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Powder mixtures of metallic iron and sulfur have been milled
in a high-energy planetary ball mill and the formation of iron
sulfides has been studied by x-ray diffraction, Mossbauer spec-
troscopy, and scanning electron microscopy. For Fe:S ratios of
1:1 and 1:2 the final products are FeS with the modified NiAs
structure and FeS, (pyrite), respectively. No other iron sulfides
were formed for any of the Fe:S ratios studied. The FeS phase
has been tested as an electrode material in lithium batteries.
© 1998 Academic Press
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1. INTRODUCTION

More than 20 years ago mechanical alloying was de-
veloped as a way to circumvent the limitations of conven-
tional alloying, for example, for production of oxide
dispersion-strengthened superalloys (1). Since the discovery
of Koch et al. (2) demonstrating that amorphous Nb,(Nig,
can be formed by mechanical alloying of elemental powder
blends, mechanical alloying has emerged as a versatile tech-
nique for producing materials far from equilibrium in a
variety of systems, for example, amorphous alloys, nano-
structured alloys, and metastable solid solutions (3—6). In
this metallurgical process, powder particles are subjected to
severe mechanical deformation during collisions with balls
and vial and are repeatedly deformed, cold welded, and
fractured, so that solid-state reactions and/or mechano-
chemical reactions in powder blends can be generated. Al-
though the principles governing these reactions in many
cases are incompletely understood and are also undoubted-
ly system specific, the formation of many compounds pre-
pared by mechanochemical reactions, for example, borides
(7), carbides (8, 9), and silicides (10, 11), has been reported in
the literature. However, relatively few studies of synthesis of
metal sulfides have been published (12-21). On the other
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hand, sulfides are currently recognized as inorganic mater-
ials with interesting applications, for example, for high-en-
ergy density batteries, photoelectrolysis, solar energy
materials, and precursors of superconductor syntheses, di-
agnostic and luminescence materials, and chalcogenide
glasses (21). Although sulfides can be synthesised from the
elements by heating (22), the degree of homogeneity of the
final product may depend on preparation processes, starting
materials, and the size of powders (23). This difficulty may
be overcome by mechanical alloying in which coarse pow-
ders of different elements are milled together and form
alloys by mechanochemical reactions.

In the present work, we describe in detail the phase
evolution during mechanochemical reactions in the Fe—S
system. The microstructural changes taking place were
monitored by x-ray diffraction with Rietveld structure re-
finements, scanning electron microscopy (SEM), and Mos-
sbauer spectroscopy. The magnetic structure of the milled
FeS sample was investigated by low-temperature M0s-
sbauer spectroscopy with and without applied magnetic
fields. In addition, studies of electrochemical lithiation reac-
tions of the milled FeS sample are presented.

2. EXPERIMENTAL

For the preparation powders of metallic iron (99.99%
purity, particle size about 4 um) and sulfur (99.9% purity,
particle size about 50 um, orthorhombic structure) were
mixed in nominal compositions,4:1,1:1,3:4,1:2,and 1:3,
and sealed in a vial in an argon atmosphere. The milling was
carried out in a Fritsch Pulverisette 5 ball mill with tungsten
carbide (WC) vials (75 mm in diameter, volume 250 ml) and
balls (10 balls, 20 mm in diameter). The milling intensity was
200 rotations per minute and a ball-to-powder weight ratio
of 20:1 was chosen. The milling process was interrupted
after selected times to take out small amounts of powder for
analysis.

The composition of the milled samples was examined
using a Philips XL20 SEM with an energy dispersive x-ray
analysis facility. To determine the surface oxidation of
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milled particles, XPS measurements were carried out on a
Perkin—Elmer 550 ESCA instrument in 10”7 Pa vacuum
with an area of about 3 x 3 mm?. X-ray diffraction measure-
ments were performed using a Philips PW-3710 diffrac-
tometer with CuKo radiation. The Rietveld refinement
program (24) employed pseudo-Voigt functions limited to
9 half widths, asymmetry corrections, a mixing parameter
g=g1 +g (20), (g =1 for a pure Lorentzian and g =0
for a pure Gaussian), and FWHM defined as (U tan®0 +
Vtan0 + W)'2. g,, g,, U, V,and W are fitting parameters.
Furthermore, the structure in the grain boundaries was
assumed as an amorphous-like structure, which was
modeled as a background by 15 parameters (Chebyshev
type I) (24). Mossbauer spectroscopy was performed with
a conventional constant acceleration spectrometer with
a source of 50 mCi °’Co in a Rh matrix. Isomer shifts are
given relative to that of «-Fe at room temperature.
A closed-cycle helium cryostat and a nitrogen cryostat were
used for low-temperature Mdssbauer measurements. One
FeS sample milled for 113 h was tested at room temperature
as electrodes in cathode limited lithium cells with organic
electrolyte (1 M LiPFg in a 1:1 mixture of ethylene carbon-
ate and diethyl carbonate). The cells were tested by constant
current cycling between preset voltage levels (25).

