
S

T
f

J
H
a

b

a

A
R
R
A
A

K
C
S
S
N

1

d
e
a
e
c
i

c
e
c
b
i
h
o
b
S
b
p
t

0
d

Journal of Power Sources 189 (2009) 864–868

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

he electrochemical properties of copper sulfide as cathode material
or rechargeable sodium cell at room temperature

ong-Seon Kima, Dong-Yeon Kima, Gyu-Bong Choa, Tae-Hyun Nama, Ki-Won Kima,
o-Suk Ryua, Jou-Hyeon Ahnb, Hyo-Jun Ahna,∗

School of Materials Science and Engineering, i-Cube Center, ERI, Gyeonsang National University, Jinju, South Korea
Department of Biological and Chemical Engineering, Gyeonsang National University, Jinju, South Korea

r t i c l e i n f o

rticle history:
eceived 29 June 2008
eceived in revised form 15 October 2008

a b s t r a c t

The sodium/copper sulfide (Na/Cu2S) rechargeable batteries are investigated using 1 M NaCF3SO3-
TEGDME liquid electrolyte at room temperature. The first discharge curve of Na/Cu2S cells shows a slope
shape without plateaus potential region. The first discharge capacity is 294 mAh g−1 and decreases to
ccepted 15 October 2008
vailable online 1 November 2008

eywords:
opper sulfide
odium anode

220 mAh g−1 after 20 cycles. The discharge process can be explained by intercalation of sodium into Cu2S
phase without phase separation of Cu2S.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The batteries are important power sources for portable electric
evices, electric vehicles (EVs), hybrid electric vehicles (HEVs) and
lectricity storages [1,2]. Especially, large-scale batteries for HEVs
nd electricity storage have been focused on properties such as high
nergy density, high power density, high safety and low material
ost. Na/S, Ni/Cd, Ni/MH, lead acid and Li-ion batteries have been
ntensively investigated [3–7].

A sodium/sulfur (Na/S) battery has been one of the possible
andidates for electricity storage due to high theoretical specific
nergy density of 760 Wh kg−1, long cyclic life and low material
osts. However, one of the severe problems of the sodium/sulfur
attery is its high operating temperature above 300 ◦C, which could

nduce explosions, corrosion and power consumption to maintain
eating at its operating temperature [8,9]. In order to decrease
perating temperature of sodium batteries, many materials have
een studied as anodes or cathodes of the sodium battery [10–13].

odium/metal sulfides (Na/Ni3S2, Na/FeS2) as well as sodium/sulfur
atteries showed good electrochemical properties at room tem-
erature [1,14,15]. Especially, copper sulfide (Cu2S) can be one of
he potential candidates for cathode materials of sodium batter-

∗ Corresponding author. Tel.: +82 55 751 5308; fax: +82 55 759 1745.
E-mail address: ahj@gnu.ac.kr (H.-J. Ahn).
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es. Cu2S has high theoretical capacity and low material cost due to
xistence of chalcocite (Cu2S) ore in nature. Although the Na/Cu2S
ell could be a potential candidate for large-scale battery, there was
o study about the Na/Cu2S cell at room temperature.

In this paper, the Na/Cu2S cell was prepared and the electro-
hemical properties of the cell were studied at room temperature.
n order to understand the discharge mechanism of Na/Cu2S cells,
he electrodes after the first cycle were analyzed by SEM, XRD, TEM,
nd EDS tools.

. Experimental

Copper sulfide (Cu2S, −325 mesh) was bought from Aldrich Cor-
oration. In order to decrease the particle size, a ball-milling was
xecuted by a planetary system (FRITSCH. Co.) for 1.5 h. Super-
was used as a conductive agent and poly ethylene oxide (PEO,

–CH2CH2O)n, Aldrich) was used as a binder.
A Cu2S electrode was prepared from a suspension of 60 wt%

all-milled Cu2S, 20 wt% Super-P, and 20 wt% PEO in acetonitrile.
he suspension was mixed for 3 h by attrition ball-mill and then
ast onto Al foil. The suspension was dried in an oven at 60 ◦C

or 24 h and then at 50 ◦C for 5 h under a vacuum atmosphere to
emove any residual solvent and volatile impurities. The dried cath-
de film was cut into discs of 1.0 cm diameter. The sodium anode
as prepared by cutting a sodium ingot in an argon gas atmosphere.

he liquid electrolyte was 1 M sodium trifluoromethanesulfonate

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ahj@gnu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2008.10.057
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curve coincided with charge–discharge curve.

