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a b s t r a c t

S-Co(OH)2 composite is prepared via a facile co-precipitation method and investigated as negative elec-
trode of Ni/Co battery. The addition of amorphous S improves the electrochemical properties of Co(OH)2

electrode. The discharge capacity of S-Co(OH)2 electrode can reach 413.2 mAh g−1 and still keep about
340 mAh g−1 after 300 cycles, which is much higher than that of S-free Co(OH)2 electrode. Amorphous S in
S-Co(OH)2 electrode shows two functions during the charge–discharge process. One is that the addition
eywords:
egative electrode
obalt hydroxide
morphous sulfur
unction mechanism
aradaic redox

of amorphous S with high specific surface area improves the dispersion of Co(OH)2 platelets. The other is
that the dissolution of amorphous S in electrode brings the new interspaces among the Co(OH)2 platelets,
these two factors largely increase the interspaces among Co(OH)2 platelets. More interspaces are corre-
lated to larger contact area with alkaline solution, which is in favor of the surface electrochemical redox.
Thus, the capacity utilization of Co(OH)2 is enhanced.

© 2010 Elsevier B.V. All rights reserved.

lkaline rechargeable battery

. Introduction

Alkaline rechargeable nickel-based batteries employ nickel
xide electrodes as the positive electrodes [1], including
ickel/cadmium (Ni/Cd), nickel/iron (Ni/Fe), nickel/zinc (Ni/Zn) and
ickel/metal hydride (Ni/MH) batteries [2–12]. Among these bat-
eries, Ni/Cd and Ni/MH batteries have been used widely. For the
igh energy and power density with low cost, Ni/Cd batteries were
pplied in many areas in a very long time, however, they have been
eplaced because cadmium is an awful poison that can contaminate
he environment. Ni/MH batteries using hydrogen storage alloys
s the negative electrode material have been drawing increasing
ttention due to their higher energy density both in terms of weight
nd volume, but the practical discharge capacity of commercial
i/MH batteries is only about 330 mA h g−1. In recent years, to meet

he ever increasing needs for spacecrafts, defense, communication,
lectric vehicles, computers, camcorders, cellular phones, power
ools and other home appliances, there was continuous demand to
evelop high power density and rechargeable batteries. Recently,

new type of Ni/Co battery using cobalt hydroxide as negative

lectrode is reported to have high discharge capacity and excellent
ycle life. The reaction on cobalt hydroxide negative electrode is the
aradaic reaction between �-Co(OH)2 and metallic Co during the

∗ Corresponding author. Tel.: +86 22 23503639; fax: +86 22 23503639.
E-mail address: wangyj@nankai.edu.cn (Y. Wang).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.04.088
charge–discharge process [13], and the same reversible transform
is also observed on metallic Co negative electrode [14].

It is reported that some metalloids (such as Si, S, B, P, BN, Si3N4)
can obviously improve the discharge capacity and cycle stability of
metallic Co after mixing [15–20]. In addition, based on our recent
experiments, Se and CNTs have the same effect on metallic Co.
However, there are many disputes about the function mechanism
of these metalloids on metallic Co electrode. Among these metal-
loids, sulfur is remarkable for its low cost and green environmental
protection.

In this paper, in order to improve the discharge capacity and
cycle life of cobalt hydroxide electrode, amorphous sulfur is added
into cobalt hydroxide via a facile co-precipitation method, and the
function mechanism of amorphous S on Co(OH)2 electrode is inves-
tigated.

2. Experimental

2.1. Sample preparation

S-Co(OH)2 is prepared via a facile co-precipitation method. In
a typical procedure, 1 g CoCl2·6H2O and 1.04 g Na2S2O3·5H2O are

dissolved in 20 ml deionized water under stirring. Then, 20 ml 80%
N2H4·H2O and 1 g NaOH are added, repectively. After that, the pre-
cursor solution is transferred into a 50 ml Teflon-lined stainless
steel autoclave and heated at 50 ◦C for 2 h. The final black precip-
itation is filted, washed and dried in vacuum for 12 h. The sample

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wangyj@nankai.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.04.088
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btained in this method is labeled as sample (a) for convenience. For
omparison, S-free Co(OH)2 is prepared by mixing 1 g CoCl2·6H2O
nd 1 g NaOH in 20 ml deionized water at 50 ◦C, and labeled as
ample (b).

