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Nano-FeS2 for Commercial Li ÕFeS2 Primary Batteries
Yang Shao-Horn,* Steve Osmialowski and Quinn C. Horn* ,z

Energizer, Incorporated, Westlake, Ohio 44145, USA

The rate capability of lithium cells containing a nano-FeS2 pyrite sample was compared to that of micrometer-sized FeS2 under an
active material loading equivalent to that of commercial lithium battery electrodes. The nano-FeS2 sample had an average particle
size of 0.5mm and each particle consisted of nano-FeS2 crystals on the order of 50 nm. The rate capability of nano-FeS2 was
superior to that of the FeS2 electrodes with an average crystal size of 10mm but no improvement was found relative to the FeS2

electrodes having an average crystal size of 1mm. The rate capability of commercial Li/FeS2 batteries may be limited by the ion
conductivity of the electrolyte when FeS2 samples have crystal sizes smaller than 1mm.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1513558# All rights reserved.
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Commercial Li/FeS2 AA primary batteries have offered substa
tially longer runtime than equivalent sized Zn/MnO2 alkaline AA
cells for high-power applications and below ambient temperatur1,2

Recent research and development efforts in Li/FeS2 batteries have
been driven by remarkable performance improvements of alka
batteries to meet ever-increasing power demands of electronic
vices. It has been shown from our previous studies that the pe
mance of the Li/FeS2 system at high-current demands can be i
proved by reducing the crystal sizes of FeS2 from 10 to 1mm.3 The
effect of FeS2 crystal sizes on the electrochemical performance
Li/FeS2 cells is attributed to the fact that reduction in FeS2 crystal
size increases the presence of crystal boundaries or surfaces pe
volume of FeS2 , provides a large number of nucleation sites f
lithiated products, and thus promotes the kinetics of the hetero
neous~nonintercalation! lithiation process of FeS2 .4 Therefore, one
may expect that nanocrystalline FeS2 could further improve the rate
capability of Li/FeS2 cells at ambient temperature. In this study, w
compare the electrochemical properties of nano-FeS2 electrodes to
those of micrometer-sized FeS2 in lithium cells. Several recent stud
ies have investigated the effect of nanocrystallinity on the elec
chemical performance of lithium energy storage materials. Theo
cally, the particle or crystal sizes of active materials can significa
modify the discharge capacities5 and voltages6 of intercalation elec-
trodes, and the optimum particle or crystal sizes are dependen
electrode thickness.5 Experimentally, nanocrystallinity of lithium in-
tercalation compounds improves the rate capability of lithium
chargeable cells.7-9 For nonintercalation electrodes such as int
metallic compounds10,11 and some transition metal oxides,12 nano-
crystallinity enhances the reversibility of lithium reactions duri
electrochemical cycling. In these previous studies the advantag
nanocrystalline materials over conventional electrode materials
been demonstrated experimentally in very thin electrodes with
active material electrode loading (,10 mg/cm2). Commercial
lithium battery electrodes are relatively thick, having considera
higher active material loading in the range of 14-25 mg/cm2. The
effect of nanocrystalline active materials in thick electrode confi
rations on battery performance must be considered to use nano
talline materials in commercial lithium batteries. Here we exam
the rate capability of nano-FeS2 electrodes in relation to those o
FeS2 samples with micrometer-sized crystals in lithium cells und
an active material loading equivalent to that of commercial lithiu
primary FeS2 batteries (14-16 mg/cm2). The effect of nanocrystal-
linity on the discharge voltages and the lithiation mechanism
FeS2 pyrite are discussed.
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Experimental

