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Abstract

This paper describes the effects of treating the alloy powder of an electrode with 6 M KOH solution containing y
M KBHy4 (y = 0.0, 0.005, 0.01, 0.02 and 0.03) on the kinetic properties of the electrode, including high rate
dischargeablilty HRD, exchange current density J,, symmetry factor f, limiting current density I, diffusion
coefficient of hydrogen in the a-phase D,, and electrochemical polarization 5. and concentration polarization ..
The results show that the kinetic parameters HRD, I,, I} and D, increase markedly with the increase in the
concentration of KBH,, the 1. and . decrease rapidly with increasing concentration of KBH,, but the symmetry

factor f§ does not change. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

In recent years, nickel-metalhydride (Ni-MH) bat-
teries, where metal hydrides were used as negative elec-
trodes, have been extensively produced because of
their high energy density, high charge and high dis-
chargeability, long charge—discharge cycle life and en-
vironmental compatibility [1].

LaNis alloys combined high absorption and de-
sorption of a large amount of hydrogen with fast elec-
trochemical activation and good charge and discharge
kinetics, but the storage capacity of this alloy declined
rapidly during charge and discharge cycles, because the
alloy decomposed to La(OH); and nickel and too high
pressure plateau [2]. In order to improve the cycle life
of LaNis alloys and/or lower the pressure plateau, var-
ious substitutions in LaNis alloys, (of Co, Mn, Al, Si,
Cu, Sn, Fe or Cr [2-9] for Ni, and of Ti, Zr, Nd, Pr or
Ce [1,10-13] for La), were introduced. The benefit of
substitution was accompanied by an undesirable
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decrease in hydrogen absorption and adsorption ca-
pacity, long activation and slow kinetics of hydrogen
absorption and desorption [7]. Therefore, in order to
improve these electrochemical properties, various sur-
face modifications were introduced. Suda et al. [14,15]
treated the hydrogen storage alloys with aqueous fluor-
ide solutions or alkaline solutions containing hydra-
zine. Ogawa et al. [16] reported treating the alloys with
a hot and concentrated alkaline solution. Kuriyama et
al. [17] reported modification of the electrodes by an
alkaline solution containing Co(OH), and Iwakura et
al. [18,19] reported the electrodes modification by an
alkaline solution containing hypophosphite or potass-
ium borohydride. Surface modification by an alkaline
solution containing potassium borohydride is a very
effective method, but research [18, 19] was focused on
the effect of treatment on the activation and discharge
capacity of hydride electrodes. The present paper
describes a systematic investigation of the effects of
modifying the alloys by an alkaline solution containing
potassium borohydride on the kinetic properties of
MINi; ;CogMng 4Aly; hydride electrodes, including
high rate dischargeability HRD, exchange current den-
sity Iy, limiting current density I;, the symmetry factor
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p and the apparent diffusion coefficient of hydrogen
D, in the a-phase.

2. Experimental

The ingots of hydrogen storage alloy with the com-
position MINi3 ;Cog¢Mng4Aly3 were prepared by in-
duction melting in an argon atmosphere. The MI is
denoted as lanthanum-rich misch metal, which is com-
posed of 64.6 wt% La, 5.89 wt% Ce, 26 wt% Pr and
2.24 wt% Nd. The purity of the other metals is at least
99.9 wt%. Upon melting, the ingots were mechanically
ground into fine powder with an average particle
radius of 20 um.

The alloy powder was pretreated with 6 M KOH
solution containing y M KBH4 (y = 0.0, 0.005, 0.01,
0.02 and 0.03). The ratio of alloy (g) to the solution
(cm?) is 1:5. The treatment temperature was 80°C and
the time 5 h. After treatment, the alloy powder were
rinsed with distilled water and then dried in a vacuum.

The metal hydride electrode was made by mixing 0.1
g of alloy powder with 0.2 g of copper powder and
then the mixture was cold pressed to a pellet with a di-
ameter of 10 mm under a pressure of 20 MPa.

The cell for electrochemical measurement consisted
of the working electrode (metal hydride electrode), the
counter-electrode (NiOOH/Ni(OH),) and the reference
electrode (Hg/HgO electrode). The Hg/HgO electrode
was equipped with a Luggin tube in order to reduce
the IR drop during polarization and electrochemical
impedance spectroscopy measurements. The electrolyte
was a 6 M KOH solution and the temperature was
controlled at 25 + 1°C. The discharge capacity of the
electrode was determined by the galvanostatic method.
The cut-off voltage for discharge was fixed at —600
mV with respect to the Hg/HgO electrode. Before
polarization and electrochemical impedance spec-
troscopy measurements, the hydrogen storage alloy
electrode was activated completely (10 cycles). In order
to investigate high rate dischargeability HRD and to
calculate the apparent diffusion coefficient D, of
hydrogen in the a-phase, the discharge capacity at
different discharge current densities was measured and
the average particle size of the alloys of the hydride
electrode was determined by scanning electron mi-
croscopy (SEM) after activation.

3. Results and discussion
The hydrogen desorption process during discharge is

composed of several partial steps in the alkaline
solution [20, 21].

1. Nucleation and growth of a-phase from B-phase.

2. Diffusion of hydrogen from o-phase through the
oxide film to the near-surface region of the particle.

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

MHaps &> MHgs. (1)

4. Electrochemical oxidation of hydrogen, namely, the
charge transfer reaction at the electrode surfaces.

MH,gs + OH™ 4> M+ H,0 +e. )

Therefore, after activation, the kinetic properties of
hydride electrodes were determined by the exchange
current density /o, diffusion coefficient of hydrogen in
the a-phase D, and the geometric parameter .

