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Abstract

By means of linear polarization, Tafel polarization and galvanostatic discharge methods, the kinetic properties of

MlNi4.3ÿXCoXAl0.7 (X=0.0, 0.3, 0.5, 0.7, 0.9, 1.1 and 1.3) hydride electrodes, including high rate dischargeability
HRD, exchange current density I0, limiting current density IL, the symmetry factor b, and the apparent di�usion
coe�cient of hydrogen in the a phase Da have been studied systematically. The results show that the HRD of the
electrode with high Co content is lower than that with low Co content. For the MlNi4.3ÿXCoXAl0.7 hydride

electrodes, with Co content increasing from 0.0 to 1.3, the values of I0, IL, b and Da decreased from 395 to 33 mA/
g, 2263 to 308 mA/g, 0.85 to 0.43, 1.42 � 10ÿ10 to 2.1 � 10ÿ11 cm2/s, respectively. In order to calculate the
electrochemical polarization Ze and concentration polarization Zc based on anodic polarization curve, the

experimental anodic polarization curve should be divided into three regions to discuss according to discharge
current density Id, namely, Id< IP, IP < Id < If , and Id>If . The calculation of Ze and Zc should use di�erent
formula in di�erent regions. When discharge current density Id is smaller than Ip, the traditional equation used to

calculate the electrochemical overpotential can not be used, when Ip is between Ip and If , both equations used to
calculate the electrochemical overpotential and concentration overpotential can be used, and when Id is larger than
If , because there exists absorption and adsorption of hydrogen, the traditional equation used to calculate
concentration overpotential can not be used in the system of hydride electrodes. # 1999 Elsevier Science Ltd. All

rights reserved.

1. Introduction

Metal hydrides have been used as negative electrodes

of nickel/metal hydride batteries because of their high

energy density, high charge and high dischargeability,

long charge±discharge cycle life and environmental

compatibility [1±6]. The performance of a hydride elec-

trode is determined by the thermodynamic properties,

such as plateau pressure Pplat, the hydrogen concen-

tration of a phase and b phase at interface between a
and b phase Cab, Cba at Peq and the kinetic properties,

i.e. exchange current density I0, di�usion coe�cient of

hydrogen in the a phase Da and the geometric par-

ameter r0.

The hydrogen desorption process during discharge is

composed of several partial steps in the alkaline sol-

ution [2,3]:

1. nucleation and growth of a phase from b phase.

2. di�usion of hydrogen from a phase through

the oxide ®lm to the near-surface region of the

particle.

3. transfer of the hydrogen from the absorbed site in
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the near surface to the adsorbed site on the elec-
trode surface.

MHabs,
k2

kÿ2
MHads: �1�

4. electrochemical oxidation of hydrogen, namely,
occurring electrochemical reaction at the electrode

surfaces.

MHads � OHÿ ,k3
kÿ3

M� H2O� e: �2�

Two classes of metal hydride alloys currently being

developed are AB5 type intermetallic compounds,
where A represents rare earth elements and B includes
any of late transition or p-shell elements [4±5] and

AB2 type Laves phases, where A and B denote early
transition elements [6]. Although the AB2 alloys are
reported to exhibit higher speci®c energy than the AB5

alloys, state-of-the-art commercial Ni±MH batteries
predominately use AB5 alloys because of their better
overall electrochemical properties.

LaNi5 alloy activates rather easily and absorbs and
desorbs a large amount of hydrogen with good charge

and discharge kinetics as discovered by Van Vucht et
al. [7] in the late 1960s. However, the storage capacity
of this alloy declined rapidly during charge and dis-
charge cycles as the alloy decrepitates and transforms

to La(OH)3 and nickel. A breakthrough was made by
Willems and Buschow [4], who discovered that partial
substitution of Ni by Co was very e�ective to enhance

the cycle life of LaNi5 alloy. Since then, many works
have been done in investigating the in¯uence of Co on
the cycle life of LaNi5 based alloys [8±17]. Up to now,

cobalt has been thought to be indispensable for stable
AB5 type battery electrodes. In this paper, the e�ect of
Co on the electrochemical kinetics properties of

MlNi4.3ÿXCoXAl0.7 (X=0.0, 0.3, 0.5, 0.7, 0.9, 1.1 and
1.3) hydride electrodes, including high-rate discharge-
ability HRD, exchange current density I0, limiting cur-
rent density IL, the symmetry factor b and the

apparent di�usion coe�cient of hydrogen in the a
phase Da have been investigated systematically.

