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Abstract. To develop the battery with low cost and high energy density, Na/TEGDME/FeS cell was
prepared using Ni-plated FeS powder. Electrochemical properties of Na/FeS cells were investi-
gated by cyclic voltammogram measurement and charge-discharge tests. The Na/FeS cell showed
a high initial discharge capacity of 525 mAh/g-FeS in the current density of 0.1C-rate. The FeS
electrode showed two reduction peak potentials at 0.87 and 1.39 V and broad one oxidation peak
between 1.23 V and 2.3 V. The discharge products might be sodium sulfide of Na2Sx (x = 1 to 5).
The discharge capacity of 195 mAh/g-FeS was maintained after 150th cycle.

1. INTRODUCTION

Because of environmental issues and high oil price,
many countries are extensively developing practi-
cal hybrid electric vehicles (HEVs), electric vehicles
(EVs) and electricity storage system. The success
of these applications depends primarily on the per-
formances of the battery. Therefore, it is necessary
to develop the electrode materials which have high
specific energy density and low cost [1,2]. Espe-
cially, material cost is important for a large scale
battery for HEVs, EVs, and electricity storage sys-
tem. From this point of view, sodium is very promis-
ing anode material because of abundance. Thus,
the sodium cost is lower than lithium [3].

Metal sulfides such as FeS, FeS2, CuS, Cu2S,
NiS, Ni3S2, and NiS2 are good candidates for cath-
ode materials [4-13]. Especially, iron sulfides have
been demonstrated to be potential electrode mate-
rials among metal sulfides due to nontoxicity and

high theoretical specific capacities. Na/FeS2 cell
showed high discharge capacity at the first cycle,
but bad cycle performances with the rapid discharge
capacity degradation [14,15]. However, the Li/FeS
cell showed good cycle property when FeS elec-
trode coated with metallic nickel [16,17]. Although
FeS coated with nickel was a good cathode mate-
rial, there was no report about the electrochemical
property of Na/FeS battery.

In this work, we prepared FeS electrode coated
with nickel. The electrochemical properties of Na/
FeS cells were investigated from charge-discharge
curves, CV, SEM, DSC data.

2. EXPERIMENTAL

We prepared iron sulfide (FeS) powder by mechani-
cal alloying method. Pure iron and sulfur powders
were weighed in an atomic ratio of 1:1. The grinding
media were a set of six hardened-steel balls of 12.5
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Fig. 1. The first charge and discharge curves of
Na/FeS cell.

Fig. 2. Cyclic voltammogram of Na/FeS cell with
scan rate of 0.1 mV/s.

Fig. 3. Surface morphologies of (a) original FeS electrode and (b) electrode after the first discharge.

mm diameter. The charge ratio of ball to powder
was kept constant at 20:1. Metallic nickel was
coated on FeS powder by electroless plating method.
Distilled water, NiCl2·6H2O and FeS powder were
mixed by vig]r]us stirring at 60 °C f]r 30 min and
then dried in an ]ven at 60 °C f]r 3 h. The FeS
electrode was prepared from nickel plated FeS pow-
der of 60 wt.%, acetylene black (Alfa) of 20 wt.%
and poly(vinylidene fluoride) (Aldrich) of 20 wt.% in
acetone solvent. The prepared slurry was
ultrasonicated for 20 min and then was mixed by
attrition ball milling for 2 h. Finally, it was cast on a
glass plate and then dried at room temperature un-
til the solvent was evaporated completely. Electro-
lyte solution was prepared by dissolving 1M
NaCF3SO3 (Aldrich) in TEGDME (Aldrich) electro-
lyte in an Ar glove box. The sodium electrode was
prepared by cutting sodium ingot in an argon-filled
glove box. The Na/FeS cell was assembled by stack-
ing in turn the Ni-plated FeS cathode, porous polypro-
pylene separat]r  Celgard® 2400) with 1M
NaCF3SO3 in TEGDME electrolyte and sodium an-
]de in a swagel]ck® type cell.

The cell was allowed to equilibrate open circuit
voltage condition for 2 h before a discharge test.
The cell was discharged to 0.6 V and charged to at

2.8 V with a constant current density of 61mA/g-
FeS (0.1C-rate) by using a WBCS3000 (WonA Tech.
Co.) at room temperature. Cyclic voltammograms
(CV) were performed at the scan rate of 0.1 mV/s
versus Na+/Na at room temperature. The electrodes
were analyzed by scanning electron microscopy
(SEM, JSM 5600). The thermal properties of the
discharge products were measured by differential
scanning calorimetry (DSC, TA Instrument Inc.) with
heating rate ]f 5 °C/min fr]m 90 t] 350 °C.