3. RESULTS AND DISCUSSION
3.1. Alloying Process

All milled samples were investigated by x-ray diffraction.
The x-ray diffraction patterns for the 0.5Fe—0.5S samples
collected after different milling times as a typical example of
the alloying process are shown in Fig. 1. After 1h only
diffraction lines due to a-Fe and S are seen. After 19 h weak
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diffraction lines corresponding to FeS and FeS, have al-
ready appeared. After 43 h the peaks due to a-Fe and S have
almost disappeared and the peaks due to FeS are predomi-
nant. For longer milling times only the peaks due to FeS can
be seen. These peaks are considerably broadened due to
a small crystallite size and strain. Rietveld structural refine-
ments of the whole x-ray diffraction patterns of the samples
milled for 67, 90, and 113 h are shown in Fig. 2. It is found
that the FeS phase formed in the milled samples has a modi-
fied NiAs-type structure with space group P62c. The lattice
parameters and ionic positions are listed in Table 1. The
analyses also revealed that both cationic and anionic va-
cancies are present in the milled FeS samples, although
quantitative values of vacancy concentrations are subject to
big uncertainties due to the broad diffraction lines. The
Rietveld refinement analyses yield an accurate determina-
tion of diffraction line widths and positions. Attempts to use
the simple NiAs symmetry (P6s/mmc) resulted in slightly
larger R factors. Using the formula derived by Stokes and
Wilson (26) for diffraction line broadening, averaged crys-
tallite sizes and root-mean-square (rms) strains of the FeS
phase can be obtained in the milled samples, as listed also in
Table 1. It is found that lattice parameter ¢ of the FeS phase
decreases with increasing milling time from 67 to 113 h,
while parameter a remains nearly constant within experi-
mental uncertainty. Lattice parameter ¢ of the FeS phase in
all samples is smaller than the data reported for bulk FeS
phase (27). The average crystallite size of FeS decreases from
71 + 5 nm (after 67 h) to 19 + 5 nm (after 113 h), whereas
the rms strain was slightly reduced from 1.6 +0.1% to
1.4 + 0.1%. The contraction along the ¢ axis in the unit cell
and the high values of rms strain may be linked to the
presence of vacancies in the milled FeS phase.
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FIG. 1. X-ray powder diffraction patterns of the 0.5Fe—0.5S

system for the samples collected after the indicated milling times.
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FIG. 2. Rietveld structure refinement profiles of the x-ray diffraction
data for the 0.5Fe—0.5S samples milled for 67, 90, and 113 h. The experi-
mentally observed pattern is shown in the upper field of each plot. Below
that the background is also plotted as a solid line in this field. The
difference pattern (observed minus calculated patterns) is plotted in the
lower field. In the intermediate field the positions of the possible Bragg
reflections are indicated as a series of short vertical bars corresponding to
FeS crystalline phase with a modified NiAs-type structure in the samples.

