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a b s t r a c t

A series of cobalt-carbon nanotube (CNT) composites is synthesized by direct ball-milling of Co and CNT
powders with different Co/CNT weight ratios. The microstructure, morphology and chemical state of
the ball-milled Co-CNT composites are characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). It is found that metallic Co nanoparticles
eywords:
o-carbon nanotube composites
all-milling
lectrochemical performance
aradaic redox

of 50–100 nm in size are highly dispersed on the inactive CNT matrix after ball-milling. The electrochem-
ical performance of Co-CNT composites as negative electrode material of alkaline rechargeable batteries
is investigated by galvanostatic charge–discharge, linear polarization and cyclic voltammetry (CV) tech-
niques. The results show that the Co-CNT composite (weight ratio 5/1, BM 10 h) displays the optimized
electrochemical performance, including discharge capacity and cycle stability. The reversible faradaic

Co(O
lkaline rechargeable battery
egative electrode

reaction between Co and

. Introduction

As we all know, cobalt metal and its compounds are widely used
s resources in energy storage and conversion apparatus, such as
n Ni-metal hydride (Ni-MH) batteries, lithium ion batteries and
roton exchange membrane fuel cells [1–3]. Nowadays, extensive
esearch has been focused on cobalt based alloys as negative mate-
ials for alkaline rechargeable batteries, such as Co–B, Co–P, Co–Si,
o–BN, Co–Si3N4 [4–11] and so on, which are demonstrated to have
good electrochemical reversibility and high charge–discharge

apacities. In these reports, through ball-milling or chemical meth-
ds, little Co particles with good reaction activity distribute well
mong non-metallic matrix. Besides, the amorphous structure after
reatment is more effective for the enhanced utilization due to fast
ransport of active species compared to crystalline structures. These
actors all contribute to the enhanced utilization of metallic cobalt
n the oxidation reaction. In general, the cobalt element exists as

etallic Co, Co(OH)2 and CoOOH in alkaline solution, depending on
he potential range [12,13]. Elumalai et al. reported that the pair of
urrent peaks close to the hydrogen evolution reaction (HER) was

aused by the quasi-reversible reduction and oxidation between
o(OH)2 and Co, instead of the electrochemical reduction/oxidation
f hydrogen atoms on the electrode surface [12].

∗ Corresponding author. Tel.: +86 22 23498089; fax: +86 22 23502604.
E-mail address: jiaolf@nankai.edu.cn (L. Jiao).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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H)2 is dominant for ball-milled Co-CNT composites.
© 2010 Elsevier B.V. All rights reserved.

CNTs have been demonstrated to exhibit high electrical conduc-
tivity and good mechanical properties. CNTs are also chemically
stable and have very large accessible surface area. It is hopeful
to improve the electrochemical properties of alkaline recharge-
able batteries with the addition of CNTs. Many efforts have been
done on this purpose [14–18]. However, to the best of the author’s
knowledge, there is no report on the electrochemical performance
of Co-CNT composites.

In this work, Co-CNT composites are prepared via a ball-milling
process. In order to achieve an optimized result of decreased Co par-
ticles and undestroyed structure of CNTs, a moderate ball-milling
time of 10 h is chosen. Their electrochemical behaviors and the
mechanism of electrochemical reaction are primarily investigated.

2. Experiment

2.1. Preparation and structural characterization

Co (purity, >99.0%) and CNTs (purity, >95%) were procured
from Tianjin Kermel Chemical Reagent Co. Ltd and Shenzhen Nan-
otech Port Co. Ltd, respectively. Both of the reagents were used
without further treatment. All samples, including pure Co and
Co-CNT composites mixing at the weight ratios of 4/1, 5/1, 6/1,

and 7/1, respectively, were ball-milled using a planetary ball mill
(ZKX-2B, Nanjing) in a stainless steel vessel under Ar atmosphere
at a speed of 450 rpm for 10 h. The ball-to-powder weight ratio
was 20/1. All samples were characterized by X-ray diffraction
(XRD, Rigaku D/max-2500). The morphology and chemical state

dx.doi.org/10.1016/j.jpowsour.2010.11.145
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jiaolf@nankai.edu.cn
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ig. 1. XRD patterns of pure Co, ball-milled Co and Co-CNT composites with different
o/CNT weight ratios.

ere investigated with transmission electron microscopy (TEM,
acnai 20) and X-ray photoelectron spectroscopy (XPS, Kratos Axis
ltra DLD multi-technique), respectively.