3. RESULTS AND DISCUSSION

Fig. 1 shows the first charge and discharge curves
of the Na/FeS cell under a constant current density
of 0.1 C at room temperature. The discharge curve
has a slope-shape profile without a distinct plateau
and a high specific discharge capacity of 525 mAh/
g-FeS. The first charge curve has a specific capac-
ity of 380 mAh/g-FeS and shows a slope-shape pro-
file. The irreversible capacity is 145mAh/g-FeS that
sodium atoms can not be transferred completely
from the FeS electrode to the sodium anode and
remains in the FeS electrode. From the phase dia-
gram between sodium and sulfur, there are many
kinds of sodium sulfides such as Na2S, Na2S2,
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Fig. 4. DSC curves of (a) original FeS electrode
and (b) electrode after the first discharge.

Fig. 5. Change of discharge curves of Na/FeS cell
until the 150th cycle.

Fig. 6. Cyclic performance of Na/FeS cell until the
150th cycle.

Na2S4, and Na2S5. A discharge process of the Na/
FeS cell could be explained as follows.

2
2Na+ FeS Na S+ Fe,  (1)

2 2
2Na+ 2FeS Na S + 2Fe, (2)

2 4
2Na+ 4FeS Na S + 4Fe, (3)

2 5
2Na+ 5FeS Na S + 5Fe, (4)

The theoretical capacities of Na2S, Na2S2, Na2S4

and Na2S5 are 610, 305, 152, and 122 mAh/g-FeS,
respectively. Theoretical capacity of Na2S2, Na2S4

and Na2S5 is lower than the first discharge capacity
of 525 mAh/g shown in Fig. 1. Therefore, the dis-
charge process should include the formation of Na2S
phase.

Fig. 2 shows CV curves of the Na/FeS cell for
the first and second cycles. The FeS electrode
shows two reduction peak potentials at 0.87 and
1.39 V and broad one oxidation peak at the range

between 1.23 V and 2.3 V. CV curve coincided with
the first charge and discharge curves shown in Fig.
1. The peak intensity of reduction reaction decreased
at the second cycling, which could be related to
decrease of the second discharge capacity.

Fig. 3 shows the changes of SEM images in the
FeS electrode after discharge reaction. The original
FeS electrode represented a mixture of FeS pow-
der and acetylene black. After the first discharge
reaction, particles size of FeS electrode increased.

Fig. 4 shows the change of DSC curves after the
first discharge reaction. The original FeS electrode
had no endothermic peaks, but the broad endother-
mic peak was observed in the discharged electrode
at the temperature range between 200 and 280 °C.
Endothermic peak according to meting point of so-
dium  97 °C) was n]t ]bserved after discharge re-
action. Since the melting point of Na2S and FeS are
974 °C and 1194 °C, respectively, the existence ]f
these compounds could not be identified at this tem-
perature range. Form the sodium and sulfur phase
diagram, the melting temperature of Na2S4 and Na2S5

is 235 °C and 237 °C, respectively. Theref]re, en-
d]thermic peak fr]m 200 t] 280 °C c]uld be related
to melting of Na2S4 and Na2S5. From the DSC and
discharge curve, final products of the first discharge
reaction were Na2S4, Na2S5 and Na2S phases. There-
fore, a discharge process of Na/FeS cell could be
explained from Eqs. (1), (3), and (4)

Fig. 5 shows the change of discharge curves of
the Na/FeS cell during 150 cycles. The second dis-
charge curve showed steeper slopes than the first
discharge curve and had discharge capacity of 260
mAh/g.

Fig. 6 shows cyclic performance of Na/FeS cell
until the 150th cycle. The Na/FeS cell shows rela-
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tively the good capacity retention until the 150th

cycle. A large decline of the discharge capacity
appeared until 10 cycles, and then fade rate of the
capacity diminished substantially to 195 mAh/g-FeS.
This cycle performance of the Na/FeS cell is better
than Na/synthesized FeS2 and Na/natural pyrite
cells [14,15].

4. CONCLUSION

We investigated the electrochemical properties of
Na/FeS cell using the Ni-plated FeS electrode fab-
ricated by electroless plating method. From the re-
sult of CV measurements, the Na/FeS electrode
shows two reduction peak potentials at 0.87 and
1.39 V and broad one oxidation peak at the range
between 1.23 V and 2.3 V. The discharge curve of
the Na/FeS cell has a slope-shape profile without a
distinct plateau and a high specific discharge ca-
pacity of 525 mAh/g-FeS. The Na/FeS cell shows
relatively the good capacity retention of 195 mAh/g-
FeS until the 150th cycle.
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