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Abstract: Anodic electrodes with the mixture of hydrogen storage alloys and different contents of Co304 (2%, 4%, 6% and 8%, mass
fraction) powders were made. The effects of Co;O4 on the electrochemical performance of the alloy electrodes were studied. The
constant charge-discharge tests show that the discharge capacity of alloy electrodes with Co;O, significantly increases, and the
maximum discharge capacities of electrodes with 2%, 4%, 6% and 8% Co;0, are higher than the electrode with no Co;04 by 0.83%,
4.86%, 7.18% and 9.21%, accordingly. Linear polarization (LP) and electrochemical impedance spectroscopy (EIS) tests suggest that
charge-transfer resistance decreases by the addition of Co;0,4. Cyclic voltammogram (CV), scanning electron microscopy (SEM) and
energy dispersive spectrum (EDS) tests indicate that Co3;O4 can partly dissolve and experience a reversible oxidation-reduction
process of Co to Co (OH),, leading to the improvement in the electrochemical performance of hydrogen storage alloy.
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1 Introduction

Commercial ABs-type rare earth based hydrogen
storage alloys are widespread used as anodic material for
Ni-MH batteries due to their inherent advantages, such as
high electrochemical capacity, long cycle life, better over
charge/discharge performance and excellent
environmental compatibility [1-3]. However, there is
still a gap to meet the requirements of power source used
in electric vehicle (EV) or hybrid electric vehicle (HEV).
Hence, the electrochemical performances of the
hydrogen storage alloy need to be improved.

Various methods have been applied to improving
the electrochemical performance of ABs-type rare earth
based hydrogen storage alloys during the past decades,
such as element optimization of alloy composition [4—6],
melioration of preparation technics [7-8], surface
treatments [9—10] and modification of metallic oxides
additives [11—-12]. Modification of metallic oxides
additives is the easiest method, which can also obtain
rather good performance improvement of hydrogen
storage alloy. It was found that some transitional metal
oxides such as MnQO,, V,0s, CoO, CuO, Co3;04 and RuO,
have a catalytic effect on the solid-gas reaction [13—14].

They can be used as catalysts or modified hydrogen
storage alloy to improve the hydriding and dehydriding
kinetics. The initial capacity and high rate discharge
ability of La,;CaMg;Niy modified with TiO,, Cr,O;,
and ZnO were improved significantly [11]. CuO was
added into ABs-type hydrogen alloy to improve electrode
conductibility and increase specific energy [12]. Co;0,
was thought as a good kind of catalyst and electrode
material, which has been used in lithium ion battery and
electrochemical capacitor. Nevertheless, there is few
study about Co;04 used in Ni-MH battery.

In this work, hydrogen storage alloy
MINi; 9Cop4Mng3Alg3Cug, is modified by different
contents of Co;04 (2%, 4%, 6% and 8%, mass fraction).
The overall electrochemical performances of the
modified electrodes were investigated in detail.

2 Experimental

2.1 Preparation of electrodes

Commercial alloy MINi;¢Cog4Mng3Alg3Cug, (The
La-rich Mm contains 65.25% La, 25.20 % Ce, 8.43 % Pr,
and 1.12 % Nd), and nickel powder as conductive agents
and Co;04 were weighed accurately at different mass
ratios of 100:200:0,100:200:2, 100:200:4, 100:200:6,
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100:200:8. The mixture was cold pressed into a circular
pellet of 13 mm in diameter under a pressure of 20 MPa.
Afterwards, the circular pellets were pressed with two
foam nickel sheets in two sides and a foam nickel lead
was attached to the pressed sheet for tests.

2.2 Electrochemical measurements

Galvanostatic ~ charge/discharge  tests ~ were
performed on a CT2001A battery-testing instrument
(LAND, China). The open simulated cell was assembled
with a metal hydride alloy electrode as working electrode,
a sintering Ni(OH), electrode as counter electrode and a
6 mol/L KOH solution as electrolyte. It should be noted
that the capacity of the sintering Ni(OH), electrode is
higher than that of the working electrode. The cells were
circularly charged at a current density of 60 mA/g' for 6
h, followed by a 5 min rest and then discharged at the
same current density to a cut-off 1 V.

The cyclic voltammetric (CV), polarization and
electrochemical  impedance  spectroscopy  (EIS)
experiments were all carried out on a PARSTAT 2273
advanced electrochemical  system. A  standard
three-electrode system was utilized in all these
electrochemical tests with a metal hydride alloy electrode
as working electrode, a sintering Ni(OH), electrode as
counter electrode and a Hg/HgO electrode as reference
electrode in a 6 mol/L KOH solution. Cyclic
voltammetric tests were performed in the scanning
potential range from —1.2 V to —0.3 V. The linear
polarization curves were recorded over a shifting
potential from —5 mV to 5 mV at scan rate of 1 mV/s at
50% depth of discharge (DOD). The EIS studies were
conducted from 100 kHz to 1 mHz with the amplitude of
5 mV at 50% DOD. All the tests were carried out at room
temperature.