Mossbauer spectra obtained at 295 and 80 K of the
0.5Fe—0.5S samples, collected after different milling times,
are shown in Fig. 3. The data are in accordance with the
results of x-ray diffraction. After 1 h only the sextet due to
o-Fe is seen. After 19 h a quadrupole doublet with splitting
AEg=0.62 4+ 0.0l mms™' and isomer shift § =032+
0.01 mms ™! has appeared in the spectrum at 295 K. By
comparison with the spectrum recorded at 80 K, it is found
that the quadrupole splitting of the doublet does not depend
on temperature. These results suggest that the doublet is
attributed to low spin Fe?" ions in pyrite (FeS,) (28). The
relative area of this doublet is about 12% at 295 K. More-
over, a new sextet with a relative area of about 14% at
295 K, magnetic hyperfine field, By ~ 27 T, and isomer
shift, § ~ 0.7 mms ™' has appeared. After 43 h this sextet has
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become predominant and only traces of the a-Fe and FeS,
compounds can be seen. For longer milling times this sextet
is the only component in the spectra at both 295 and 80 K.
The lines of this sextet are relatively broad in all spectra,
indicating a distribution in magnetic hyperfine fields. For
simplicity, four sextets were used to fit the spectra at 295 K.
The magnetic hyperfine fields for the first three sextets have
a range of 25-30 T and the fourth sextet has a magnetic
hyperfine field of about 20 T with very broad lines. In the
spectra recorded at 80 K, the fourth sextet disappears,
indicating that this sextet could be due to superparamag-
netic relaxation effect. In most cases, superparamagnetic
relaxation results in spectra composed of a sextet due to
particles with relatively long relaxation times and a doublet
(or singlet) due to particles with short relaxation times, but,
if there is significant interparticle interaction one may in-
stead observe spectra containing a sextet and a broad com-
ponent (29). To identify the milled sample, we have
compared the Mossbauer parameters with those of bulk
FeS. The bulk FeS with the modified NiAs-type structure is
antiferromagnetic with Ty = 598 K. At room temperature
the Mossbauer parameters are Bp;=315T, §=
0.76 mms ', and the quadrupole shift is ¢ = — 0.19 mms ™!
(30). Cationic vacancies in the structure result in smaller
magnetic hyperfine fields and isomer shifts. For example,
the Mossbauer spectrum of ferrimagnetic Fe,Sg, which also
has a modified NiAs-type structure, can be fitted with five
sextets with hyperfine fields ranging from 30.5 to 22.1 T and
isomer shifts in the range 0.67-0.69 mms~* (30). Thus, the
low value of the average hyperfine field and the line
broadening in the ball-milled samples may be explained by
the presence of defects in the FeS structure, as observed in
the Rietveld refinements. FeS can also have a tetragonal
crystal structure, commonly called mackinawite (31). This
phase does not show any magnetic ordering at temperatures
as low as 1.7 K (31). A paramagnetic phase has also been
found in high-pressure studies of FeS and Fe,;Sg (30). In the
present ball-milled samples we see, however, no indication
of a paramagnetic phase after milling times exceeding 67 h.
A preliminary study of mechanical alloying of a 0.5Fe—0.5S
material in air was reported by Balaz et al. (17, 21). From
x-ray diffraction measurements they suggested that Fe; _,S
with a pyrrhotite 5C structure was formed in the milled
sample, in which sulfate and iron oxide layers were found on
surfaces of milled powders. In fact, there are many sulfide
compounds with slightly different structures around the
0.5Fe—0.5S composition (32). It could be indeed difficult to
distinguish them by x-ray diffraction measurements alone.
Therefore, in-field and low-temperature Mossbauer
measurements of the as-milled FeS sample were performed.
A broadened sextet was observed down to 14 K for the FeS
sample. No iron oxide phases were found. Application of
a magnetic field of 0.7 T perpendicular to the gamma ray
direction at 300 and 80 K has negligible influence on the
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TABLE 1
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Lattice Parameters, Ionic Positions, Reliability R Factors, Average Crystallite Sizes, and Strains of the FeS Phase in the

0.5Fe—0.5S Samples after Milling Times of 67, 90, and 113 h

Milling a ¢ R Crystallite Strain
time (h) (A) (A) Ton x y z (%) size (nm) (%)
67 5.961(3) 11.519(2) Fe 0.343(1) —0.011(1) 0.125(2) 4.76 72(5) 1.6(1)
S1 0.000 0.000 0.000
S2 1/3 2/3 —0.018(1)
S3 0.664(2) 0.001(2) 0.250
90 5.965(3) 11.448(2) Fe 0.342(2) —0.007(2) 0.122(1) 5.43 31(5) 1.5(1)
S1 0.000 0.000 0.000
S2 1/3 2/3 —0.019(1)
S3 0.660(3) 0.009(4) 0.250
113 5.964(2) 11.399(2) Fe 0.357(3) —0.005(1) 0.129(1) 5.56 19(5) 1.4(1)
S1 0.000 0.000 0.000
S2 1/3 2/3 —0.018(1)
S3 0.678(3) —0.021(2) 0.250
FeS 5.963(1) 11.754(1) Fe 0.3787(2) 0.0553(2) 0.1230(9) — — —
(Ref. 27) S1 0.0000 0.0000 0.0000
S2 1/3 2/3 0.0208(2)
S3 0.6648(6) — 0.0041(4) 0.2500