2. Experimental

Hydrogen storage alloys of nominal composition

Nomenclature

CS the hydrogen concentration of a phase on the near surface of a particle (mol/cm3)
Cab,Cba the hydrogen concentration of the a or b phase equilibrating with Peq at the interface between a and

b phase (mol/cm3)

Ca real hydrogen of the a phase at the interface between the a and b phase (mol/cm3)
Da apparent di�usion coe�cient of hydrogen in the a phase including hydrogen di�usion through the

oxide ®lm on the surface and transfer from absorbed sites to adsorbed sites

F Faraday constant, 96547 (J/V mol)
Id discharge current density (mA/g)
I0 exchange current density (mA/g)

IL limiting current density (mA/g)
IP peak discharge current (mA/g)
If critical point current (mA/g)
k rate constant (mol/g s)

K equilibrium constant (-)
Nm the total number of interstitial sites available for hydrogen per unit volume of the host metal
Qi discharge capacity at discharge current density Id with cuto� voltage 0.6 V (mA h/g)

Qd discharge capacity (mA h/g)
Qmax maximum discharge capacity (mA h/g)
r0 average radius of the particle (cm)

ra radius of unreacted b phase in discharge process (cm)
R gas constant, 8.31 (J/mol K)
b symmetry factor (-)

r density (g/cm3)
Z overall overpotential (V)
Ze electrochemical overpotential (V)
Zc concentration overpotential (V)
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MlNi4.3ÿXCoXAl0.7 (X=0.0, 0.3, 0.5. 0.7, 0.9, 1.1, 1.3),
were prepared by arc melting under an argon atmos-

phere. The Ml denoted as lanthanum-rich misch metal,
which composed of 64.6 w/o La, 5.89 w/o Ce, 26 w/o

Pr and 2.24 w/o Nd. The purity of the other metals is

at least 99.9 wt%. The ingots were turned over and
remelted ®ve times for homogenization, and then the

ingots after melting were mechanically pulverized and
ground into ®ne powders with an average size of 40

mm for use as electrode materials.

The metal hydride electrode was made by ®rst mix-
ing 0.5 g of alloy powder with 0.2 g of carbonyl nickel

powder. Three percent PVA solution was added to the
mixture as binder. The mixture was cold pressed onto

a Ni mesh under pressure of 20 MPa. The e�ective
surface area of the electrode was 1.5� 1.5 cm2 and the

thickness of the electrode was about 1.5 mm.

The electrochemical cell for electrochemical measure-
ment consisted of the working electrode (metal hydride

electrode), the counterelectrode (NiOOH/Ni(OH)2 elec-
trode), and the reference electrode (Hg/HgO electrode).

The Hg/HgO electrode was equipped with Luggin tube

to reduce the IR drop during the polarization and elec-
trochemical impedance spectroscopy measurements.

The electrolyte was a 6 M KOH solution and the tem-
perature was controlled at 25218C. The discharge ca-

pacity of the electrode was determined by the
galvanostatic method. The cuto� voltage for dischar-

ging was ®xed at ÿ600 mV with respect to the Hg/
HgO electrode. Before polarization and electrochemical

impedance spectroscopy measurements, the hydrogen

storage hydride electrode was activated completely (20
cycles). The average particle size of hydride electrode

after activation was determined by scanning electron
microscopy (SEM). In order to investigate high rate

dischargeability, the discharge capacity at di�erent dis-
charge current densities was measured.

3. Results and discussion

3.1. E�ect of Co content on the high rate

dischargeability

One main parameter characterizing the practical ap-
plication of hydride electrodes is the high rate dischar-

geability (HRD). The HRD can be de®ned as the ratio
of the discharge capacity Qi with cuto� voltage 0.6 V
at the discharge current density Id to the maximum

discharge capacity Qmax.

HRD � �Qi=Qmax� � 100%: �3�
Fig. 1 shows the high rate dischargeability HRD

dependence of Co content in the MlNi4.3ÿXCoXAl0.7
hydride electrodes. The HRD decreases rapidly with

the increase in the Co content. For example, the HRD
of MlNi4.3Al0.7 hydride electrode is three times higher
than that of MlNi3.0Co1.3Al0.7 hydride electrode at the
discharge current density of 900 mA/g.