2.3 Physical characterization

The surface configuration was characterized by
using  scanning  electron  microscope  (SEM,
JSM—-6360LV) and surface elements were analyzed by
energy dispersive X-ray spectroscopy (EDX).

3 Results and discussion

3.1 Electrochemical performances

Figure 1 illustrates the discharge capacity of
hydrogen storage alloy electrodes with different contents
of Co;0y in the first 10 cycles. As shown in Fig. 1, the
electrodes with Co;0,4 need less cycles to be activated
than that with no Co;04. And the discharge capacity of
the former is much higher than the latter. It can also be
observed that the discharge capacity increases with
increasing of Co304;. The maximum
discharge capacities of electrodes with different contents

the content

of Co;04 are reported in Table 1. The maximum
discharge capacities of electrodes with 2%, 4%, 6% and
8% Co304 are 317.3, 330, 337.3, 343.7 mAh/g’,
respectively, which are higher than the electrode with no
Co304 by 0.83%, 4.86%, 7.18% and 9.21%, accordingly.

Discharge capacity/(mA-h-g™")

220 1 1 I I
0 2 4 6 8 10

Cycle number
Fig. 1 Discharge capacity of hydrogen alloy electrodes with
different contents of Co;04 additive in 10 cycles

Table 1 Maximum discharge capacity of hydrogen storage
alloy electrode with different contents of Co;04
Maximum discharge

w(C0:0,)/% capacity/(mA-h-g ")
0 314.7
2 317.3
4 330.0
6 337.3
8 343.7

Figure 2 presents charge-discharge curves of
hydrogen storage alloy electrodes with different contents
of Co;04 at the 15th cycle. All electrodes show a
characteristic of good charge-discharge platform voltage,
while the discharge curves of the electrodes with Co;04
present a second discharge platform around 1.15 V,
indicating the occurrence of another electrode reaction.
The higher the content of Co;04added in electrode is, the
more obvious the second discharge platform and the
higher platform voltage are. XIA et al [15] thought that
the cobalt oxide which was put in the hydrogen storage
alloy electrode can form the oxygen cycle in the course
of over charge and discharge, which led to the formation
of the second discharge plateau to increase discharge
capacity of hydrogen storage alloy electrode.

The exchange current density (J;) and polarization
resistance (R,) are used to evaluate electrocatalytic
activity for charge-transfer reaction on the surface of the
hydride alloy electrode. The higher exchange current
density always means a better electrocatalytic activity of
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Fig. 2 Charge-discharge curves of hydrogen
storage alloy electrodes at the 15th cycle with

different contents of Co;0,: (a) Without Co30y;
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charge-transfer reaction. When the over-potential is
within 20 mV around the equilibrium potential, the
polarization current and over-potential of the electrode
are approximate to a linear function, and it can be
expressed as [16]

nkJ

0
RT n()

I(t) =

R, can be obtained from the slop of linear
polarization curves and written as

_n@®
Ry = 1(t)

(b) 2%; (¢) 4%; (d) 6%; (c) 8%

375

Thus we can rewrite the formula as
RT
J 0 =

~ nFR,

where 7 is the number of electron in the reaction; F is the
Faraday constant; R is the gas constant; 7 is the
thermodynamic temperature; [(f) is the polarization
current; 7)(¢) is the over-potential. R, is the polarization
resistance and J; is the exchange current density.
Figure 3 displays the linear polarization curves of
hydrogen storage alloy electrodes with different contents
of Co030;. The results calculated by the above formula
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are listed in Table 2. It is clear that the R, of electrodes
reduces obviously and J, increases significantly with the
addition of Co;0y4, suggesting that Co;0y is beneficial to
decreasing polarization and increasing the
electrocatalytic activity of hydrogen storage alloy
electrode. However, R, gradually increases and J,
decreases with increasing the content of Co;0O4. This is
due to the fact that Co;0, is a semiconductor, resulting in
a poor conductivity of the hydrogen storage alloy
electrode.
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Fig. 3 Linear polarization curves of hydrogen storage alloy
electrodes with different contents of Co;0,4 additive

Table 2 R, and J, of hydrogen storage alloy electrodes with
different contents of Co;04

w(C030,4)/% R, /mQ Jo/(mA-g ")
0 180.2 142.5
2 80.1 320.6
4 89.2 287.7
6 98.6 260.5
8 1185 216.7

Figure 4 exhibits EIS diagrams of the alloy
electrodes with different contents of Co;O,4 at 50% DOD.
From Fig. 5, all the EIS curves consist of a semi-circle in
high frequency region, a semi-circle in high-medium
frequency region and a straight line in low frequency
region, which are ascribed to the contact resistance
between the current collector and the alloy electrode
pellet, the charge-transfer reaction resistance (R.) and
the Warburg resistance, respectively [17]. R of
electrodes with Co;0, decreases rapidly as compared
with the electrode without Co;04. While R gradually
increases with increasing the content of Co;0,4, which is
consistent with the results of linear polarization.