Fig. 4 shows the changes of SEM images of Cu2S electrodes after
charge and discharge. The original Cu2S electrode shows a homoge-
nous mixture of the Cu2S, PEO and Super-P powders. After discharge
reaction, the surface of Cu2S electrode is covered by a dense film
Fig. 1. SEM morphologies of raw materials: (a) PEO, (b) carb

NaCF3SO3, Aldrich) salt in tetra ethylene glycol dimethyl ether
TEGDME, Aldrich Chem. Co.).

The electrochemical tests were performed by WBCS 3000 Bat-
ery Tester (WonA Tech) at room temperature. The cell was kept to
quilibrate electrochemically for two hours and then a galvano-
tatic test was carried out between 0.4 and 2.6 V in a constant
urrent density of 50 mA g−1. The crystal structure of the Cu2S
lectrode was investigated using an X-ray diffractometer and trans-
ission electron microscopy (TEM). Scanning electron microscopy
as used to observe changes in the surface morphology of cath-
des. Elemental mapping of Cu2S electrodes was performed using
nergy dispersive spectrometer (EDS).

. Results and discussion

Fig. 1 shows SEM morphologies for raw materials of the Cu2S
athode. PEO particles are agglomerated with small particles.
uper-P particles have submicron diameter and very large surface
reas. Various particle sizes of Cu2S powders (Aldrich, −325 mesh)
re observed and some of them have above 50 �m diameter. The
article size of Cu2S powders decrease below 15 �m by a ball-
illing for 1.5 h.
Fig. 2 shows the X-ray diffraction patterns of the raw materials.

he sharp peaks of PEO indicate a crystalline structure. Super-P
hows one broad peak which can be explained by a nanocrys-
alline structure. The XRD patterns of the purchased Cu2S powders
re coincided with the monoclinic structure of Cu2S. After a ball-
illing process, monoclinic structure is still maintained. However,
eak intensity decreases and the peak width increases, which might
esult from internal strain by ball-milling.

Fig. 3 shows discharge–charge and cycle voltammogram (CV)
urves of the Na/Cu2S cell. The discharge curve represents a slope-
hape profile without distinct plateau potential regions. The first

F
a

) raw Cu2S and (d) Cu2S powder after ball-milling for 1.5 h.

ischarge capacity is 294 mAh g−1 that implies the intercalation of
.75 sodium atom into the Cu2S. The first charge curve shows the
wo plateaus at 1.64 and 2.14 V. And the first charge capacity is
70 mAh g−1, which means 91% coulombic efficiency. The CV test
as carried out in the potential sweep rate of 0.1 mV s−1 at the volt-

ge range from 0.4 to 2.6 V versus Na/Na+ at ambient temperature.
he several oxidation peaks take place at the region from 0.9 to
.0 V, and two reduction peaks appear at 1.85 and 2.20 V. The CV
ig. 2. XRD patterns of raw materials: (a) PEO, (b) carbon, (c) raw Cu2S and (d) Cu2S
fter ball-milling for 1.5 h.
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hich is similar to sodium/metal sulfide cells (Na/Ni3S2, Na/FeS2)
14,15]. The surface of charged electrode shows a shape similar to
he original electrode.

Fig. 5 shows elemental mapping on SEM images of Cu2S elec-
rodes. The bright spots correspond to the presence of the sulfur,
opper and sodium elements, respectively. After discharging, cop-
er, sulfur and sodium are detected. The copper and sulfur come
rom an original Cu2S phase and the sodium is detected due to
ntercalation of sodium into the Cu2S electrode during discharging.
fter charging, sodium as well as sulfur and copper are detected.
lthough the sodium must return to the sodium anode from Cu2S
athode during charging, sodium element still remains in the Cu2S
lectrode. This might be related to the difference between the dis-
harge capacity and charge capacity shown in Fig. 3.