A nano-FeS2 sample obtained from US Nanocorp, a natu
~Chemetall! and a synthetic~Alfa AESAR! FeS2 sample, having an
average crystal size of 50 nm, 10mm, and 1mm, respectively,3 were
used in this study. The bulk chemical compositions of the Fe2
samples were determined by inductively coupled plasma-ato
emission spectroscopy~ICP-AES! and the LECO method. The par
ticle sizes and morphologies were examined using a cold emis
scanning electron microscope~SEM! Hitachi S-4500 under the op
erating condition of 5 keV and 30° tilt. Structural analysis was p
formed by X-ray diffraction~XRD! on a Siemens D5000 diffracto
meter with Cu Ka radiation equipped with a graphit
monochromator. The rate capability of nanocrystalline a
micrometer-sized FeS2 electrodes was determined by comparing t
specific capacities in a 2016 coin cell package under current de
ties from 3 to 300 mA/g~0.042 to 4.2 mA/cm2) using an Arbin test
system at 216 2°C. Thin pellet-type FeS2 electrodes were pro-
duced by compressing dry electrode mixes into expanded alumi
meshes. The FeS2 electrode mix consisted of 49 wt % FeS2 , 20 wt
% graphite, 22 wt % acetylene black, 8 wt % ethylene/propyle
copolymer, and 1 wt % polyethylene oxide~PEO!. The average solid
packing density was 50% and the average electrode loading o
tive materials was 14 mg/cm2. Two pieces of Celgard 2500 separ
tor were used per cell. The electrolyte consisted of 1 M LiCF3SO3
dissolved in 24.95 vol % dioxolane, 74.85 vol % dimethoxyetha
and 0.2 vol % dimethylisoxazole. A cell voltage cutoff of 0.9 V wa
used for all cells. Three duplicate cells were tested per current d
sity and an average of specific capacities was obtained. Carbon
tribution to the specific capacity of FeS2 electrodes~up to a voltage
cutoff of 0.9 V vs. lithium! was insignificant after examining th
discharge capacities of coin cells containing carbon alone. The m
phological features of ‘‘Li2FeS2’’ and ‘‘Li 3.5FeS2’’ samples obtained
from discharge of Li/nano-FeS2 cells were examined in secondar
electron imaging mode in the SEM. The LixFeS2 powder samples
were dispersed on carbon tapes and exposed to air for a few sec
prior to loading into the microscope. No conductive coating w
applied on the LixFeS2 particles.

Results and Discussion

Chemical analysis showed that the nano-FeS2 sample had a stoi-
chiometric S/Fe ratio of 2. No other metal element had concen
tions greater than 0.01% by weight. Therefore, it is expected th
retically that the discharge capacity of the nano-FeS2 sample is 894
mAh/g by assuming reaction of 4 Li per FeS2 . This value is similar
to those of the natural and synthetic samples, 850 and 870 mA
respectively, as reported previously.3 XRD analysis revealed tha
nano-FeS2 consisted primarily of the pyrite phase with space gro
Pa3,13 with marcasite14 as a minor impurity~marked by* ), as
shown in Fig. 1a. Significant broadening in the X-ray powder d
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fraction peaks was found for nano-FeS2 with respect to the
micrometer-sized samples. As the XRD patterns of natural and
thetic FeS2 samples were nearly identical, only the synthetic Fe2
pattern is shown in Fig. 1b for comparison. An average crystal
of nano-FeS2 on the order of 50 nm was estimated from the^200&
XRD peak width according to the Scherrer equation.15 This result
was consistent with SEM studies of nano-FeS2 powder. The nano-
FeS2 sample had an average particle size on the order of 0.5mm,
and each particle contained nanocrystalline FeS2 crystals in the
range of 30 to 70 nm, as shown in Fig. 2.

Figure 1. X-ray powder diffraction patterns of the~a! nano-FeS2 and ~b!
synthetic FeS2 samples with Cu Ka radiation. The major pyrite diffraction
peaks are indexed and the diffraction peaks of marcasite are marked*
in ~a!.

Figure 2. A typical secondary electron image of nano-FeS2 powder. Each
primary particle has an average size of 0.5mm and contains nanocrystals o
the order of 50 nm.
-

e

Discharge voltage profiles of Li/nano-FeS2 cells were compared
with those of synthetic FeS2 in Fig. 3. A two-voltage-step reaction a
1.7 and 1.5 V was found for Li/nano-FeS2 cells at current densities
lower than 3 mA/g (0.042 mA/cm2) in Fig. 3a, which was similar to
synthetic FeS2 cells in Fig. 3b.3,4 It is believed that the lithiation of
nano-FeS2 proceeds near equilibrium at these low current densit
Our previous studies of synthetic FeS2

4 showed that the 1.7 V lithia-
tion step was attributed to the formation of pyrrhotite Fe12xS and
Li21xFe12xS2 (0 < x < 0.33) intermediate phases, and the 1.5
reaction produced a mixture of plate-shaped Li2S and amorphous Fe
as final products. Although all the lithiated nano-FeS2 products were
X-ray amorphous, the morphological features of lithiated nano-F2
electrodes at various lithium contents were comparable to thos
synthetic FeS2 .4 Typical secondary electron images of lithiated Fe2

