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a b s t r a c t

The use of Nickel–Metal Hydride (Ni–MH) batteries for traction application in electric and

hybrid vehicles is on the rise. High-rate charge/discharge characteristics are important

parameters for electric vehicle applications. The ability to reduce charging time is essential

in these traction applications. In this paper, the performance of assembled Ni–MH batteries

(1.2 V, 0.5 Ah specimen cells) when subjected to different charging rates is described.

Changes in battery voltage during charging were monitored with a particular emphasis on

the quest for fast recharge characteristics. The charging curves reveal the formation of

different types of phases. Hydrogen evolution resulted in flat charge profile after certain

amount of overcharging. The changes in discharge level after different rates of charging are

insignificant. This paper describes the fast rechargeability of assembled Ni–MH cells under

various fast-charge regimes.

ª 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

There is significant interest in energy efficiency and in

reducing the dependency on fossil fuels. Increasing efforts are

taking place in the introduction of modern electric vehicle and

hybrid electric vehicles. Batteries form the heart of electric

vehicles. Ni–MH batteries are a viable option for these appli-

cations, as they exhibit high specific energy, high specific

power and a long cycle life. Besides the energy, power

handling, and economy, high tolerance to abuse is an impor-

tant aspect of the Ni–MH technology. Moreover, they are

relatively benign to the environment [1,2]. Reduction in

charging duration could make Ni–MH batteries more accept-

able for electric vehicle applications.

The possibility of rapid charging a commercial Ni–MH

traction battery system at high-rates has already been

demonstrated [3]. Although attractive, the Ni–MH system still

needs to be proved that it can accept rapid recharge [4]. To

facilitate an easy and reliable charging control and to avoid

battery premature failure or ageing, it is very important to

know the behavior of the battery under a range of charging

conditions [1]. Rapid recharge can greatly improve the electric

vehicle’s mobility and usability and allow the vehicle operator

to fully utilize the battery capacity without exceeding the

range limit. For hybrid applications, the ability of high power

recharge can simplify power control algorithms and improve

efficiency to capture regenerative braking power. Fast

rechargeability can also facilitate the vehicle operation. The
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battery for electric vehicles generally requires large specific

power. The specific power of an advanced battery increases

with the high-rate discharge capability of the battery electrode

[5–7].

Most Ni–MH batteries are not recommended for fast charge

[8] due to the concern of significant heat generation of the

system. However, so far limited work has been reported on

fast charge of Ni–MH batteries or modules, especially for the

electric vehicle applications. Knowledge of the fast-charge

control of the Ni–MH batteries (especially, the traction

batteries) and their operating limits and underlying mecha-

nisms is therefore crucial to proper utilization and operation

of such devices.

Fast charging may also have negative consequences to the

battery. For example, fast charging may induce earlier oxygen

evolution. This could lead to higher rate of recombinant

reaction and reduce charging efficiency. If the oxygen

recombination rate is slower than that of oxygen evolution the

internal pressure will increase. If the battery response to high

charge rates is not properly understood, and adequately

monitored and controlled, the battery may be overcharged.

Overcharging would lead to considerable temperature

increase, excessive gas production, eventual separator

degradation, electrolyte loss, and premature failure [9]. The

performance of Ni–MH batteries differs in terms of charge and

discharge behavior, high-rate discharge capabilities, self-

discharge losses, charging efficiency and cycle life [10].

In this work, the performance of Ni–MH batteries assem-

bled by us is discussed. Non-stoichiometric MmNi3.03Si0.85-

Co0.60Mn0.31Al0.08 alloy with La/Ce ratio in Mm around 12 was

chosen as negative electrode material. This material was

identified as the best performing material from the studies on

the influence of La/Ce ratio in rare earth based AB5-type

hydrogen storage alloy used as negative electrodes in Ni–MH

batteries [11]. A comparative analysis of the performance

observed under different charging rates is presented. The

focus of the study is to understand the behavior of battery

voltage, charge time, amount of charge input, charge accep-

tance, and energy efficiency as a function of charging rate. The

discharge performance and associated phase transformation

during charging is discussed in the present communication.

