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bstract

The discharge properties of a Na/Ni3S2 cell using 1 M NaCF3SO3 in tetra(ethylene glycol)dimethyl ether liquid electrolyte were investigated
t room temperature. The products were characterized by X-ray diffraction, scanning electron microscopy and energy dispersive spectroscopy.

lectrochemical properties of Na/Ni3S2 cells were also presented by cyclic voltammetry and the galvanostatic current method. Na/Ni3S2 cells have
n initial discharge capacity of 420 mAh g−1 with a plateau potential at 0.94 V versus Na/Na+. After the first discharge, Ni3S2 and Na react at room
emperature and then form sodium sulfide (Na2S) and nickel. Sodium ion can be partially deintercalated from Na2S charge reaction. The discharge
rocess can be explained as follows: Ni3S2 + 4Na ↔ 3Ni + 2Na2S.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Because of the high-price of oil and environmental pollution,
lectric vehicles (EV) and hybrid electric vehicles (HEV) have
eceived increasing attention in recent years. Many battery sys-
ems have been studied as power sources of EV or HEV. These
attery systems demand a high-specific energy density, a high-
pecific power, low material cost, and a long cycle life. Ni/MH
atteries offer superior performance, reliability, and safety, and
re already commercialized [1]. Li ion batteries are researched
xtensively for large-scale EV and HEV [2].

The sodium/sulfur cell at a high-temperature might be a good
andidate for EV or HEV because of a high-theoretical specific
nergy density of 760 W kg−1, low-cost, high power density, and
ong cycle life [3]. However a sodium/sulfur cell could be oper-
ted above 300 ◦C to ensure sufficient sodium ion conductivity

n a solid electrolyte. At this operation temperature, both sulfur
nd sodium are in the liquid state, which might induce a leakage
f liquid materials, an explosion, or corrosion by sodium poly-
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ulfides [4]. Safety was an important issue for sodium/sulfur
ells [3]. Several groups [5,6] began to develop sodium batter-
es operating at room temperature. The sodium and sulfur are
olid state at room temperature, which is safer than a liquid state.
owever Na/S batteries have a poor cycle life [5–7].
Among the various candidates for cathode materials, the

ickel sulfides show a high-theoretical capacity and long cycle
ife [8–10]. Also, since nickel sulfides exist in nature as miner-
ls such as heazelwoodite (Ni3S2), Ni3S2 is abundant and cheap.
asinski and Burrows [11] reported that lithium/nickel sulfides
ells showed high utilization in 1 M LiClO4 in propylene car-
onate (PC). Although Ni3S2 is a potential cathode material for
he sodium battery system, a study of Na/Ni3S2 cells has never
een reported.

In this paper, a Na/Ni3S2 cell was prepared and the electro-
hemical properties of the cells were investigated at ambient
emperature. The discharge mechanism was discussed from the
ischarge curves, SEM, XRD, and EDS data.
. Experimental

Nickel sulfide (Ni3S2) powders were bought from Aldrich
hemical Co. In order to decrease a particle size of Ni3S2

mailto:ahj@gnu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2007.09.067
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sented in Fig. 2. Carbon shows two broad peaks, which can be
related to a nanocrystalline structure. The sharp peak of PEO
indicates a crystalline structure. The majority of the XRD peaks
for the original Ni3S2 powders are coincided with the rhom-
Fig. 1. SEM morphologies of raw materials: (a) carbon, (b

−150 mesh) powder, a planetary ball-milling (FRITSCH Co.)
as executed for 2 h. Carbon black (Super-P, MMM Carbon)
ried in an oven at 80 ◦C and poly ethylene oxide (PEO,
–CH2CH2O)n, Aldrich Chem. Co.) was used without pretreat-
ent.
The cathode (Ni3S2) slurry was prepared by mixing Ni3S2

owder (60 wt.%), PEO (20 wt.%) and Super-P (20 wt.%) in
cetonitrile (ACN, Aldrich Chem. Co., 99.5%). The slurry was
ixed homogeneously by a planetary ball-milling for 3 h. The

omogeneous slurry was coated onto an aluminum foil current
ollector using a doctor blade method. In order to remove sol-
ent and volatile impurities, the slurry was dried at 60 ◦C for a
ay and then at 50 ◦C for 5 h under a vacuum atmosphere. The
ried cathode film was cut into disc shapes of 1.0 cm diame-
er. The cell was fabricated using sodium slices (Aldrich Chem.
o.) as an anode, a porous polypropylene film (Cellgard®-2400)
s a separator, and used 1 M sodium trifluoromethanesul-
onate (NaCF3SO3, Aldrich Chem. Co.) salt in tetra(ethylene
lycol)dimethyl ether (TEGDME, Aldrich Chem. Co.) as an
lectrolyte. The cell was assembled in a glove box with an argon
tmosphere.