particles with an average composition of Li2FeS2 and Li3.5FeS2 are

Figure 3. The voltage profiles of~a! Li/nano-FeS2 and~b! Li/synthetic FeS2
cells discharged under current densities of 3, 30, 100, 225, and 300 mA
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shown in Fig. 4a and b, respectively. Plate-like crystals, presum
Li2S, were found on the surface of the Li2FeS2 particles in Fig. 4a,
and throughout the Li3.5FeS2 particles in Fig. 4b. In contrast to ex
tensive cracking observed in lithiated micrometer-sized natural
synthetic FeS2 particles,4 the nano-FeS2 particle morphology was
retained upon lithiation despite considerable particle expansion
the formation of plate-like Li2S ~the most evident in Fig. 4b!. The
Li2S plates had a thickness on the order of 20 nm, similar to th
formed upon final lithiation of synthetic FeS2 .4 It is believed that
the two-voltage-step lithiation of nano-FeS2 follows a similar reac-
tion mechanism to that of synthetic FeS2 .4 In addition, the sharp 1.7
to 1.5 V transition in the voltage profiles of micrometer-sized Fe2

cells was considerably rounded in Li/nano-FeS2 cells, which could
be attributed to the nanocrystalline sizes of FeS2 . Similar rounding
effects were previously modeled and proposed by Obrovac
Dahn for nanocrystalline lithium intercalation materials in qu
equilibrium.6

Upon increasing current densities from 3 mA/g (0.042 mA/cm2)
to 300 mA/g (4.2 mA/cm2), lithiation of FeS2 at 1.7 V was slowly

Figure 4. Typical secondary electron images of lithiated FeS2 particles with
an average composition of~a! Li2FeS2 and ~b! Li3.5FeS2 .
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suppressed in nano-FeS2 electrodes as the two-voltage-step reacti
of nano-FeS2 electrodes gradually changed to a sloping voltage p
cess. This was in contrast to the sharp transition from the t
voltage-step~at 1.7 and 1.5 V! to the one-voltage-step~at 1.5 V!
observed for micrometer-sized FeS2 electrodes, as shown in Fig
3b.3,4 The stability of the 1.7 V lithiation step in nano-FeS2 elec-
trodes between 3 mA/g (0.042 mA/cm2) and 100 mA/g
(1.4 mA/cm2) could be attributed to nanocrystalline sizes of FeS2 ,
which provided sufficient nucleation sites for the formation of inte
mediate phases upon lithiation of FeS2 . Specific discharge capaci
ties of nano-FeS2 electrodes were compared with those
micrometer-sized electrodes in lithium cells as a function of curr
density in mA/g and mA/cm2, as shown in Fig. 5. Nano-FeS2 and
synthetic FeS2 electrodes were superior to natural FeS2 electrodes at
current densities greater than 100 mA/g. However, no improvem
in the rate capability of Li/nano-FeS2 ~50 nm crystallites! cells was
found with respect to that of lithium synthetic FeS2 ~1 mm crystal-
lites! cells. This observation can be explained by the following h
pothesis that at high current densities the ionic conductivity of
electrolyte, rather than the FeS2 crystal sizes, limits the lithiation
process of FeS2 particles when the average size of FeS2 crystals are
less than 1mm and the as-described electrode configuration is us
Reduced electrode loading or thickness can decrease the conc
tion polarization in the electrode induced by the limiting ionic co
ductivity of electrolyte during discharge. Therefore, the FeS2 crystal
size eventually limits the kinetics of Li/FeS2 cells if the electrode
loading of FeS2 in g/cm2 is reduced sufficiently. Although nanoma
terials could effectively improve the rate capability of lithium ce
that contain thin electrodes,7-9 the advantage of nanocrystalline m
terials may not be realized in commercial lithium battery electro
with high active material loading, particularly at the 25 mg/cm2

level. The limiting material parameter on the high-rate performa
of lithium batteries strongly depends on the lithium reaction mec
nisms, the electrode configuration, and the electrolyte ionic cond
tivity. Therefore, application of nanocrystalline electrochemica
active materials in lithium battery electrodes alone does not ne

Figure 5. The average lithium contents in the discharged FeS2 electrodes as
a function of current density in mA/g and mA/cm2.
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sarily lead to improvement in the rate capability of commerc
lithium batteries.

Conclusions

Two-voltage-step lithiation of nano-FeS2 ~Nanocorp, 50 nm! pro-
ceeded similarly to that of synthetic FeS2 reported previously.4 Us-
ing an electrode loading equivalent to those of commercial lithi
battery electrodes, the performance of nano-FeS2 electrodes was su
perior to that of FeS2 electrodes with an average crystal size of
mm, but equivalent to the FeS2 electrodes having an average crys
size of 1mm. It is believed that the ionic conductivity of the ele
trolyte, rather than FeS2 crystal sizes, limited the commercia
Li/FeS2 battery performance when the FeS2 had an average crysta
size smaller than 1mm.
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