2. Experimental

Non-stoichiometric lanthanum-rich AB5-type rare earth metal-

based hydride alloy powder (MmNi3.03Si0.85Co0.60Mn0.31Al0.08)

was used to prepare the negative electrode of the Ni–MH cell.

The La/Ce ratio in Mm was 11.65. The purity of the constituent

metals (La, Ce, Ni) was at least 99.9%. In order to ensure

homogeneity, ingots were turned over and melted twice. The

ingots were mechanically pulverized into fine powders of sieve

size less than 75 mm. The composition of the product was

determined by X-ray fluorescence spectroscopy (Horiba XRF

analyzer, model XGT-2700).

Test electrodes for galvanostatic charge/discharge experi-

ments were made from 8 g of the alloy and had a geometrical

area of 4.5 cm� 9.0 cm. Slurry of the alloy powder with 10%

conducting material (carbon powder) and 5% binder (poly-

tetrafluoroethylene) was prepared and subsequently applied

to both sides of a nickel foam substrate. It was compacted and

heat-treated at 408 K. The test cell consisted of a three-

electrode system in which the metal hydride alloy electrode

acted as the working electrode, a sintered Ni(OH)2 electrode (of

higher capacity than the working electrode) as the counter

electrode, and an Hg/HgO in 6 M KOH as the reference elec-

trode. Galvanostatic charge/discharge cycling was carried out

at a current density of 60 mA g�1 on a Bitrode LCN cycle life

tester. Charging was done for 7 h and discharging was done

until the potential of the alloy electrode reached �0.7 V with

respect to the reference electrode. All batteries were subjected

to the same test condition. The behavior of the cells is quite

consistent through the tests.

The cells were subjected to repetitive charge–discharge

cycles so that their performance under different charging

regimes could be studied. The temperature was kept at 27 �C

in the environmental chamber. Battery performance was

reproducible, thus 10 cycles were enough to represent the

battery behavior under each specific condition. After activa-

tion of the electrodes, the cells were undergone at various

charge/discharge rates i.e. C/5, C/3, 1C, 2C, 3C and 4C. The

synthesis of alloy and electrode preparation procedure is

explained elsewhere [12].

3. Results and discussion

The results of overcharging performed at different charging

rate (C/5, C/3, 1C, 2C, 3C and 4C) as a function of potential are

presented in Fig. 1. It can be seen that the potential profile

increases suddenly up to the charging level of 50 mAhg�1 and

thereafter exhibits a sloping region with increase in potential.

The sloping region comes to a halt at a particular charging

level (w240 mAhg�1) in the case of C/5 and C/3 charging rate

and after that, the charging process proceeds without increase

in potential. It indicates the evolution of hydrogen. For other

charging rates (1C, 2C, 3C and 4C), the charging potential

reaches to a peak then gradually decrease as the charging
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Fig. 1 – Overcharging behavior of

MmNi3.03Si0.85Co0.60Mn0.31Al0.08 alloy metal hydride

electrode.
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continues. This behavior indicates the hydrogen evolution

and heat generation during charging [8]. As a matter of fact, it

has been reported that charging even under mild conditions

such as 0.1C rate, the Ni–MH battery reveals a temperature

increase of more than 9 �C [1]. The battery temperature

increases obviously when charged at higher rates and over-

charge can result in an increasingly higher temperature rise

with steep temperature gradient [13].

Hydrogen absorption reaches a saturation value at the

peak potential. Any further charging leads to liberation of

hydrogen at the negative electrode. The liberated hydrogen

may take part in a recombination reaction with the oxygen

liberated at the positive electrode. Since the oxygen

recombinant reaction does not consume all the hydrogen

evolved at the negative electrode [14], charging the battery at

low rates might create adverse effects on battery life due to

the loss of hydrogen to the ambient environment and rapid

charging is beneficial. In addition, the rollover of the cell

voltage is typically observed in oxygen recombinant reaction.