Note. These data are obtained by the Rietveld structure refinements. Data from bulk FeS are also included (27).
“R = |Vobs,i — Vear,il /Y. Yovs,i» Where yous; and y.,i; represent the observed and calculated intensities at the ith step, respectively.

spectrum of FeS sample, as shown in Fig. 4. However,
pyrrhotite Fe, _,S phases are ferrimagnetic and FeS is anti-
ferromagnetic (33). For a ferro- and ferri-magnetic material
the relative intensities of lines of 2 and 5 would increase. By
combining x-ray diffraction with in-field Mossbauer
measurements, we suggest that the phase formed in the final
stage of milling in the present work is antiferromagnetic FeS
with a modified NiAs-type structure containing both
cationic and anionic vacancies. It is, however, possible that
the spin structure to some extent could be canted due to
defects formed during the ball milling process.

X-ray diffraction and Mossbauer spectroscopy measure-
ments on other compositions with various milling times
have also been performed. It was found that for the
0.33Fe—0.67S composition the formation process of FeS,
(pyrite) is much slower than that of FeS in the 0.5Fe—0.5S
composition. The FeS, phase was synthesised with pro-
longed times (> 110 h). Low-temperature M0ssbauer meas-
urements of the as-milled FeS, sample were performed.
Only a doublet was observed down to 14 K. No iron oxide
phases were found. For other compositions, instead of single
phase, mixtures of phases were observed in the final milling
stages (=110 h). The details of the kinetic processes of phase
transformation for all compositions are given later.

SEM was employed to monitor microstructural evolution
in the powder blends during the milling process. SEM
micrographs of Fe—S mixtures after various milling times
are shown in Figs. 5-8. Using a backscattered electron
detector, signals from heavy atoms are enhanced compared

to those from light elements. Energy dispersive x-ray analy-
sis (EDX) provides further information about the chemical
composition of the milled powders. As shown in Fig. 5a for
the 0.5Fe—0.5S composition, the iron particle morphology,
after a milling time of 1 h, is similar to that of the starting
materials, consisting of spherical-like particles with a size
distribution. In the backscattered electron image (Fig. 5b)
on the same spot a relatively broad dispersion of particle
sizes is visible. This could be due to the signal depression
from coated sulfur layers on iron particles. In general, dur-
ing the milling process the local temperature at collisions
with balls and vial is assumed to be higher than 373 K (34),
although the vial temperature is found to be about 332 K
after ball milling in the present work. Hence, in the Fe—S
system, sulfur could be melted in the initial milling process
because its melting temperature is only 390 K. Figure 5c
shows sulfur-coated iron particles at high magnification. It
is clearly seen that the cloudy sulfur wet a deformed iron
particle. Assuming that all sulfur in the 0.5Fe—0.5S sample
coated iron particles with a size of 3 um, a sulfur layer can
be estimated to be about 750 nm. Moreover, EDX results of
the sample milled for 1 h in many places with an area of
about 0.2 x 0.2 mm? reveal a strong signal from iron and
very weak signal from sulfur. This might be explained by the
thin sulfur layer on spherical-like iron particles because the
detector receives most of EDX signals from a pear-shaped
zone beneath sulfur layer down to about 3 pm using an
electron beam energy of 20 kV. Thus, the signal from iron is
dominant in EDX measurements. On grinding for 19 h,
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FIG. 3. Mossbauer spectra obtained at 295 and 80 K of the 0.5Fe—0.5S samples collected after the indicated milling times.