3.2 Electrode process analysis
The primary electrochemical reaction occurring at
hydrogen storage alloy electrode in alkaline electrolyte is

Charge

M+H,0+e MH+OH"

Discharge

0.8

Fig. 4 Electrochemical impedance spectra of hydrogen storage
alloy electrodes with different contents of Co;O4

Figure 5 (a) shows the cyclic voltammograms of
hydrogen storage alloy electrodes with different contents
of Co;0, after 10 charge-discharge cycles. Among all the
cyclic voltammograms, there are two peaks located at
—0.65 V in anodic branch and —0.90 V in cathodic branch,
which are attributed to the oxidation of adsorbed
hydrogen on the electrode surface and hydrogen
evolution reaction, respectively. With increasing the
content of Co;Qy, the anodic current at —0.65 V increases
slightly and the cathodic current of —0.90 V is also
enhanced. Furthermore, the cathodic peak potential
moves towards a negative direction, indicating that the
reaction irreversibility reduces to a certain extent.
Another anodic peak near —0.75 V is also observed and
the peak current increases obviously with increasing the
content of Co;04. It is well established that the peak at
—0.75 V corresponds to the reaction of Co to Co*", and
its cathodic peak coincides with hydrogen evolution
reaction [18]. It can be concluded that Co;0, dissolves
partly in alkaline electrolyte through electrochemical
reaction and forms a reversible oxidation-reduction
reaction of Co to Co (OH), during charge-discharge
process. And the probable mechanism could be
expressed as

Co03;0,4H,0+OH —3CoOOH+e¢;
CoOOH+H,0+e— Co(OH),+OH ;
Co(OH),+2e=—Co+20H

The reactions not only increase the discharge
capacity of hydrogen storage alloy electrode, but also
decrease polarization resistance and charge reaction
resistance.

Figure 5 (b) gives CV curves of hydrogen storage
alloy electrodes with different contents of Co;0, after the
50th charge-discharge cycle. Peak current, especially
around the peak of —0.75 V in anodic branch, exhibits
much higher than that of the oxidation of adsorbed
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hydrogen reaction. While the potential remained
essentially unchanged. It is suggested that with
increasing the charge-discharge cycle, the reaction of
Co*" to Co plays a more and more important role in the
electrode reaction.

Figure 6 shows the SEM image and EDS of
electrode without Co3;0, and with 8% Co;0, after 50
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charge-discharge cycles. We can see that the surface of
electrode with 8% Co3;0;, is rougher than that without
Co;0,. Element contents of electrode surface are listed in
Table 3. The Co content on electrode surface with 8%
Co304 is higher than that without Co;O; by 0.6%,
revealing that the electrochemical dissolved reaction of
Co0304 has happened.
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Fig. 5 CV curves of hydrogen storage alloy electrodes with different contents of Co;0, after different charge-discharge cycles: (a) 10

cycles; (b) 50 cycles
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Fig. 6 SEM images (a, b) and EDS (a’, b') of electrode: (a), (a) without Co;04.; (b), (b") 8% Co030,
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Table 3 Element contents of electrode surface

W(Co0gs LAY wMRY W/ w(Co)/ (ALY
% % % % %
0 22 738 4263 643 742
8 21.80 777 4250  7.07 730

4 Conclusions

1) The discharge capacity of hydrogen storage alloy
electrodes with Co;0,4 is much higher than that without
Co;04. With increasing the content of Co;0,, discharge
capacity of electrodes increases.

2) A second discharge platform around 1.15 V in the
electrodes with Co;04 is observed. The higher the
content of Co;0,4added in electrode is, the more obvious
the second discharge platform and the higher platform
voltage are.

3) The
resistance and charge-reaction resistance of electrodes

electrocatalytic  activity, polarization
with Co;0, additive are improved obviously. But with
increasing the content of Co3;04, R, and R gradually
increase and J, decreases. The reason is that Co;O, as a
kind of semiconductor decreases the conductivity of the
hydrogen storage alloy electrode.

4) The improved electrochemical performance of
electrodes with Co;0,1s for the reason that Co;04 can
partly dissolve and form a reversible oxidation-reduction

reaction of Co to Co(OH),.
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