The charging curves are indicative of phase changes

occurring during hydrogen absorption. The charge curve at C/

3 rate (Fig. 2) clearly depicts this transformation. The charging

curve could be divided into different regions and each region

represents the particular phase field. As illustrated by Naka-

mura et al. [15], the region AB in the charging profile corre-

sponds to a-phase wherein the hydrogen is dissolved in the

metal lattice. The region BC corresponds to aþ b-phase

wherein the a-phase and b-phase coexist. At the point B, the

saturation of a-phase takes place and at the point D, satura-

tion of b-phase takes place. The region CD corresponds to

b-phase solid solution. The region DE corresponds to bþ g-

phase. The region EF corresponds to g-phase hydride. These

phase transformations during electrochemical hydrogenation

are analogous to the gas phase hydrogenation obtained by

Nakamura et al. [15]. These phase transformation is also seen

at C/5 rate but limited up to DE region since the charging was

performed up to the point E. If the charging was performed

continuously the same pattern would have been obtained

indicating the different phase changes. However, these phase

differentiations do not exist for other charging rates as seen

from the charging profiles. These may be due to the rise in

temperature at higher charging current densities.

The specific discharge level of metal hydride electrode

after various rate of overcharge is represented in Fig. 3. The

galvanostatic discharge experiments were carried out at C/5

rate and the cutoff potential was �0.7 V with respect to Hg/

HgO reference electrode. The discharge level is 255, 250, 259,

254, 249 and 239 mAhg�1 at C/5, C/3, 1C, 2C, 3C and 4C,

respectively. The discharge level remains almost constant and

there is not much change once the electrode is overcharged.

From this observation, it can be concluded that the metal

hydride electrode is capable of accepting the overcharge.

However the energy spent for overcharge can be utilized for

heat generation and consequently for the hydrogen evolution

reaction which is detrimental to the performance of catalytic

activity during hydrogen absorption and desorption.

The potential profile of metal hydride electrode charged at

various rates i.e. C/5, C/3 1C, 2C, 3C and 4C as a function of the

electric charge level is shown in Fig. 4. During these charging

processes, the overall charge input given to the electrode is

3.36 Ah. The charging profiles indicate the sudden upward

increase in potential and a sloping region especially in 2C, 3C

and 4C charging and then the potential decreases. The

hydrogen absorption comes to a halt at the end of the sloping

region and thereafter hydrogen evolution takes place as

explained earlier. The increase in potential is seen as the

current density increases. The two reactions that occur at the

electrode during charging are charge transfer at the electrode–

electrolyte interface and hydrogen diffusion into the bulk. The

charge-transfer reaction at the interface is faster than the

hydrogen absorption. A higher charging current density leads

to a rapid increase in the hydrogen concentration at the alloy

particle surface. The accumulated hydrogen at the surface

does not diffuse quickly enough into the alloy causing an

increase in the equilibrium pressure and hence in the poten-

tial. Hydrogen evolution also takes place which is responsible
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Fig. 2 – Phase transformation of MmNi3.03Si0.85Co0.60Mn0.31-

Al0.08 alloy metal hydride electrode during charging

(C/3 charge).
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Fig. 3 – Discharge profiles of MmNi3.03Si0.85Co0.60Mn0.31Al0.08

alloy metal hydride electrode at C/5 rate after overcharge at

various rates.
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for the decrease in the voltage profile after reaching a satura-

tion of the hydrogen adsorption/absorption.

Fig. 5 shows the discharge level at C/5 rate after the elec-

trode is charged at various high rates. In the entire charging

rate the charge input provided is 3.36 Ah. The observed

discharge levels are 246, 250, 246, 243, 241 and 240 mAhg�1

after C/5, C/3, 1C, 2C, 3C and 4C rate, respectively. The loss of

discharge level for 4C rate with respect to the C/5 one is only

2.5%. This indicates that the metal hydride alloy has excellent

charge acceptance and the electrode could be charged at

higher rate. The rate dependent capacity measurements were

also carried out and the discharge profiles relative to the

various discharge current densities are depicted in Fig. 6.

The discharge level obtained is 250, 240, 205, 164, 118 and

58 mAg�1 at C/5, C/3, 1C, 2C, 3C and 4C, respectively. In 4C

rate, the cell delivers about 23% of the discharge level obtained

at C/5 rate.