.2. Structural and morphological characterization

The crystal structure and surface configuration of the samples
re characterized by X-ray diffraction (XRD, Rigaku D/Max-2500,
u K� radiation), scanning electron microscopy (SEM, JEOL JSM-
700F Field Emission), energy dispersive X-ray spectrum (EDS,
evex Sigma TM Quasar). Specific surface area is measured by BET
ethod using a ST-08A specific surface area analyzer. The elemen-

al composition is measured by inductive coupled plasma atomic
mission spectroscopy (ICP-AES) on a USA Themo Jarrel-Ash Corp.

.3. Electrochemical measurements

Negative electrodes are constructed through mixing as-
repared samples with carbonyl nickel powders at a weight ratio
f 1:3. The powder mixture is pressed under 30 MPa pressure
nto a small pellet of 10 mm in diameter and 1.5 mm thickness.
lectrochemical measurements are conducted in a three com-
artment cell using a Land battery test instrument (CT2001A).
iOOH/Ni(OH)2 and Hg/HgO are used as the counter electrode
nd the reference electrode, respectively. The electrolyte solu-
ion is a 6 M KOH aqueous solution. The electrodes are charged at
00 mA g−1 for 3 h, discharged at 200 mA g−1 to −0.5 V (vs. Hg/HgO),
he interval between charge and discharge is 5 min. Zahner IM6e
lectrochemical workstation is used for cyclic voltammetry (scan
ate: 0.2 mV s−1; potential interval: −1.2 to −0.2 V vs. Hg/HgO). All
he tests are performed at room temperature.

. Results and discussions

.1. Material characterization

Fig. 1 shows the XRD patterns of sample (a) and sample (b).
ll sharp diffraction peaks in sample (a) and sample (b) can be

ndexed to the hexagonal cell of brucitelike �-Co(OH)2 (space
roup P3̄m1, JCPDS card, No. 74-1057). The sharp diffraction peaks
uggest highly crystalline nature of sample (a) and sample (b).

oreover, no metallic Co peaks in sample (a) are detected, indi-

ating no CoCl2·6H2O is reduced by N2H4·H2O. The weak broad
eak located at 2� = 9◦ in sample (a) can be indexed to amorphous S
space group P21, JCPDS card, No. 74-2106), which is prepared via
he redox reaction between Na2S2O3·5H2O and N2H4·H2O.

Fig. 2. EDS patterns and the related ele
Fig. 1. XRD patterns of sample (a) and sample (b).

EDS results (Fig. 2) further confirm the presence of S in sample
(a). Furthermore, the content of S is found to be 12.58 wt.%. In addi-
tion, the atomic ratio of Co:O is approximately about 1:2, which is
consistent with the composition of Co(OH)2.

Typical SEM images of sample (a) and sample (b) are illustrated
in Fig. 3. It shows that there are some hexagonal platelets with
irregular floccules distributing on the surface in sample (a), and
there are only hexagonal platelets without irregular floccules in
sample (b). From EDS measurement, the irregular floccules in sam-
ple (a) are amorphous S, and the hexagonal platelets in sample (a)
and sample (b) are �-Co(OH)2, which is consistent with the previ-
ous report [21]. Specific surface area is measured by BET method.
The specific surface areas of sample (a) and sample (b) are 60.93
and 43.16 m2 g−1, respectively. The higher specific surface areas of
sample (a) should be attributed to amorphous S. The distributing of
amorphous S with high specific surface area on Co(OH)2 platelets
improves the dispersion of Co(OH)2 platelets and increases the
interspaces among the Co(OH)2 platelets.

