To isolate the cell from the ambient
atmosphere, the whole assembly, except for thin Ni wires that allow
external connection to each of the electrodes, is encased in a heat-
sealed polyethylene bag. Freshly assembled FeSy/PEO(LiClO4)/Li cells
yielded stable open circuit potentials of ca. 3 V.

Based on the amount of pyrite and the size of the cathode, the
attenuatlon at the Fe K-edge, assuming an absorption cross section of
380 cm /g amounts to 1/20 absorption lengths. An analysis of AFM images
(Nanoscope II, Digital Instruments) of the dispersed cathode on
PEO/LiCl04 acquired in air (see Panel A, Fig. 2) yielded an ensemble of
evenly distributed particles of average dimensions on the order of only
1 pm. These features may be attributed to pyrite, as images of bare
PEO(LiCl04) surfaces obtained under the same conditions were found to
be virtually featureless (see Panel B, Fig. 2), except for ocassional
strands (1 pm long, 0.3 pum diameter) ascribed to the structure of the
polymer electrolyte itself. Based on the number of absorption lengths
(0.05) and the average particle size (ca. 1 pm), self-absorption
effects may be expected to be negligible; hence, the X-ray absorption
near edge structure (XANES) features obtained in fluorescence can be
assumed to be wvirtually undistorted. In fact, essentially no
differences could be found between data collected in situ in
fluorescence for a fresh cell and ex situ in transmission under ideal
conditions (ca. 1 absorption length). This represents a significant
improvement over our earlier in situ transmission Fe-K-edge XAFS of the

FeSp/Li system in a liquid non-aqueous solvent electrolyte performed
with much thicker FeSp technical electrodes,” which yielded highly
distorted in situ XANES data.
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During electrochemical experiments, the cells were placed on a U-
shaped copper holder (see Panel B, Fig. 1) and held under pressure
using a removable Al block/Al bar assembly. The temperature was
maintained at a comnstant value, usually 55 * 0.5°C by means of a
heater/thermocouple (TC) arrangement connected to an Omega CN9000
controller. For the purely electrochemical characterization,
voltammetric scans were performed at 70 uV/l, whereas for the in situ
XAFS measurements, each state of discharge and recharge was achieved by
scanning the potential of the FeSj electrode linearly at 250 upV/s to
the desired wvalue. Once the prescribed state of charge had been
reached, the Al block in front of the cell was removed to expose the
cell to the x-ray beam at the operating temperature.

In situ XAFS data were acquired at the Stanford Synchrotron
Radiation Laboratory (SSRL, line 4-1) with ring currents in the range
of 40 to 100 mA at 3 GeV, using a set of two Si(1lll) crystals to
monochromatize the radiation in the energy range of interest. Harmonic
contributions were rejected by detuning the primary beam to 50% of its
original intensity. All spectra were recorded in the fluorescence mode
using a Lytle-type fluorescence detector (EXAFS Co., Pioche, NV) with a
Mn filter (3 absorption lengths thick) placed between the sample and
the detector. The Fe K-edge energy (Feggpe) was calibrated using the
first inflection point of the XANES of an Fe foil recorded in the
transmission mode after each fill (Feedge = 7112 eV). The X-ray energy
was scanned with respect to the Fegqge In the range -200 to -50 eV for
the pre-edge region, and -50 to +70 eV for the XANES reglon in
increments of 2 and 0.35 eV, respectively, and in steps of 0.05 A-l for
the EXAFS region, up to 975 eV (vs Feedge)

The analysis of the EXAFS data was performed using EXAFSPAK, a
special set of routines developed by I. Pickering and G. George at
SSRL.8 Fourler transforms (FT) of the k3-mult1p11ed reduced EXAFS
functlon (k x(k)) were obtained over the range 3.0 - 11.5 A-1 (ak =

A~ ) without phase correction. The prominent Fe-S shell in the
resultlng radial distribution function was back-Fourier transformed
using a window of 0.7 to 3.7 A (Ar = 3.0 A). Theoretical phase and
amplitude data obtained from FEFFY (version 5.05) were used for fitting
the filtered EXAFS functions.