In order to investigate the phase change during the first cycling,
he XRD, TEM and SAED (selected area electron diffraction) pattern
re investigated. Fig. 6 shows the changes of XRD patterns after
ischarging and charging. The XRD pattern of the original Cu2S
lectrode shows Cu2S, PEO and Al phase. Since the Cu2S electrode
s composed of Cu2S, PEO and Super-P, Cu2S and PEO phases are
bserved. Al peaks should come from an Al current collector. After
ischarging, we cannot find any peaks related to copper or sodium

ulfides. The discharge process of Na/Cu2S cell cannot be explained
y the phase separation of Cu2S by sodium (Na + Cu2S → Na2S + Cu).
he discharged electrode shows only Cu2S phase, but the peak posi-
ions slightly shift. From XRD pattern, we can find the increase of

ig. 3. The discharge–charge and CV curves of the Na/Cu2S cell at room temperature:
a) first discharge–charge curve with 50 mA g−1 and (b) CV curve of Cu2S vs. Na.
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ig. 4. The change in SEM morphologies of Cu2S electrodes: (a) original electrode,
b) after discharge and (c) after charge.

nit cell volume of Cu2S electrode, which may originate from the
ntercalation of sodium into Cu2S. The charged electrode shows the
eak shift of Cu2S phase by decrease of unit cell volume due to
eintercalation of sodium.
The structure of Cu2S is confirmed by the TEM image and SAED
easurement.
Fig. 7 shows the TEM image and SAED pattern of discharged

u2S electrode. Cu2S powder seems to be composed of a lot of
anometer-sized particles. The SAED pattern exhibits the rings
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Fig. 5. EDS mapping patterns of copper sulfide electrode

F
a

m
s
c
s

a

h
C
o
l

C

c
s

ig. 6. XRD patterns of Cu2S electrodes: (a) original, (b) after first discharge and (c)
fter first charge.

f

N

c

Fig. 7. TEM image and SAED pattern of Cu2S electrode after
s: (a) after first discharge and (b) after first charge.

ade up of discrete spots which can be interpreted as the nano-
ized polycrystalline. All d-spacings derived from SAED spectra
ould not match with Cu or Na2S but assign to Cu2S. SAED spectrum
hows the same result as XRD results shown in Fig. 6.

From the data, we can suggest the discharge and charge mech-
nism.

From EDS data shown in Fig. 5, the discharged Cu2S electrode
as sodium element. XRD and TEM data represent the existence of
u2S phase with large unit cell volume. Thus, the discharge process
f Cu2S can be explained by intercalation sodium into Cu2S phase
ike Eq. (1).

u2S + xNa → NaxCu2S(x < 2) (1)

EDS data show the existence of sodium element in the charged
athode. However, XRD data shows only Cu2S phase without
odium phase. We think that sodium can exist as NayCu2S. There-

ore the following reactions may be possible during charging.

axCu2S → Nax-yCu2S + yNa(x,y < 2) (2)

Fig. 8 shows the changes of coulombic efficiency, capacity of
harge and discharge. The capacity decreases drastically by the 4th

1st discharge: (a) TEM image and (b) SAED pattern.
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ig. 8. Coulombic efficiency and change of a charge and discharge capacities vs. the
ycle number of Na/Cu2S cells.

ycle, but the capacity does not change after the 4th cycle. The first
ischarge capacity is 294 mAh g−1 and decreases to 261 mAh g−1

fter 20 cycles. The discharge capacity of Initial coulombic effi-
iency is 92%, which may relate to remaining sodium after the
rst charge. After the 2nd cycle, the coulombic efficiency maintains
00% until 20 cycles, which can be considered as reversible reaction
ince the 2nd cycle. In previous works, Park et al. [12] reported that
he room temperature Na/S cell decreased to 9% of initial capacity
fter 20 cycles. Although the theoretical capacity of Na/Cu2S cells is
ower than Na/S cells, cycle performance is better than room tem-
erature Na/S cell. However, it is necessary to improve long-term
ycle stability and rate capability.
. Conclusions

The Na/Cu2S cell has a sloping shape without distinct plateaus
nd the first discharge capacity of 294 mAh g−1 at room temper-

[

[

[

ources 189 (2009) 864–868

ture. The discharge capacity decreases to 220 mAh g−1 after the
0th cycle. Na/Cu2S cell shows high coulombic efficiency during
ycling. From results of XRD, EDS, TEM analyses, the discharge pro-
ess can be explained by intercalation of sodium into Cu2S phase
ithout phase separation of Cu2S.

u2S + xNa ↔ NaxCu2S(x < 2)
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