The essential parameter of a battery for application with an

electric car is the high capacity i.e. the total amount of charge

which can be recovered during galvanostatic discharge. The

high-rate dischargeability (HRD) is defined as the ratio of

the discharge level, Qi at the cutoff potential of �0.7 V with

respect to the reference electrode at the discharge current

density, Id to the maximum discharge level, Qmax [16]

HRD ¼ Qi

Qmax
� 100% (1)

The high-rate dischargeability of the metal hydride electrode

is represented in Fig. 7 in relation to the discharge level

obtained at C/5 rate. The high-rate dischargeability is 96%,

82%, 66%, 47% and 23% at C/3, 1C, 2C, 3C and 4C, respectively.

It can be seen that the HRD of metal hydride electrode

decreases monotonously as the current density increases. It is

generally accepted that the HRD of a metal hydride electrode
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Fig. 4 – Charging profiles of MmNi3.03Si0.85Co0.60Mn0.31Al0.08

alloy metal hydride electrode at various current density.
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Fig. 5 – Discharge profiles of MmNi3.03Si0.85Co0.60Mn0.31Al0.08

alloy metal hydride electrode at C/5 rate after charging at

various rates (restricted to 3.36 Ah).
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Fig. 6 – Discharge curves of MmNi3.03Si0.85Co0.60Mn0.31Al0.08

alloy metal hydride electrode at various rates.
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Fig. 7 – High-rate dischargeability of

MmNi3.03Si0.85Co0.60Mn0.31Al0.08 alloy metal hydride

electrode.
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is mainly determined by the charge-transfer process occur-

ring at the electrode–electrolyte interface and the hydrogen

diffusion process in the bulk. During the discharge process,

hydrogen diffuses from the bulk to the surface of the alloy

powder. Hydrogen diffusion in the metal hydride electrode

dominates the high-rate discharge capability. At higher

discharge current densities a fast decrease in the hydrogen

concentration at the powder surface and the accumulated

OH� ions lead to the formation of a passivation layer [17]. This

passivation layer restricts the charge-transfer process and

hence leads to a decrease in the discharge level at the higher

discharge current density.

Apart from the kinetics of the process occurring at the

metal hydride electrode/electrolyte interface, the rate of

hydrogen diffusion within the bulk of the hydrogen absorbing

alloy is also the important factor that controls the perfor-

mance of the metal hydride electrode. An evaluation of the

hydrogen diffusion in a charge discharge reaction is influ-

enced both by micro- and macro-structure of the alloy. The

diffusion coefficient of atomic hydrogen in the solid phase has

been shown to depend on the strength of the metal–hydrogen

interaction and on the hydrogen concentration in the bulk.

However, the hydrogen diffusion coefficient (D) was calcu-

lated with a galvanostatic discharge technique proposed by

Zheng et al. [18]:

D ¼ idr2

15ðQ0 � sidÞ
(2)

where id¼Discharge current density (A/g), r is the average

radius of the alloy particle (cm), Q0 is the initial specific electric

charge (C/g�1), and s is transient time (s), i.e. the time required

for the surface concentration of hydrogen to become zero. The

calculated diffusion coefficient values at various current

densities are listed in Table 1. It can be seen from Table 1 that

the diffusion coefficient decreases as the current density

increases. The passivation layer formed at the higher current

densities on the surface of the alloy powder could prevent the

diffusion of hydrogen and hence led to the decrease in diffu-

sion coefficient at higher discharges current density.

4. Conclusions

The success of a battery for electric vehicles depends critically

on the high-rate charge/dischargeability characteristics apart

from other parameters. Galvanostatic charge–discharge

experiments were performed at various rates on the negative

electrode prepared from MmNi3.03Si0.85Co0.60Mn0.31Al0.08

metal hydride alloy. It was observed that the electrode has

excellent rapid charge acceptance. The charging curves

especially at C/3 rate are indicative of phase changes occur-

ring during hydrogen absorption. The high-rate discharge-

ability of metal hydride electrode decreases monotonously

with increase in current density. The diffusion coefficient of

hydrogen decreases with increase in discharge current

density.
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