.2. Electrochemical measurements

Negative electrodes were constructed through mixing as-
repared materials with carbonyl nickel powders in a weight ratio
f 1/3. The powder mixture was pressed under 30 MPa of pressure
nto a small pellet of 10-mm diameter and 1.5-mm thickness. The
ellet was then pressed under 20 MPa of pressure between two
ieces of Ni foam.

Electrochemical measurements were conducted in a three-
ompartment cell using pure Co and Co-CNT composites as working
lectrodes, NiOOH/Ni(OH)2 and Hg/HgO electrodes were used as
he counter electrode and the reference electrode, respectively. The
lectrolyte solution was a 6-M KOH aqueous solution.

The cycle life and charge–discharge curves were tested by a

AND battery-test instrument (CT2001A). The negative electrodes
ere charged at a current density of 100 mA g−1 for 5 h, and then
ischarged to −0.5 V (vs. Hg/HgO) at a current density of 25 mA g−1

fter resting for 5 min at room temperature. Zahner IM6ex elec-
rochemical workstation is used for cyclic voltammetry (scan rate:

Fig. 2. TEM images of Co-CNT comp
rces 196 (2011) 5751–5755

0.2 mV s−1; potential interval: −1.2 to −0.4 V vs. Hg/HgO) and linear
polarization (scan rate: 0.1 mV s−1; potential interval: −6 to 6 mV
vs. open circuit potential).

To study the electrochemical reaction mechanism, the
microstructure of the ball-milled Co-CNT composites after
different cycles was measured by XRD. In order to avoid the
influence of the Ni diffraction peaks, the electrodes for XRD mea-
surement were prepared by mixing Co-CNT powders, acetylene
black and polytetrafluoroethylene at the weigh ratio of 10:2:1 into
a paste, which was roll pressed to 0.15-mm thick film and then
pressed onto a porous nickel mesh. After electrochemical cycles,
the samples at different discharged and charged states for XRD
measurements were washed with distilled water and ethanol, and
dried in vacuum at 80 ◦C for 3 h.

3. Results and discussion

3.1. Characterization of structure and morphology of Co-CNT
composites

Fig. 1 shows the XRD patterns of pure Co, ball milled Co and
Co-CNT composites with different Co/CNT weight ratios. As shown
in Fig. 1, the original Co powders display almost a pure fcc phase
(JCPDS 15-806) except for a small amount of hcp phase (JCPDS 5-
727). After ball-milling, most peaks of hcp phase transform to fcc
phase. In addition, all diffraction peaks of ball-milled Co and Co-CNT
composites are broadened and weakened, indicating the formation
of nanocrystalline Co during the ball-milling process. Most of the
peaks of ball-milled Co-CNT composite can be indexed to Co except
a small amount of CoO. Possibly because the ball milling time is
relatively short in our study, we could not find the formation of
any cobalt carbides.

Typical TEM images of the ball-milled Co-CNT composites
(Co/CNTs = 5/1, BM 10 h) are illustrated in Fig. 2. It can be seen that
the cobalt nanoparticles with the size between 50 and 100 nm are
well dispersed throughout the CNT amorphous network. The CNTs
are cut shorter with open ends. Some of them entangle together on
the surface of Co particles, leading to a coating layer among them.

3.2. Electrochemical performance of Co-CNT composites
Fig. 3 shows the cycle stability of pure Co, ball-milled Co, CNTs
and Co-CNT electrodes at a discharge current density of 25 mA g−1.
As it can be seen, the CNTs we used here can be regarded as an
inactive matrix. After ball-milling, the discharge capacities of Co

osite (Co/CNTs = 5/1, BM 10 h).
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sured maximal discharge capacity for pure crystalline Co powder is
428 mAh g−1, while that in the latter reaction is normally not more
than 80 mAh g−1 [20]. As shown in Fig. 6b, because the sample was
not charged before discharge, the high discharge capacities did not
result from the dehydrogenation reaction of CoHx distinctly. Thus,
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ig. 3. Cycle performance of pure Co, ball-milled Co, CNTs and Co-CNT composite
lectrodes with different weight ratios.