\ RESULTS
Electrochemistry

The cyclic voltammogram of a FeS9 electrode recorded at 70 pV/s in
a cell identical to that used for in situ XAFS experiments 4t 55°C
initiated at the open circuit potential yielded, in the first scan in
the negative direction, a negligible current down to ca. 1.6 V wvs.
Li[C/R], followed by a clearly-defined peak at more negative potentials
(see curve A, Fig. 3). In contrast, two prominent features, centered at
1.75 (A’) and 2.4 V (B'), were found upon reversing the scan at 0.9 V
as shown in the same Panel. During the second, and subsequent cycles
(see curve b, Fig. 3), however, the voltammograms were characterized by




two peaks in the negative scan centered at 2 V (B) and 1.4 V (A), and
the same features (except for slight shifts in the peak potentials and
changes in the overall peak shapes) B’ and A’, in the positive scan
observed during the first cycle (see curve a in this figure). The
complementarity of peaks A and A’', and B and B' was demonstrated by
voltammetric scans performed over the region 1.0 - 2.4 V in one case
and 1.6 - 3.0 V in the other (only the first of these is shown in curve
¢ in this figure), affording definite proof that each of these set of
peaks represents (following the first cycle) a unique redox process.

Coulometric analysis of the second and stable cycle over the
entire voltage range, i.e. 0.9 to 3 V in curve b in this figure,
revealed a total charge for the full discharge (ca. 0.3 C), which is
only slightly higher than that obtained during full recharge (0.26 C),
and in fairly good agreement with the amount of pyrite used in the
cathode (ca. 0.1 mg) assuming a net four-electron process. The much
higher overpotentials observed in the first full discharge (curve a)
may be ascribed to kinetic hindrances associated with the intercalation
of Li* into the pristine pyrite lattice.

Although stepwise mechanisms, such as that proposed by Dahn et
al.,2’3 would be consistent with the coulometric behavior observed
during the second and subsequent cycles, an unambiguous assignment of
voltammetric features can only be made on the basis of information
derived from in situ spectroscopic and/or structural probes.

X-ray Absorption Fine Structure (XAFS)

In situ Fe K-edge XAFS data were acquired for FeSg electrodes in a
single state of discharge or recharge in individual FeSy/LiCl04/L1
cells of identical construction, to avoid prolonged exposure of
nominally sealed, air-sensitive components to the ambient atmosphere.
Specifically, XAFS were collected for FeS9 in a fresh cell (F), after
the first full discharge (FD), after a half-recharge, immediately
following full discharge (HR), and after a continuous full discharge
and full recharge (FR). The voltammetric curves obtained in three of
these independent measurements are shown in curves a through c¢ in Fig.
4., As may have been expected based on the first voltammetric curve, the
in situ XAFS of a fresh FeS9 electrode polarized at 1.7 V was identical
to that obtained for the same electrode at open circuit, i.e. 3 V.

Fig. 5 shows a series of in situ Fe K-edge XANES recorded for the
cells denoted as F (solid 1line), FD (dot-dashed line), HR (dotted
line), and FR (dashed line). As indicated, the full discharge of FeS9
gives rise to profound spectral changes in this region (see dot-dash
line in Fig. 5, and Panel A, Fig. 6), including sizable increases in
intensity in the regions between O and 6 eV and 10 - 19 eV above
Feedge- This trend is consistent with the formation of metallic ironm,
as evidencéd by a comparison with the XANES of an Fe foil in
transmission (see solid line in Panel A, Fig. 6), and, therefore,
supports the assignment made by Dahn et al.2,3 on the basis of in situ
XRD and 57/Fe MES. The in situ XANES for HR (dotted line) is




characterized by a well-defined pre-edge peak centered at 0.5 eV of a
larger intensity than the rather flat feature found for (fresh) FeSs
in the same energy range. Also noticeable is a slight shift of the edge
position toward higher energies, as well as the appearance of an
intense peak centered at about 15 eV compared to the in situ XANES of
the fresh electrode (solid line). Somewhat surprising, however, are the
striking similarities between the in situ XANES of HR (dotted line) and
FR (dash line), which indicate that the electrochemical changes
associated with the process shown in curve c, Fig. 3 do not involve the
Fe center, but a sulfur-based redox couple, such as sulfide-disulfide,
i.e. S92° + 27 ---> 282, This assignment is at variance with that
proposed by Dahn et al.3, who inferred from in situ XRD data obtained
for Li/LijFeSy batteries that the cycling between 1.45 and 2.45 V may
be ascribed to the process