3.2. Effect of amorphous S on electrochemical properties of
Co(OH) electrode
2

To investigate the structure change in charge–discharge pro-
cess, XRD patterns of S-free Co(OH)2 electrode at different cycles
are compared in Fig. 4. It can be found that the diffraction peaks of

ment composition of sample (a).
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Fig. 3. SEM images of sample (a) and sample (b).
etallic Co are detected at the discharged state of the 1st cycle.
t the charged state of the 2nd cycle, the peaks of �-Co(OH)2
ecome weaker, while those of Co become stronger, illustrating
hat some Co(OH)2 transforms into Co. On the contrary, the fully

Fig. 4. XRD patterns of S-free Co(OH)2 electrode at different cycles.
Fig. 5. Cycle life of S-free Co(OH)2 and S-Co(OH)2 electrodes (a).

discharged state of the 2nd cycle reveals a transformation from Co
to �-Co(OH)2. This means that �-Co(OH)2 can be reduced to metal-
lic Co during the charge process, and metallic Co can be oxidated to
�-Co(OH)2 during the discharge process. The discharge capacity of
the electrode is mainly attributed to the electrochemical oxidation
of metallic Co. Therefore, the charge–discharge reaction of Co(OH)2
electrode can be expressed as:

Co(OH)2 + 2e
charge
�

discharge
Co + 2OH− (1)

According to the above reversible electrochemical reaction, two
electrons are transferred in the charge–discharge process. Based
on Faraday’s law, the theoretical electrochemical capacity of S-free
Co(OH)2 is 576 mAh g−1.

Fig. 5 shows the cycle life of S-free Co(OH)2 and S-Co(OH)2 elec-
trodes. At a current density of 200 mA g−1, the discharge capacity of
S-free Co(OH)2 electrode reaches the maximum of 378.8 mAh g−1

at the second cycle and decreases gradually in the following
charge–discharge cycles. After 150 charge–discharge cycles, the
reversible discharge capacity still maintains about 301.8 mAh g−1.
It is noted that S-Co(OH)2 electrode has an activation process
and shows a higher discharge capacity and a better cycle perfor-
mance, as compared to the S-free Co(OH)2 electrode. At a current
density of 200 mA g−1, the discharge capacity of S-Co(OH)2 elec-
trode reaches the maximum of 413.2 mAh g−1 at the fifth cycle and
decreases gradually in the initial 75 charge–discharge cycles. But
after 75 cycles the discharge capacity begins to keep stable and
the reversible discharge capacity still maintains about 340 mAh g−1

after 300 charge–discharge cycles, which is much higher than that
of S-free Co(OH)2 electrode and even higher than commercial AB5
hydrogen storage alloys. The discharge capacity of amorphous S is
near zero, so the improved discharge capacity cannot be attributed
to amorphous S, but to the improved capacity utilization of Co(OH)2
in the presence of amorphous S.

The charge–discharge curves of S-free Co(OH)2 electrode and
S-Co(OH)2 electrode at the seventh cycle are shown in Fig. 6. The
charge curves of the two samples both display two plateaus, charge
plateaus and overcharge plateaus. It is obvious that S-Co(OH)2 elec-
trode displays higher charge plateaus and lower overcharge plateau
as compared to S-free Co(OH)2 electrode, indicating the addition
of S increases the charge potential and decreases the overcharge

potential of Co(OH)2. Both two discharge plateaus appear at −0.75
to −0.77 V, lower than that of commercial hydrogen storage alloy
(−0.90 V). It is noted that the length of charge plateaus and dis-
charge plateaus in two electrodes is nearly same, showing both
of the two electrodes have high coulombs efficiency and excellent
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ig. 6. Charge–discharge curves of S-free Co(OH)2 electrode and S-Co(OH)2 elec-
rode.

eversibility. From the charge–discharge curves, it can be concluded
hat the effect of amorphous S on Co(OH)2 electrode is irreversible
nd only exists in the charge process.