nd Co-CNT composites are all increased to some extent. Especially
or Co-CNT composite (weight ratio 5/1, BM 10 h) electrode, the

aximum discharge capacity can reach 402.5 mAh g−1 during the
rst cycle. After 50 cycles, the discharge capacity can still remain at
70 mAh g−1. Many factors contribute to it. Through ball-milling,
he size of Co particles decreases, also the CNTs are cut short, both
f which lead to higher electrochemically accessible surface area.
s we know, larger contact area with alkaline solution is in favor of

he surface electrochemical redox [19]. Besides, CNTs possess high
lectronic conductivity and useful mechanical properties, which
an prevent inner resistance from raising so as to keep the good
ycle performance of the ball-milled composite electrode [16]. In
ddition, the phase transformation of Co from hcp to fcc increases
he reaction activity, causing a larger discharge capacity [20].

However, the discharge capacities of these composite electrodes
ary with the mixing rate of Co and CNTs. This is probably due to
he nature of CNTs. According to the report of Zhang et al. [16],
dding too many CNTs is not helpful to the performance of batteries,
hich would cause the decreasing of the active material density

n stainless net of negative electrode due to CNTs holding large
olume.

To investigate the kinetic characteristics of the electrodes, the
ate capability and cycling ability were measured at different dis-
harge current densities. Fig. 4 shows the cycle performance of the
o-CNT composite (weight ratio 5/1, BM 10 h) electrode at the cur-
ent densities 25, 100, 200 and 500 mAh g−1. As it is shown, the
eversible discharge capacity decreases in a certain degree with
he current density increasing, which is consistent with the tradi-
ional view [7]. On the other hand, it can be seen that the effect of
igh current density on the cycle life of the electrode is small, so the
lectrode has good kinetic performance. This can also be attributed
o the larger reaction surface of the electrode with the addition
f CNTs, which increases the electrochemical reaction surface of
he active particles. Thus, the good conductive property of CNTs
ith stable electrochemical properties is of importance for provid-

ng enough current collectors in the electrodes, thus decreasing the
harge transfer resistance [15]. This can be confirmed by the result
f exchange current density obtained from Fig. 5.

The exchange current density I0, which is the rate of the
harge-transfer reaction, can be obtained according to the follow-

ng formula: I0 = RTI/F�, where R is the gas constant, T is the absolute
emperature (K), I is the applied current density (mA g−1), F is the
araday constant and � is the total overpotential (mV). The linear
olarization curves for pure Co and Co-CNT composite are shown
Cycle number (n)

Fig. 4. Cycle performance of the Co-CNT composite (weight ratio 5/1, BM 10 h)
electrode at different discharge current densities.

in Fig. 5 and the calculated I0 values are 17.95 and 94.23 mA g−1 for
pure Co and Co-CNT composite (weight ratio 5/1, BM 10 h), respec-
tively. It is clear that the value of I0 is increased significantly after
the modifications. This result certifies that the rate of charge trans-
fer reaction on the alloy surface is greatly improved, hence reducing
the overpotential during the discharge process and leading to an
increase of discharge capacity of the electrode.

3.3. The mechanism of electrochemical reaction

As shown in Fig. 6b, the Co-CNT composite is discharged directly
without the first charging process. When comparing it to Fig. 6a, it
is noted that the discharge potential plateau is close to that charged
first shown in Fig. 6a. The discharge capacity of the uncharged Co-
CNT composite can reach 316.5 mAh g−1 in the first cycle. According
to Chung et al. [20], Co may react as a negative electrode in the
Ni-MH battery in two formats: (1) Co + xH2O → CoHx + xOH− and
(2) Co(OH)2 + 2e → Co + 2OH−. In the former reaction, the mea-
-6 -4 -2 20 64

overpotential (mv)

Fig. 5. Linear polarization curves of original Co and Co-CNT composite (weight ratio
5/1, BM 10 h).
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Fig. 6. Discharge curves of Co-CNT composite (weight ratio 5/1, BM 1

t seems that the faradaic reaction of Co/Co(OH)2, i.e. the electron
oss due to the cobalt oxidation, should contribute to the discharge
apacities. However, the discharge capacity of the sample has great
iscrepancy with the one charged first. To examine the difference,
o2p core level spectra of the Co-CNT composite (weight ratio 5/1,
M 10 h), before and after Ar sputtering, are recorded in Fig. 7. The
obalt exists as CoO (781 eV) on the surface of this sample before Ar
puttering, due to the surface oxidation of active Co nanoparticles in
ir, which is in agreement with the result of XRD patterns enclosed
n Fig. 1. The characteristic Co2p peak is shifted from 781 eV to
78.1 eV after Ar sputtering for 10 min, suggesting the existence of
etallic Co in the bulk phase of the composite. Thus, it is inferred