After activation, the high rate dischargeability HRD
can be expressed as [2]:

HRD � 1ÿ
0@1= 3FDaCab

Idrr20

!

�
"
1ÿ Id

I0
exp

�
ÿ bF

RT
Z

�
� 1

#1A3

:

�4�

Fig. 1. High rate dischargeability HRD of MlNi4.3ÿXCoXAl0.7 hydride electrodes.
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It is obvious that the HRD is mainly determined by
kinetic properties, such as exchange current density I0,

the apparent di�usion coe�cient of hydrogen in a
phase (including hydrogen di�usion through the oxi-
dation ®lm on the surface of particles) Da, and ther-

modynamic properties, such as Cba and Cab. If only
kinetic parameters are considered, the HRD is mainly
determined by the polarization controlling step. The

e�ect of Co on the I0, IL in MlNi4.3Al0.7 hydride elec-
trodes are discussed in following sections.

3.2. E�ect of Co content on the exchange current
density I0

In order to determine the exchange current density
I0 and the polarization resistance, the linear polariz-
ation experiment was conducted at 50% state of dis-

charge (SOD) and scanning rate 5 mV/s. The results

are presented in Fig. 2. It revealed that the polariz-
ation increased with the increase in Co content in the

MlNi4.3ÿXCoXAl0.7 hydride electrodes. The exchange
current density I0 can be calculated according to the
following formula [18]:

I0 � IdRT

FZ
: �5�

The exchange current densities I0 calculated by Eq.

(5) are listed in Table 1. The exchange current density
I0 decreases from 395 mA/g for X=0.0 to 33 mA/g for
X=1.3, respectively. This means that, with the increase
in Co content X, the I0 decreases seriously. This result

is similar to that by Iwakura et al. [17].

3.3. E�ect of Co content on the di�usion coe�cient of

hydrogen

During galvanostatic discharge, the apparent di�u-

sion coe�cient of hydrogen in a phase (including
hydrogen di�usion through the oxidation ®lm on the
surface of particles) can be calculated by the following
equation [19]:

Da � r20Id

15�Q0 ÿ t Id � , �6�

where Q0, Id, t, and r0 is the initial speci®c capacity,

the discharge current density, transition time, i.e. the
time when the hydrogen surface concentration is zero,
and the average particle radius, respectively.

The calculated Da according to Eq. (6) (the r0 deter-
mined by SEM) are also presented in Table 1. It is
obvious that the apparent di�usion coe�cient of

Fig. 2. Linear polarization curves of MlNi4.3ÿXCoXAl0.7 hydride electrodes.

Table 1

The exchange current density I0, limiting current density IL,

symmetry b, and the apparent di�usion coe�cient of hydro-

gen Da in the a phase in MlNi4.3ÿXCoXAl0.7 hydride electro-

des

X in MlNi4.3ÿXCoXAl0.7 I0 (mA/g) IL (mA/g) b Da (cm2/s)

0.0 395 2263 0.85 1.4� 10ÿ10

0.3 233 1295 0.74 9.8� 10ÿ11

0.5 147 1053 0.67 8.1� 10ÿ11

0.7 91 805 0.64 5.4� 10ÿ11

0.9 75 477 0.61 4.1� 10ÿ11

1.1 45 390 0.57 3.2� 10ÿ11

1.3 33 308 0.43 2.1� 10ÿ11
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hydrogen in a phase Da decreases with the increase in

Co content in the MlNi4.3ÿXCoXAl0.7 hydride electro-
des. For example, the Da at X=0.0 is nine times higher
compared with that at X=1.3. This result also can be

con®rmed by the results of electrochemical impedance
spectra. Fig. 3 shows the electrochemical impedance
spectra of in the MlNi4.3ÿXCoXAl0.7 hydride electrodes

at X=0.3, 0.7, 0.9, 1.1 and 1.3. According to Wang's
mathematical model [20], the low frequency semicircle
in the electrochemical impedance spectra is attributed

to the hydrogen di�usion in the a phase. The radius of
this semicircle increases with increasing Co content

meaning that the apparent di�usion coe�cient of
hydrogen in a phase Da decreases with an increase of

Co content X in MlNi4.3ÿXCoXAl0.7 hydride electrodes.