The electrochemical tests were performed by WBCS 3000
attery Tester (WonA Tech) at room temperature. The Na/Ni3S2
ells were discharged and charged galvanostatically at volt-
ge from 0.4 to 2.6 V. The cyclic voltammogram of a
a/Ni3S2 cell is performed with a scan rate of 0.1 mV s−1.

n order to confirm products during the charge–discharge
eaction, X-ray diffraction (XRD, D8 Discover, Bruker
XS) patterns were obtained using Cu K� radiation. Scan-
ing electron microscopy (SEM, JEOL JSM 5600) was

mployed to observe the surface morphology. Elemental
apping of the electrode was measured using an energy

ispersive spectrometer (EDS, INCA Energy, Oxford Instru-
ents).

F
(

, (c) raw Ni3S2, and (d) Ni3S2 after ball-milling for 2 h.

. Results and discussion

Fig. 1 shows SEM morphologies of raw materials which are
onductive carbon, PEO, Ni3S2 powders, and Ni3S2 powder
fter ball-milling for 2 h. Carbon particles have a submicrom-
ter diameter and very large surface areas. PEO particles were
gglomerated with small particles. When the Ni3S2 powder was
urchased from the Aldrich Company, some of the Ni3S2 pow-
ers have a larger size. The particle size of Ni3S2 powders
ecreased below 10 �m after ball-milling for 2 h.

The X-ray diffraction patterns of the raw materials are pre-
ig. 2. XRD patterns of raw materials: (a) carbon, (b) PEO, (c) raw Ni3S2, and
d) Ni3S2 after ball-milling for 2 h.
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Fig. 3. Cycle voltammogram of Ni3S2 vs. Na at the room temperature.

ohedral structure, which is stable structure of Ni3S2 at room
emperature. After 2 h ball-milling of Ni3S2 powders, XRD pat-
ern does not change, which means no structural change during
all-milling.

The cyclic voltammogram of the Na/Ni3S2 cell is given in
ig. 3. The potential sweep rate is 0.1 mV s−1 and the voltage
ange is from 2.6 to 0.4 V versus Na/Na+ at ambient temper-
ture. The system showed a large hysteresis in the oxidation
nd reduction processes due to the electrochemical reaction in
i3S2. There exists a high current peak at 0.74 V during oxi-
ation, which can suggest intercalation of sodium into Ni3S2,
hile there is a high current peak at 1.69 V during reduction due

o deintercalation of sodium from the Ni3S2 phase.
Fig. 4 shows the first discharge–charge curve of the Na/Ni3S2

ell with a current density of 50 mA g−1 at ambient temperature.
he first discharge curve has a potential plateau at 0.94 V and
high-specific discharge capacity of 420 mAh g−1. The first

harge curve has a specific capacity of 376 mAh g−1, which
hows a plateau potential at 1.62 V. This result is similar to the
yclic voltammogram curve in Fig. 3. Since this is the first report
or a Na/Ni3S2 cell, it is impossible to compare with previous
esults. The Na/Ni3S2 cell has a lower discharge plateau poten-

ial than Li/Ni3S2 cells and first discharge capacity is similar
o Li/Ni3S2 cells [8]. The discharge potential difference should
ome from the fact that standard reduction potential of sodium
−2.71 V) is higher than lithium (−3.01 V).

T
G

�

Fig. 5. SEM images of Ni3S2 electrodes: (a) original,
ig. 4. First discharge–charge curve of Na/Ni3S2 cell with 50 mA g−1 at room
emperature: (a) discharge and (b) charge reactions.

Fig. 5 shows the changes of SEM images for the Ni3S2 elec-
rode during charge and discharge. The original Ni3S2 electrode
epresents a mixture of Ni3S2 powder and carbon black. After
he first discharge, the electrode surface shows agglomerations.
his phenomenon is similar to other Li/S and Li/sulfide cells

12,13]. Therefore it is assumed that sodium polysulfide might
e dissolved in the electrolyte. The electrode surface after the
rst charge reaction is regenerated into the original shape.

Fig. 6 shows the change in XRD profiles of the Ni3S2 cathode
uring the electrochemical discharge–charge reaction. The XRD
rofile of the original Ni3S2 electrode shows Ni3S2 phases of a
hombohedral structure. After discharge reaction, the peaks of
i3S2 phases disappear and then the new peaks of Na2S and Ni

re detected. It is suggested that Ni3S2 changes into Na2S and
ure Ni during discharge by Eq. (1). The Gibbs free energy of
ormation (�Gf) was obtained from JANAF Thermochemical
ables.

4Na + Ni3S2 → 3Ni + 2Na2S, E0 = 1.29 V,

ΔG(Na2S) = −354.552 kJ mol−1 [14] (1)
he electromotive force (E0) of a cell can be calculated from the
ibbs free energy of formation (�Gf) by the following equation:

Gf = −nFE0 (2)

(b) after 1st discharge, and (c) after 1st charge.
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ig. 6. XRD patterns of electrodes: (a) original, (b) after 1st discharge, and (c)
fter 1st charge.

here �Gf is the change of Gibbs free energy, n is the number of
lectrons involved in stoichiometric reaction, F is the Faraday’s
onstant (96,487 C), and E0 is the electromotive force.

The electromotive force of Na2S is calculated into 1.29 V.
he phase diagram between sodium and sulfur shows not only
a2S, but also several compounds such as NaS, Na2S3, NaS2,

nd Na2S5 [4]. Thus, the following reactions are possible during
he discharge process of Ni3S2.