hat these oxidized species on the surface of the Co-CNT composite
re first reduced to Co and subsequently also oxidized to Co(OH)2.
ence the increased capacity is observed in the first cycle of a pre-
harged sample. All electrodes have similar potential changes in the
ollowing cycles, indicating that the faradaic reaction is dominated
n the Co-CNT composite.

Cyclic voltammogram curves of pure Co, ball-milled Co and Co-
NT composite (weight ratio 5/1, BM 10 h) at a scan rate of 2 mV s−1
re presented in Fig. 8. A pair of remarkable cathodic and anodic
urrent peaks can be found for each CV curve. It is apparent that
he integral peak area of Co-CNT composite (weight ratio 5/1, BM
0 h) is larger than that of pure Co and ball-milled Co, indicating that

ig. 7. Co2p core level spectra of the Co-CNT composite (weight ratio 5/1, BM 10 h)
efore and after Ar sputtering for 10 min.
500 100 150 200 250 300 350 400

Discharge capacity (mAh/g)

a) charged in the first cycle; (b) discharged directly in the first cycle.

the electrocatalytic activity of Co-CNT composite (weight ratio 5/1,
BM 10 h) is the best. The oxidation peak is located at the poten-
tial of −0.72 V (vs. Hg/HgO) in the anodic process, which can be
assigned to the oxidation reaction of Co [4,11]. There is no other
peaks observed in the anodic process, so the conversion reaction of
Co/Co(OH)2 is dominant on Co-CNT composite and it offers most of
the discharge capacity.

In order to further confirm the reaction mechanism mentioned
above, XRD patterns of the Co-CNT composite (weight ratio 5/1,
BM 10 h) at different charge and discharge states are illustrated
in Fig. 9. It can be found that only the diffraction peaks of metal-
lic Co are detected at the fully charged state in the first cycle,
which are almost identical to those of the as-prepared Co-CNT
composite. At the fully discharged state in the first cycle, most of
the diffraction peaks can be indexed as Co(OH)2 and the diffrac-
tion peaks of the metallic Co become weak. The Co(OH)2 phase is
still detected as the coexisting phase with metallic Co at the fully
charged state. It means that only partial metallic Co in the Co-CNT
composite is involved in the faradaic reaction, resulting in the low
utilization of the active Co. In addition, the diffraction intensity of

Co(OH)2 increases gradually to some extent at the fully discharged
state, implying that the redox irreversibility of metallic Co increases
gradually during cycling. The Co peaks are poorly crystalline with
abundant defects induced during the ball-milling process. Whereas
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ig. 9. XRD patterns of the Co-CNT composite electrode (weight ratio 5/1, BM 10 h).

he Co(OH)2 shows a good crystallinity, which is formed during the
low dissolution–precipitation process of Co nanoparticles in alka-
ine solution. Based on the analyses above, we can attribute the
ischarge capacity of Co-CNT sample to the redox reaction between
o and Co(OH)2.

. Conclusion

The Co-CNT composites were prepared by ball-milling cobalt
nd CNTs mixing with different weight ratios for 10 h. Because of
he predominant properties of CNTs and synergetic impact of Co
nd CNTs through ball-milling, the electrochemical performance
f Co-CNT electrodes is significantly improved than that of pure Co
lectrode. Among them, the Co-CNT electrode (Co/CNTs = 5/1, BM
0 h) shows the highest initial discharge capacity (402.5 mAh g−1),
ood retention rate and better kinetic performance under high dis-

harge current density, which is a promising candidate as negative
lectrode material for alkaline rechargeable batteries. Based on the
nalyses of TEM, XPS and electrochemical performance, it is found
hat the formation of Co nanoparticles with a good reactivity and
NT network with high electrochemical conductivity and larger

[

[

[

rces 196 (2011) 5751–5755 5755

contact area with alkaline solution are responsible for the high
initial discharge capacities of the samples. Most of the discharge
capacity can be attributed to the redox reaction between Co and
Co(OH)2.
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