spherical-like particles were plastically deformed into disk-
like pellets (Figs. 6a and 6b). Relatively larger signals from
sulfur were detected by EDX. This has presumably resulted
from the formation of Fe—S compounds at interfaces be-
tween the iron pellets and the sulfur layer and/or more
sulfur-coated areas exposed to electron beams. After 43 h,
the sample consists of two distinct parts (Fig. 7a). One part
is composed of very small fragments with more or less
equiaxial particles with sizes less than 1 pm (Fig. 7d) and the
other part is composed of larger agglomerates which are
larger than the starting iron powders, as shown in Figs.
7a—Tc. Most of these particles are dense. However, porous
fine particles (Figs. 7b and 7c), resembling a partially sin-
tered material, were also found. EDX measurements showed
that both fine and big particles have a composition of about
Fe:S=1:1. A similar particle morphology was also re-

ported in other M—S (M: metal elements) systems (14—17), in
which the formation of big particles was suggested due to
self-sustaining reactions during grinding (35). However,
from x-ray diffraction and Mdssbauer measurements, it was
found that most of the mechanochemical reactions in the
0.5Fe—0.5S powder blends have already been finished after
43 h milling. If these clumps were formed by self-sustaining
reactions within milling times ranging from 19 to 43 h, then
it is expected that most of the clumps should be broken into
small fragments during further milling. This explanation is
challenged by the fact that many clumps were still observed
in the samples milled for 67, 90, and 113 h (Fig. 8). Apart
from the possibility of self-sustaining reactions, we suggest
that these big agglomerates are most likely generated by
powder pressing and sintering. It was observed that the balls
and the wall of the vial were nearly covered by powders.
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FIG. 4. Mossbauer spectra of the as-milled FeS sample obtained at 295
and 80 K with an applied magnetic field of 0.7 T and at 14 K.

When collisions with balls and wall occur, the powders in
between will be pressed and sintered. This process could
form relatively dense clumps, as observed in Fig. 8.

The kinetic process of phase evolution during mechanical
alloying of elemental blends for three compositions,
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0.5Fe—0.5S, 0.43Fe-0.57S, and 0.33Fe-0.67S, is shown in
Fig. 9. The data were determined from room-temperature
Mossbauer measurements assuming equal recoil-free fac-
tors for all phases. Note that pure sulfur cannot be detected
by Mossbauer spectroscopy and is hardly detectable by
x-ray diffraction due to low atomic weight. In the milling
process, several reactions could take place and they are
probably dynamic processes. For simplicity, only four
chemical reactions were used to analyze the mechanochemi-
cal reaction process in the Fe—S system. They are (a)
Fe + S = FeS with a negative free energy of formation at
295 K, AG =~ — 24 kcal/mol; (b) Fe + 2S = FeS, with
AG ~ — 40 kcal/mol; (c) FeS + S =FeS, with AG =
— 16 kcal/mol; and (d) FeS, + Fe =2FeS with AG =~
— 8 kcal/mol (36). In the early stage, FeS is formed together
with FeS, on grinding elemental powder mixture in all
systems studied, although FeS has a smaller negative free
energy of formation than FeS, (25). This indicates that
reactions (a) and (b) could govern the mechanochemical
reactions in the early milling stages. By further increasing
the milling time, the process (d) occurs in the 0.5Fe—0.5S
sample, which accelerates the formation of the FeS phase in
the sample. After 43 h, 96% of the total amount of iron is
found in the FeS phase and only FeS was observed in the
samples milled for > 67h. In the case of Fe:S = 1:2, the
relative amounts of both FeS and FeS, phases increase from

FIG. 5. SEM micrographs of the 0.5Fe—0.5S sample milled for 1 h: (a) and (c) using secondary electron detector and (b) using backscaterred electron

detector.
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FIG. 6. SEM micrographs of the 0.5Fe—0.5S sample milled for 19 h:
(a) using secondary electron detector and (b) using backscaterred electron
detector.