2Na + Ni3S2 → 3Ni + Na2S2, E0 = 0.94 V,

ΔG(Na2S2) = −210.399 kJ mol−1 [14] (3)
4Na + 3Ni3S2 → 9Ni + 2Na2S3, E0 = 0.46 V,

ΔG(Na2S3) = −354.552 kJ mol−1 [4] (4)

t
fi
a
a

ig. 7. SEM image and elemental mapping of Ni3S2 electrode after 1st charge: (a) S
ources 178 (2008) 852–856 855

he electromotive forces (E0) of Na2S, Na2S2, and Na2S3
re 1.29, 0.94, and 0.46 V, respectively. The thermodynamic
tandard electromotive force (E0) should exist between charge
lateau (1.62 V) and discharge plateau (0.94 V). From the ther-
odynamic point, the formation of Na2S3 (Eq. (4)) cannot

xplain the discharge–charge process shown in Fig. 4. The the-
retical specific capacities of Na2S, Na2S2, and Na2S3 are 446,
23, and 149 mAh g−1 based on the above Eqs. (1), (3) and
4), respectively. The theoretical specific capacity of Na2S2
223 mAh g−1) product by Eq. (3) is too small to explain the
rst discharge capacity (420 mAh g−1) of Fig. 4. The plateau
otential of 0.94 V and 420 mAh g−1 shown in Fig. 4 can be
xplained only by the formation of Na2S corresponding with
q. (1) at ambient temperature, which coincided with the XRD

esult shown in Fig. 6. Although high-temperature Na/S cells
ormed the Na2S3 or Na2S5 phases, the discharge process of the
a/Ni3S2 cell at room temperature is related to the formation of
a2S. If nickel sulfide (Ni3S2) is recovered reversibly during the

harge reaction at room temperature, the following reaction (Eq.
5)), the reverse reaction of Eq. (1), should be occurred during
harging process:

Na2S + 3Ni → Ni3S2 + 4Na (5)

owever, the XRD profile after charge shows peaks of Ni3S2
n addition to Na2S and Ni phases. Although Na2S and Ni are
hanged into Ni3S2 during the charge reaction, all of Ni3S2 com-
onent cannot be recovered by Eq. (5). Some of Na2S and Ni
hase remain after charge.

In order to investigate irreversible process of a charge reac-

ion, elemental mapping data of the Ni3S2 electrode after the
rst charge reaction are shown in Fig. 7. The bright regions
re composed of sulfur, nickel, and sodium components. Nickel
nd sulfur can be detected in every region of the Ni3S2 elec-

EM image and elemental mapping of (b) sodium, (c) sulfur, and (d) nickel.
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Syverud, JANAF Thermochemical Tables, 3rd ed., American Institute of
Fig. 8. Cycle performance of Na/Ni3S2 cell at room temperature.

rode, which might come from Ni3S2, Na2S, and Ni phases
hown in Fig. 6. Also, the sodium component still remains in
he Ni3S2 electrode after charging, which can be related to small
eaks of Na2S shown in Fig. 6. During the charge process, some
a2S and Ni transform to Ni3S2 but the rest still remains as
a2S and Ni in the Ni3S2 electrode. Since Na2S is already fully

educed, it cannot reduce anymore during discharge process.
hus remaining Na2S led to capacity loss. Therefore the fol-

owing reactions might be possible during the charge process
f Ni3S2.

2Na2S + 3Ni

→ xNi3S2 + 4xNa + (1 − x)Na2S + 3(1 − x)Ni (6)

ig. 8 shows the repeated charge and discharge cycles of the
a/Ni3S2 cell. The second discharge cycle shows a capacity

oss of 60 mAh g−1 compared to the initial capacity. The dis-
harge capacity is maintained at about 342 mAh g−1, which
etains 81% of its initial discharge capacity until 15 cycles.

hile batteries such as Na/S and Na/FeS2 had shown poor cycle
roperties, the Na/Ni3S2 cell in Fig. 8 shows a good cycle prop-
rty during the several cycles [6,7,15]. Li/NiS and Li/Ni3S2
ells have had a long cycle life. Moreover, the Na/Ni3S2 cell

hows a very stable property in terms of cycle performance.
herefore, it is considered that nickel sulfides such as NiS
nd Ni3S2 are the suitable materials among promising cathode
aterials.

[

ources 178 (2008) 852–856

. Conclusions

The charge–discharge characteristics of a sodium/nickel sul-
de (Ni3S2) cell have been investigated at room temperature.

Na/Ni3S2 cell gives a high initial discharge capacity of
20 mAh g−1 with a plateau potential region at 0.94 V versus
a/Na+ at ambient temperature and also shows good cycle
erformance over 15 cycles. The discharge process can be
xplained; Ni3S2 + 4Na ↔ 3Ni + 2Na2S. However, some of the
a2S component still remains in the Ni3S2 cathode after charge

eaction. Ni3S2 could be a promising candidate as a cathode
aterial for sodium batteries at room temperature.
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