3.4. E�ect of Co content on the anodic polarization

3.4.1. Limiting current density IL
Fig. 4 shows that the anodic current in response to

the overpotential of the MlNi4.3ÿXCoXAl0.7 hydride
electrodes at 50% SOD. The overall overpotential at
same discharge current density increases with increas-

ing Co content X. The corresponding limiting current
density IL at di�erent X is listed in Table 1. The limit-
ing current density IL decreases dramatically with the
increase in X, i.e. the limiting current density IL at

X=0.0 is about eight times higher compared with that
at X=1.3 in the MlNi4.3ÿXCoXAl0.7 hydride electrodes.

3.4.2. Calculation of the Ze, Zc and Ze/Zc
It is well known that the overall overpotential Z can

be expressed as

Z � Ze � Zc: �7�
The Ze is the electrochemical polarization and Zc is

the concentration (di�usion) polarization.
The Ze and Zc can be calculated by

Ze �
RT

bF
ln
Id

I0
�8�

Zc �
RT

bF
ln

IL

IL ÿ Id

: �9�

Substituting Eqs. (8) and (9) into Eq. (7), the overall

Fig. 4. Anodic polarization of MlNi4.3ÿXCoXAl0.7 hydride electrodes.

Fig. 3. Electrochemical impedance spectra of the

MlNi4.3ÿXCoXAl0.7 electrodes at X=0.3, 0.7, 0.9, 1.1 and 1.3.
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overpotential Z can be expressed by

Z � RT

bF
ln

�
Id

I0

�
� RT

bF
ln

�
IL

IL ÿ Id

�
: �10�

If the Z, IL and b are known, the Ze also can be cal-
culated by

Ze � Zÿ RT

bF
ln

�
IL

IL ÿ Id

�
: �11�

And if the Z, I0 and b are available, the Zc also can
be calculated by

Zc � Zÿ RT

bF
ln

�
Id

I0

�
: �12�

Rewriting Eq. (10), the following expression can be
obtained:

Z � RT

bF
ln

�
IL

I0

�
� RT

bF
ln

�
Id

IL ÿ Id

�
: �13�

According to Eq. (13), a plot of Z vs. ln(Id/ILÿId)
should produce a straight line with its slope being RT/

bF. Therefore, symmetry factor in the oxidation direc-
tion can be calculated from data of IL and T. The cal-
culated b is also listed in Table 1. It can be seen that
the symmetry factor in the oxidation direction b
decreases with increasing Co content X.
In order to discuss polarization controlling steps at

di�erent discharge current densities Id, the ratio of the

electrochemical polarization Ze to the concentration
(di�usion) polarization Zc, Ze/Zc should be calculated
[2]. According to Eq. (7±9) the Ze/Zc can be obtained:

Ze

Zc

� �RT=bF �ln�Id=I0�
�RT=bF �ln�IL=�IL ÿ Id�� �14�

or

Ze

Zc

� Zÿ �RT=bF �ln�IL=�IL ÿ Id��
�RT=bF �ln�IL=�IL ÿ Id�� �15�

or

Ze

Zc

� �RT=bF �ln�Id=I0�
Zÿ �RT=bF �ln�Id=I0� : �16�

Yang et al. [21] used Eq. (8) and (9)to calculate the
Ze and Zc in the whole anodic polarization process.

Like Yang et al. the electrochemical overpotential Ze
calculated by Eq. (8) and concentration overpotential
Zc calculated by Eq. (9) are shown in Fig. 5, Figs. 6
and Fig. 7 (up triangle for Ze and rhomb for Zc) at

X=0.0, 0.5, 1.3 in MlNi4.3ÿXCoXAl0.7 hydride elec-
trodes, respectively. The corresponding ratio of Ze/Zc
dependence of discharge current density Id at X=0.0,

Fig. 6. Electrochemical overpotential Ze and concentration

overpotential Zc in MlNi3.8Co0.5Al0.7 hydride electrodes calcu-

lated by di�erent expressions.

Fig. 5. Electrochemical overpotential Ze and concentration

overpotential Zc in MlNi4.3Al0.7 hydride electrodes calculated

by di�erent expressions.