To further confirm the electrochemical reaction process of the
-Co(OH)2 electrode, cyclic voltammetry (CV) of S-Co(OH)2 elec-
rode during the initial four cycles at a scan rate of 2 mV s−1 is
resented in Fig. 7. A pair of obvious redox peaks is detected, indi-
ating that the reversible capacity is mainly based on the Faradaic
edox mechanism. The curve shape and peak voltage in the fourth
V cycle are very similar to those of metallic Co powder elec-
rode, confirming that there occurs the same reversible reaction
n Co(OH)2 electrode and metallic Co electrode. Based on the XRD
atterns after charge and discharge (Fig. 4), the reduction peak is
ue to the reduction of �-Co(OH)2 to metallic Co while the oxida-
ion peak should be attributed to the oxidation of metallic Co to
-Co(OH)2.
In the meantime, there is an activation process in the CV curves
f S-Co(OH)2 electrode during the initial four cycles, the integral
rea of the redox peaks increases gradually and peak voltage of
he redox peaks shifts left gradually. In the first CV cycle, the oxi-
ation peak and reduction peak appear around at the potential of

Scheme 1. The function schematic representati
Fig. 7. CV curves of S-Co(OH)2 electrode in the initial 4 cycles at a scan rate of
2 mV s−1.

−0.606 V and −1.012 (vs. HgO/Hg), respectively. The two potential
is both higher than the oxidation potential and reduction potential
of �-Co(OH)2. In the third and fourth CV cycles, the oxidation peak
and reduction peak shift slightly to −0.65 to −0.66 V and −1.03
to −1.04 V, and still higher than those of �-Co(OH)2. In addition,
the shift of the redox peaks is not observed in the CV curves of
S-free Co(OH)2 electrode during the initial four cycles. So except
for the Faradaic redox reaction of �-Co(OH)2, there is other reac-
tion occurred in S-Co(OH)2 electrode during four cycles. In order to
investigate this reaction, the S elemental content in KOH aqueous
solution and in S-Co(OH)2 electrode is measured by ICP, S ele-
ment is discovered in KOH aqueous solution after the first CV cycle
and increases gradually during four cycles, and S element content
in S-Co(OH)2 electrode decreases gradually during four CV cycles,
indicating amorphous S in S-Co(OH)2 electrode is gradually dis-
solved into KOH aqueous solution during four CV cycles. So the left
shift of the redox peaks should be attributed to the electrochemical
dissolution of amorphous S.
3.3. Function mechanism of amorphous S on Co(OH)2 electrode

Based on our experiments, the function mechanism of amor-
phous S on Co(OH)2 electrode can be described as Scheme 1.

on of amorphous S on Co(OH)2 electrode.
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ompared to S-free Co(OH)2 electrode, amorphous S in S-Co(OH)2
lectrode shows two functions during the charge–discharge pro-
ess. One is that the addition of amorphous S with high specific
urface area improves the dispersion of Co(OH)2 platelets. The
ther is that the dissolution of amorphous S in electrode brings
ew interspaces among the Co(OH)2 platelets, these two factors

argely increase the interspaces among the Co(OH)2 platelets. As we
now, more interspaces are correlated to larger contact area with
lkaline solution, which is in favor of the surface electrochemical
edox. Thus, the capacity utilization of Co(OH)2 is enhanced. But it
s not that the more amorphous S is added, the higher discharge
apacity can be obtained, because too much amorphous S added
ill bring much interspaces among Co(OH)2 platelets, leading to
oor electrical conductivity. The reaction on S-free Co(OH)2 neg-
tive electrode is the Faradaic reaction between �-Co(OH)2 and
etallic Co during the charge–discharge process, so this mecha-

ism can also be used to explain the function mechanism of some
etalloids (such as Si, S, B, P, BN, Si3N4, Se, CNTs) on metallic Co

lectrode.

. Conclusion

This paper investigates the effect and function mechanism of
morphous S on Co(OH)2 electrode, and proves that the addi-
ion of amorphous S improves the electrochemical properties of
o(OH)2 electrode. A proper function mechanism of amorphous S
n Co(OH)2 electrode is proposed for the first time. This mecha-
ism can also be used to explain the function mechanism of some
etalloids on metallic Co electrode. This discovery provides a new

ay to improve electrochemical properties of Co negative electrode

nd Co(OH)2 negative electrode of alkaline rechargeable Ni-based
atteries and a guidance for improving the electrochemical prop-
rties of other negative electrodes based on the Faradaic redox
echanism.
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