19 to 42 h. Then, it almost saturates for the FeS phase while
the fraction of the FeS, phase still increases, indicating that
reaction (b) governs the mechanochemical reactions during
grinding. After 67h, the amount of FeS, increases at the
expense of FeS phase. This infers that reaction (c) occurs.
Within experimental uncertainty only the FeS, phase was
observed in the sample milled for 110 h. For the Fe:S = 3:4
composition, the mechanochemical reaction process looks
quite similar to that in the 0.33Fe—0.67S sample until 43 h.
With further grinding, reaction (a) prevails during further
milling while no more residual sulfur provides for reactions
(b) and (c). After 67h, the system reaches an equilibrium
state, in which the relative fractions of FeS and FeS, remain
nearly unchanged. It is possible that the recoil-free factors
for both phases could be slightly different at room temper-
ature. This may explain why only about 61% of FeS, instead
of 67%, was found in the final stage of the sample. No
formation of Fe;S, was found in the study. If one looks at
the relative fraction of iron vs milling time in various com-
positions, one striking feature can be drawn: the more iron
in the sample, the faster the mechanochemical reactions.
For example, even after 110 h milling, bcc-Fe was still found
in the composition of Fe:S = 1:3. On the other hand, FeS
and FeS, phases have already been found in the 0.8Fe—0.2S
sample milled only for 1h. The relative fractions of bcc-Fe
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(about 73%), FeS (about 23%), and FeS, (about 4%) phases
in 0.8Fe—0.2S samples remain almost unchanged after 19 h.

Room-temperature Mossbauer spectra for the as-milled
Fe—S samples with various compositions after a milling time
of about 110 h are shown in Fig. 10. Table 2 provides a list of
crystalline phases with relative molar fractions obtained by
room-temperature Mossbauer spectroscopy measurements
assuming equal recoil-free factors for all phases, for milled
elemental blends in various compositions after a milling
time of about 110 h. In the 0.5Fe—0.5S composition nanos-
tructured FeS materials are formed after a milling time of
about 67 h with very low abrasive wear contamination (less
than 0.5 at.% W), details given later. In the 0.33Fe—0.67S
composition, the FeS, phase is also achieved on grinding
with prolonged times (=110 h). The decomposition process
of FeS, into FeS and S, which is unfavored from the free
energy of formation of FeS,, was not observed in the study,
but the decomposition was reported by Avvakumov and
Kosobudjkij (12). In their study the local temperature at
collisions might be so high that the decomposition of FeS,
into FeS and S is energetically favored. In the case of
Fe:S = 3:4, after prolonged milling times (up to 150h),
only a mixture of FeS and FeS, phases was obtained and no
Fe;S, phase was formed. This could be due to the fact that
Fe;S, is a metastable phase compared to FeS and FeS,
phases. A mixture of bcc-Fe, FeS, and FeS, phases was
observed in both Fe:S=4:1 and Fe:S = 1:3 composi-
tions. No Fe-S solid solutions were found in the 0.8Fe—0.2S
sample milled for 110 h within experimental uncertainty, as
predicted by the equilibrium Fe—S phase diagram indicating
a negligible solubility of sulfur in bcc-Fe at temperatures
below 1173 K (37). No other new Fe—S phases were formed
during mechanical alloying of elemental blends.

3.2. Characterization of the Milled Samples

Compared to milling of oxides and some hard metals,
abrasive wear of balls and vial is negligible in the Fe—S
system. The very small contamination of the milled prod-
ucts by W presumably indicates that the hardness of Fe—S
compounds formed during milling may remain less than
ball hardness. It was also observed that the surface of the
balls and the interior wall of the vial were covered by
powders, so that less abrasive wear of balls and vial is
expected. Furthermore, no contamination in the milled
powders infers that chemical affinity between powders and
the milling tungsten carbide balls and vial is weak. This is
indeed experimentally indicated by Kosmac and Courtney
(14) that no chemical reaction occurs between W and S el-
emental powders during high energy ball milling. They
suggested that a high melting point of W compared to Ni,
Zn, Sn, and Fe could be a plausible reason for the effect,
although the heat of phase formation of the respective metal
sulfides do not differ all that much (38). However, it is
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FIG.7. SEM micrographs of the 0.5Fe—0.5S sample milled for 43 h: (a), (b), and (d) using secondary electron detector and (c) using backscaterred

electron detector.