Fig. 7. Electrochemical overpotential Ze and concentration

overpotential Zc in MlNi3.0Co1.3Al0.7 hydride electrodes calcu-

lated by di�erent expressions.
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0.5, 1.3 are presented in Figs. 8±10 (indicated by cir-
cle). The ratio of Ze/Zc increases with an increasing dis-

charge current density initially, passes through a
maximum (Ze/Zc)max at a certain discharge current den-
sity Ip and then decreases with increasing discharge
current density.

Di�erentiating Eq. (14) with respect to discharge
current density Id and letting d(Ze/Zc)/dId=0, the (Ze/
Zc)max and the approximate peak current density of Id
corresponding to (Ze/Zc)max can be obtained:�Ze

Zc

�
max

� IL

IP

ÿ 1 �17�

IP1
ÿ2I2L ÿ ILI0 �

������������������������������������������
4I4L � 4I3LI0 � 17I2LI

2
0

q
2I0

: �18�

Di�erentiating the IP with respect to IL and I0, re-
spectively, the following results can be obtained:

@IP

@I0
> 0 �19�

@IP
@ IL

> 0 �20�

@IP

@I0
ÿ @ IP

@ IL

> 0: �21�

It can be seen that, from Eqs. (18)±(21), the peak

current density Ip is a function of exchange current
density I0 and limiting current density IL, and the IP
increases with the increase in the IL and I0, but the

e�ect of I0 is larger than IL. Fig. 11 presents the peak
current density at di�erent Co content in
MlNi4.3ÿXCoXAl0.7 hydride electrodes.

Fig. 8. The ratio of electrochemical overpotential Ze to con-

centration overpotential Zc in MlNi4.3Al0.7 hydride electrodes

calculated by di�erent expressions.

Fig. 9. The ratio of electrochemical overpotential Ze to con-

centration overpotential Zc in MlNi3.8Co0.5Al0.7 hydride elec-

trodes calculated by di�erent expressions.

Fig. 10. The ratio of electrochemical overpotential Ze to con-

centration overpotential Zc in MlNi3.0Co1.3Al0.7 hydride elec-

trodes calculated by di�erent expressions.

Fig. 11. Peak current density IP dependence of Co content in

MlNi4.3ÿXCoXAl0.7 hydride electrodes.
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Generally speaking, Eqs. (9) and (11) can also be
used to calculate the Zc and Ze, where the overall over-

potential Z used to calculate the Ze is an experimental
value during anodic polarization. The Ze and Zc vs. Id
calculated by this means at X=0.0, 0.5, 1.3 in the

MlNi4.3ÿXCoXAl0.7 hydride electrodes are also shown
in Figs. 5±7 (circle for Ze and rhomb for Zc) respect-
ively, and the corresponding Ze/Zc (calculated by Eq.

(15)) at X=0.0, 0.5, 1.3 are shown in Fig. 8, Fig. 9
and Fig. 10 (indicated by square). It can be seen that,
when Id is larger than IP, but smaller than If (see next

paragraph), Ze, Zc, and Ze/Zc calculated by Eqs. (9),
(11) and (15) are similar to those calculated by Eqs.
(8), (9) and (14), and when Id is smaller than IP, Ze,, Zc
and Ze/Zc calculated by Eqs. (8), (9) and (14) are smal-

ler than those calculated by Eqs. (9), (11) and (15).
Furthermore, this di�erence becomes much larger with
the decreasing discharge current density. Theoretically

speaking, Eqs. (9), (11) and (15) can be used to calcu-
late the Ze, Zc and Ze/Zc in any condition as long as the
SOD is constant, but when Eqs. (8), (9) and (14) are

used, the condition ZwRT/bF should be met.
Therefore, Eqs. (8), (9) and (14) cannot be used to cal-
culate the Ze and Zc when Id< IP. The peak current or

critical point current Ip can be used to determine
which formula should be used to calculate the Ze, Zc
and Ze/Zc. This conclusion also can be con®rmed by
Fig. 12. The overall overpotential calculated by Eqs.

(8), (9) and (14) is smaller than the experimental value
when Id < IP, i.e. Id < 873 mA/g at X=0.0 in
MlNi4.3ÿXCoXAl0.7 hydride electrodes. So Yang et al.