LigFeSy ---> Lip_yFeSgp + xLit + xe” , where 0 < x =< 0.8 (3

The series of k3x(k) vs k spectra for the four specimens examined
in the region 3 - 11.5 A-1l are shown curves a through d in Fig. 7, and
the corresponding FT are displayed in Fig. 8. As was reported in a
previous communication,® the discharge of FeSg leads to a drastic
decrease in the relative intensities of all distant shells, yielding FT
curves with only a single shell attributed to nearest Fe-S
interactions. The analysis of the inverse FT of this prominent shell
EXAFS for HR and FR yielded Fe-S distances within experimental error
identical to those of pyrite,11 and, thus, incompatible with Fe-S bond
lengths found in crystalllne LigFeS9, for whlch Fe-Sy = 2.3737(7) A and
Fe-S9 = 2.4126(15) AL

Insight into the possible nature of the iron sites in either HR or
FR was obtained by identifying related materials with Fe-S bonds of
about the same length. In fact, one of such materials is chalcopyrite,
CuFeSz, for which FeZt is surrounded by four sulfurs in a tetrahedral
configuration at the same distance as that found in pyrite. A direct
comparison between the XANES of CuFeS9 and pyrite obtained in the
transmission mode (see Panel B, Fig. 6) revealed three important
differences (1) a more prominent pre edge peak; (2) a shift in the
absorption edge toward higher energies (ca. 1 eV), and; (3) the
occurrence of a peak at about 10 eV above the Fe edge. The same
qualitative differences can be found between the XANES of HR (and also
FR) and FeS9, which suggests that the iron sites in both these species
is also coordinated by four sulfur atoms in a tetrahedral-type
environment.

Further insight into these redox processes. is expected to be
obtained from in situ S K-edge measurements. The energies involved in
such experiments, howewer (ca. 2500 eV), are much lower than those
involved in this work; hence, many of the cell materials and overall
measurement strategy will have to be substantially modified to enable
both the incident and fluorescent beams to penetrate through the cell
structure.
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Fig. 1. Panel A. Schematic diagram of the Li/FeS9 cell designed for in
situ Fe-K-edge XAFS studies in the fluorescence mode. Panel B. Front
and side views of the heater/assembly for electrochemical and in situ

XAFS measurements.
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Fig. 2. Atomic force microscopy images of the dispersed pyrite cathode
on the PEO(LiCl04,) film (Panel A) and of a bare PEO(LiCl04) film (Panel

B).
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Fig. 3. First (curve a) and subsequent (curve b) cyclic voltammogram of
a FeSy electrode recorded in a cell identical to that used in in situ
XAFS experiments at 55°C initiated at the open circuit potential. Curve
c shows a voltammetric scan in the region of the more positive redox

process (see text). Scan rate: 70 upV/s.
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Fig. 4. Voltammetric curves obtained prior-to the three independent in

situ XAFS measurements. A. Fresh battery (F); B. fully discharged (FD);
C. Half Recharged (HR); D. Fully recharged (FR).
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Fig. 5. Series of in situ Fe K-edge XANES recorded for the cells
denoted as F, FD, HR, and FR in caption Fig. 5.
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Fig. 6. Comparison between the in situ XANES of a fully discharged
FeSo/Li battery (FD in Fig. 5) and the ex situ XANES of metallic Fe
obtained in the transmission mode (Panel A); ex situ XANES of FeS9 and
CugFeSy (Panel B) and in situ XANES of F and HR in Fig. 5 (Panel C).
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Fig. 8. Fourier transforms of the data in Fig. 7.