known that WS, has a weakly bonded layer structure,
which has the same space group (P6s/mmc) as graphite. The
WS, material could act as a lubricant media during grind-
ing. Thus the shear effect induced during collisions, which is
an important factor for mechanical alloying in many cases,
could be largely reduced. No further reaction between
W and S can occur. To test the validity of this model,
a milling experiment of elemental Mo and S blends using the
same setup as in the Fe—S system was carried out because
MoS, also has a weakly bonded layer structure (39). It was
indeed found that almost no chemical reaction between Mo
and S after a milling time of 110h was observed, as is the
case in the W and S system. By careful examination of the
x-ray diffraction pattern of the sample milled for 110h, as
shown in Fig. 11, a small amount of MoS, can be detected,
although the pattern mainly consists of pure Mo and
S phases. In addition, the diffusion coefficients of sulfur in
WS, and MoS, are about four orders magnitude smaller
than those in FeS and NiS (40). This means that fresh sulfur
may have low possibilities to diffuse through the MoS, layer
formed between sulfur and molybdenum to react further
with molybdenum. Hence, this tiny MoS, phase might be
the key factor for no further reaction between Mo and
S during prolonged milling.

To further characterize the iron sulfides, the oxidation of
powdered samples on exposure to air at ambient temper-
ature was examined by XPS and Mossbauer spectroscopy.
XPS spectra of S(2p) electrons from the as-milled FeS
sample (milled for 113 h) and the samples after in situ sput-
tering treatments for 25, 85, and 1500s are shown in Fig. 12.
It is found that the state of sulfur on the surface of FeS
powders is composed of dominant line of S*~ and a small
component of sulfate SO~ . It is interesting to know how
deep the sulfur in the milled FeS powders was oxidized.
After about 3 monolayers are removed by in situ ion beam
sputtering for 25s, the spectrum shows only the S?~ line
and no sulfate line within experimental uncertainty. The
XPS spectra after sputtering for longer times show only the
S?~ line. When the FeS powders are exposed to air after
a milling time of 113 h, a few monolayers of the powders are
oxidized. This passivation layer retards further oxidation of
the powders, which was confirmed by XPS measurements
from the sample kept in air at ambient temperature for
about 30 days. In addition, no difference was observed by
Mossbauer measurements for the as-milled FeS sample and
the sample after exposure to air for about 30 days. These
results revealed that the as-milled FeS powders studied are
relatively pure as compared with the sample prepared by
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FIG. 8. SEM micrographs of the 0.5Fe—0.5S samples obtained by
secondary electron detector milled for (a) 67 h and (b) 113h.

Balaz et al. (17). They prepared FeS powders by mechano-
chemical synthesis in air from elemental Fe and S powders,
in which the sulfate SO2~, was found to be dominant.

In the case of FeS,, the oxidation process is much faster
when the powders are exposed to air. Besides the surface
oxidation, the interior of the milled FeS, powders is par-
tially oxidized. Room-temperature transmission Mossbauer
spectra for the as-milled sample and the sample exposed to
air for about 30 days at ambient temperature are shown in
Fig. 13. By comparison with the as-milled sample, the spec-

TABLE 2
Crystalline Phases with Relative Molar Fractions as Detected
by Room-Temperature Mossbauer Spectroscopy Measurements
Assuming Equal Recoil-Free Factors for All Phases in Various
Compositions after a Milling Time of about 110 h

Fe:S composition bee-Fe (%) FeS (%) FeS, (%)
4:1 73 23 4
1:1 — 100 —
3:4 — 61 39
1:2 — — 100
1:3 21 25 54

Note. The uncertainties of relative molar fractions for various phases are
about 3%.
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FIG. 9. Relative fractions of various phases during mechanical
alloying of elemental Fe—S blends for three compositions as a function of
milling time. The empty circles represent bce-Fe, the full circles represent
FeS,, and the triangles indicate FeS.

trum for the sample exposed to air for about 30 days has
two doublets, one is due to FeS, having a quadupole split-
ting of about 0.61 + 0.01 mm/s and an isomer shift of
0.31 + 0.01 mmy/s, and the other has a quadrupole splitting
of about 2.53 + 0.01 mm/s and an isomer shift of 1.33 +
0.01 mm/s with a relative area of about 24%. The latter is
attributed to an iron sulfate (28), FeSO, (H,O cannot be
ruled out), which is also formed during surface oxidation of
bulk FeS, in air (41). It is clear that the milled FeS, powders
are unstable in air, in distinction to the relatively stable
milled FeS powders. Wang et al. (42) demonstrated that
when FeS, surfaces are in contact with water and oxygen,
the oxidation process occurs rapidly. Furthermore, small
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FIG. 10. Room-temperature Mdssbauer spectra for the as-milled Fe—S
samples after a milling time of about 110 h with various compositions.