[21] use Eqs. (8) and (9) to calculate the electrochemi-
cal overpotential Ze and concentration overpotential Zc
is incorrect when Id is not large enough. Critical point

current IP calculated by Eq. (18) is about 120, 185 and
231 mA/g for alloy B, C and D, respectively, in Yang's
paper.

When the discharge current density is close to the
limiting current density IL, it can be seen from Figs. 5±

7 (circle) that the Ze calculated by Eq. (11) increases
with the increase in the discharge current density,
passes through a maximum Zemax, and then decreases.

This result is unreasonable because the larger the Id,
the higher the Ze. Therefore, Eq. (9) cannot be used to
calculate the concentration overpotential Zc. When the

discharge current density Id is very large, i.e. Id 4 IL,
the exchange current density I0 is constant during the
anodic polarization, so the Ze can be calculated by Eq.

(8) and Zc can be obtained by experimental value of Z
minus that of Ze calculated by Eq. (8). The calculated
Ze and Zc by these means are also shown in Fig. 5±7
(up triangle for Ze and down triangle for Zc) and the

Ze/Zc in Figs. 8±10 (indicated by rhomb). It can be
seen that, from Fig. 8±10, when Ze < Zemax, the Ze cal-
culated by Eq. 11 is equal to that calculated by Eq. 8.

Therefore, a critical point If (the discharge current
density If corresponding to Ze=Zemax) also exists.
When IP < Id < If , Eq. (9), (11) and (15) can be used

to calculate the Ze, Zc and Ze/Zc, but when Id>If , Eq.
(8), (12) and (16) should be used. Fig. 13 shows the
value of If at X=0.0, 0.3, 0.5, 0.7, 0.9, 1.1 and 1.3 in

MlNi4.3ÿXCoXAl0.7 hydride electrodes. It reveals that
the If decreases with the increase in Co content.
Eq. (9) just can be used to calculate the concen-

tration overpotential Zc, in which there exists no

absorption and adsorption of hydrogen. When the
absorption and adsorption process exists, and ZwRT/
bF, the overall overpotential can be expressed as [22]:

Z � RT

bF
ln
Id

I0
� RT

bF
ln
W0
W
, �22�

where

Fig. 12. Comparison of the experimental Z (circle) with that

calculated by Eq. 15 (rhomb) in MlNi4.3Al0.7 hydride electro-

des.

Fig. 13. Critical point current density If dependence of Co

content in MlNi4.3ÿXCoXAl0.7 hydride electrodes.
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y0 � k2Ca

�k2 ÿ kÿ2�Ca � kÿ2Nm

�23�

y � k2CS ÿ �Id=F �Nm

�k2 ÿ kÿ2�CS � kÿ2Nm

: �24�

The near surface concentration of hydrogen in the a
phase CS can be expressed as [2]:

CS � Ca ÿ Idr
2
0r

3DaF

�
r0
ra
ÿ 1

�
: �25�

Letting CS=0 in Eq. (25), the di�usion limiting cur-
rent density ILD can be obtained:

ILD � 3DaFCa

rr20��r0=ra� ÿ 1� : �26�

Substituting Eq. (26) into Eq. (25), the CS can be
rewritten as:

CS � Ca

�
1ÿ Id

ILD

�
: �27�

The limiting current density can be written as

IL � Fk2CS

Nm

: �28�

Substituting Eq. (27) into Eq. (28), the following re-

lationship can be rewritten as:

1

IL

� 1

ILD

ÿ Nm

Fk2Ca
: �29�

Substituting Eq. (29) into Eq. (27), the relationship
between CS and IL can be rewritten as

CS � Ca

�
1ÿ

�
1

IL

� Nm

Fk2Ca

�
Id

�
: �30�

Combining Eqs (22)±(24), and Eq. (30), the overall
overpotential can be expressed as

Z � RT

bF
ln
Id

I0
� RT

bF
ln

IL

IL ÿ Id

ÿ RT

bF
ln

0B@ 1

1ÿ �k2 ÿ kÿ2�Ca
���k2 ÿ kÿ2�Ca � kÿ2Nm�

�
Id

IL

� ILNm

Fk2Ca

�1CA: �31�

When IdWIL, the absorption and adsorption of
hydrogen (the third term on the right side in Eq. (31))
can be neglected, then Eq. (31) can be simpli®ed as
Eq. (10), but, with the increase in Id, the concentration

overpotential Zc calculated by Eq. (10) will deviate
from the real value and the Eq. (31) or Eq. (8) and Eq.
(12) should be used.