particle sizes and defects in the milled FeS, may also en-
hance the oxidation process. If the oxidation processes for
the milled FeS and FeS, powders are assumed to be
FeS + 20, = FeSO, and FeS, + 30, = FeSO,4 + SO,, re-
spectively, one can find that the exothermic heat released by
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FIG. 11. The x-ray diffraction pattern of the 0.33Mo-0.67S sample
milled for 110h.
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FIG. 12. S(2p) photoelectron spectra for the as-milled FeS sample and
the samples in situ sputtered for 25, 85, and 1500 s.

the oxidation process of FeS, is lager than that of FeS (36).
This may accelerate the oxidation process in the milled FeS,
powder. To clarify the difference of oxidation processes in
both FeS and FeS, samples, however, further studies are
needed.

3.3. Electrochemical Lithiation Reactions

One application of iron sulfides is as active electrode
materials for primary lithium batteries of high energy den-
sity. During discharge of these cells, iron sulfide is reduced
to a mixture of metallic iron and lithium sulfide according to
the reaction schemes

2Li + FeS — Li,S + Fe
4Li + FeS, — 2Li,S + Fe,

as-milled

-

'l Il ;. La A
12 -8 4 0 4 8 12
Velocity (mms™)

FIG. 13. Room-temperature Mdssbauer spectra of the as-milled FeS,
sample and the sample exposure to air at ambient temperature for about
30 days.
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FIG. 14. Voltage of a Li/organic electrolyte/FeS cell as function of the degree of lithiation of the iron monosulfide prepared by mechanochemical
reaction of 0.5Fe—0.5S elemental blends. Data for the first three cycles (indicated on the graph) are shown. Current density ~ 200 pA/cm?, corresponding

to 24 h discharge.

where a defect iron sulfide, Fe; _,S, is formed as an inter-
mediate in the reduction of the disulfide (25). In the case of
the monosulfide, the lithiation reaction can be reversed
a number of times due to the intimate mixture and good
conductivity of the reaction products. This makes iron
monosulfide a candidate electrode material for secondary
(rechargeable) lithium batteries for applications where high
energy density is more important than long cycle life.

It has previously been shown (see (25) and references
therein) that the voltage profile of lithium/iron sulfide cells is
sensitive to the structural composition of the iron sulfide.
Free elemental sulfur will react with lithium at a voltage
significantly higher than the reaction with either iron mono-
sulfide or disulfide. A significant difference is also observed
between the initial discharge curves of cells made with iron
monosulfide with the modified NiAs-type structure com-
pared to the Mackinawite, FeS, with a tetragonal structure.
The latter shows an initial discharge plateau at 1.8 V after
which the voltage drops to 1.5 V, whereas the NiAs modifi-
cation discharges in a single plateau close to 1.5 V. Figure
14 shows the first three lithiation/extraction (discharge/
charge) cycles of a cell with FeS milled for 113 h. It is seen
that the initial discharge proceeds in a single step at 1.5V
with a capacity close to the expected 2 Li per Fe. Capacity
plateaus at 2.5 V characteristic of unreacted elemental sulfur
or at 1.8 V characteristic of the Mackinawite phase are not
observed. Initially, the capacity drops after the first cycle,
but then stays nearly constant in the subsequent five cycles.
The electrochemical measurements are in accordance with

the fact that the milled product is FeS with the modified
NiAs-type structure, with no electrochemically active impu-
rities. The material prepared by ball milling is well suited for
the use as electrode material, giving a high utilization and
good cycling performance.

4. CONCLUSIONS

It has been shown that ball-milling of elemental powders
of iron and sulfur can be applied to produce iron sulfides.
For Fe:S ratios of 1:1 and 1:2, the final products are FeS
with the modified NiAs structure and FeS, (pyrite), respec-
tively. The FeS phase contains both cationic and anionic
vacancies. For other Fe:S ratios we observe the same two
phases together with bcc-Fe (for Fe:S =4:1) and S (for
Fe:S = 1:3). No indication of the spinel Fe;S, was ob-
served. The FeS, phase reacts with ambient air and forms
iron sulfate, whereas only a few surface layers of sulfate are
formed on the FeS particles. The FeS phase is well suited as
an electrode material in lithium batteries.
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