When the discharge current density is middle (Ip <

Id< If ), it can be seen that, from Figs. 5±10, all three
means mentioned above can be used to calculate the
Ze, Zc and Ze/Zc. The calculated Ze, Zc, and Ze/Zc ®t very
well.

3.4.3. E�ect of Co content on the Ze, Zc and Ze/Zc
It can be seen that, from Fig. 5±7, the Ze and Zc

increase dramatically with increasing Co content in
MlNi4.3ÿXCoXAl0.7 hydride electrodes at same dis-
charge current density. This result can be attributed to

the decreases of exchange current density I0 and limit-
ing current density IL with increasing Co content.
The ratio of Ze/Zc can be used as criterium to deter-

mine the rate-controlling step. The electrochemical
reaction is the rate-controlling step when Ze/Zc is higher
than 1.5, the hydrogen di�usion is the rate-controlling

step when Ze/Zc is smaller than 0.5, and it is a mixed
controlling process when Ze/Zc is between 0.5 and 1.5
[2].
Fig. 14 shows the electrochemical controlling zone

and mixed controlling zone dependence of Co content.

Fig. 14. The electrochemical controlling zone and mixed con-

trolling zone dependence of Co content in MlNi4.3ÿXCoXAl0.7
hydride electrodes.

It can be seen that the rate-controlling step gradually

changes from an electrochemical controlling step to a
mixed controlling step with the increase in discharge
current density in MlNi4.3ÿXCoXAl0.7 hydride electro-

des, and more than half of the total polarization pro-
cess (electrochemical controlling step+mixed
controlling step+hydrogen di�usion step) is occupied
by electrochemical reaction. Furthermore, the ratio of
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electrochemical controlling step to total polarization
process becomes larger with the increase in Co con-

tent.
Necessarily, Ni was partially substituted by Co in

the alloys to enhance the cycle life of LaNi5-based

alloy electrodes, but the Co substitution degrades the
kinetic properties. According to our results mentioned
above, when discharge current is small, the rate-con-

trolling step is an electrochemical reaction, so some
methods to enhance the exchange current I0 should be
introduced, i.e. introducing nonstoichiometry [18] or

adding the materials possessing high catalytic activity
such as Co±Mo alloy [23]. When discharge current is
large enough, the rate is controlled by electrochemical
reaction and di�usion of hydrogen. Some methods

should be introduced to improve the exchange current
density I0 and di�usion coe�cient of hydrogen Da in
the a phase, for example, introducing pretreatment by

alkaline solution or alkaline solution containing boro-
hydride [24,25].

4. Conclusions

In this paper, the kinetic properties of

MlNi4.3ÿXCoXAl0.7 hydride electrodes have been inves-
tigated in great detail. The results show that the
exchange current density I0 and limiting current den-

sity IL decrease from 395 mA/g (X=0) to 35 mA/g
(X=1.3) and from 2263 mA/g (X=0) to 308 mA/g in
the MmNi4.3ÿXCoXAl0.7 hydride electrode, respectively,
and the di�usion coe�cient of hydrogen at X=0.0 is

much lower than that at X=0 in the hydride electro-
des. The high rate dischargeability decreases linearly
with the increase in Co content. In order to calculate

the electrochemical polarization Ze and concentration
polarization Zc based on anodic polarization curve, the
experimental anodic polarization curve should be

divided into three regions to discuss according to dis-
charge current density Id, namely, Id< Ip, Ip< Id< If
and Id>If . The calculation of Ze and Zc should use
di�erent formula in di�erent regions. When discharge

current density Id is smaller than Ip, the traditional
equation used to calculate the electrochemical overpo-
tential cannot be used, and when Ip is between Ip and

If , both equations used to calculate the electrochemical
overpotential and concentration overpotential can be
used, and when Id is larger than If , because there exists

absorption and adsorption of hydrogen, the traditional
equation used to calculate concentration overpotential
cannot be used in the system of hydride electrodes.
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