3.1. Effect of surface modification on the high rate
dischargeability

One of the key parameters characterizing the practi-
cal application of hydride electrodes is the rate ca-
pacity or high rate dischargeability (HRD) which can
be defined as the ratio of the discharge capacity Q; at
cutoff voltage —0.6 V at the discharge current density
I, to the maximum discharge capacity Qmax-

HRD = (Qi/Qmax) x 100%. 3)

Fig. 1 shows the high rate dischargeability HRD
dependence of concentration of KBHy. It can be seen
that the higher the concentration of the potassium bor-
ohydride, the better the HRD. Taking the discharge
current density 7;=1500 mA/g as example, the HRD
of untreated electrode is 8.6%, after treated with the 6
M KOH solution (y = 0.0), the HRD is 20.3%, after
treated with the 6 M KOH + 0.005 M KBH4 solution,
the HRD is 34%, which is 4 times compared to that of
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Fig. 1. Effect of the alloy powder treated with the 6 M
KOH + y M KBHy (y = 0.0, 0.005, 0.01, 0.02 and 0.03) sol-
ution on the high rate dischargeability HRD of
MINi; ;Cog ¢Mng 4Alj 3 hydride electrode.
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Fig. 2. Effect of the alloy powder treated with the 6 M
KOH + y M KBH, (y = 0.0, 0.005, 0.01, 0.02 and 0.03) sol-
ution on the linear polarization of MINi; ;Cog¢Mng 4Alj 3
hydride electrode.

untreated powder and after treated with the
KOH + 0.03 M KBH; solution, the HRD is 65%,
which is 7.5 times higher compared to that of
untreated powder.

After activation, the high rate dischargeability HRD
can be expressed as [20]

FD I
HRD =1 — (137“?[*[1 -=
]dpl”o ]0
0.3328F 3
XCX]C)(—T>:| +1> (4)

where F is Faraday constant, D, is the apparent diffu-
sion coeflicient of hydrogen in a-phase including
hydrogen diffusion through the oxide film on surface
and transfer from the absorbed sites to adsorbed sites,
C,p is the hydrogen concentration of the o-phase at
interface between a- and B-phase, Iy is the discharge
current density, I, is the exchange current density, r, is
the average radius of the particle, f is the symmetry
factor and p is the density.

It is obvious that, supposing the treatment do not
affect the thermodynamic properties of powder such as
C,p, the HRD is mainly determined by kinetic proper-

Table 1

ties, such as exchange current density /,, the apparent
diffusion coefficient of hydrogen in the a-phase (includ-
ing hydrogen diffusion through the oxidation film on
the surface of particles) D, or the limiting current den-
sity I;. The effect of treatment on the 7y, D, and the I}
are discussed in the following sections.

3.2. Effect of treatment on the exchange current density
Iy

Fig. 2 shows the linear polarization of the alloys
treated at different conditions when SOD is 50% and
scanning rate is 10 mV/s. It is obvious that the reac-
tion resistance decrease with the increase of the con-
centration of KBH,. The exchange current density I,

can be calculated according to  following
expression [22]:
I4RT
Ih==% 5)
n

where R is the gas constant, 7 the temperature and 7
the total overpotential.

The exchange current densities [y, calculated by
Eq. (5) are listed in Table 1. The exchange current den-
sity Iy increases from 50.0 mA/g for untreated powder
to 142.1 mA/g for y = 0.03, respectively. The I, at
y = 0.03 is almost three times compared with the
untreated powder. It also can be found that, the
exchange current density 7, of the powder treated with
KBH, is much larger than that treated with the pure
alkaline solution (y = 0.0), for example, the 7, is 75.8
mA/g for powder treated with the pure alkaline sol-
ution, but after treated with 0.005 M KBH,, the I,
increases up to 106.1 mA/g, which is 40% greater than
that of treated with the pure alkaline solution (6 M
KOH).

3.3. Effect of treatment on the diffusion coefficient of
hydrogen D,

During galvanostatic discharge, the apparent diffu-
sion coefficient of hydrogen in o-phase (including

Effect of the alloy powder treated with the 6 M KOH + y M KBH, (y = 0.0, 0.005, 0.01, 0.02
and 0.03) solution on the exchange current density Iy, limiting current density Iy, symmetry f§
and the apparent diffusion coefficient of hydrogen D, of the powder

y I (mAg™") I (mAg™") B D, (em® ™)
Untreated 50.0 1034.0 0.34 3.7 x 10710
0.0 75.8 1125.3 0.34 42 x 10710
0.005 104.1 1309.7 0.35 4.8 x 10710
0.01 118.3 1440.3 0.34 54 %1071
0.02 130.6 1595.5 0.35 5.8 x 10710
0.03 142.1 1805.1 0.36 6.7 x 1071°
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hydrogen diffusion through the oxide film on the sur-
face of particles) can be calculated [23]

_ l‘(z)ld
15(Q0 — tly)

where Qy, Iy, T and r( are the initial specific capacity,
the discharge current density, transition time, i.e. the
time when the hydrogen surface concentration is zero
and the average particle radius, respectively.

According to SEM results, after activation the
radius of the particle is 14.0, 14.0, 13.9, 14.0, 13.8 and
14.1 um for the powder untreated and treated with 0,
0.005, 0.01, 0.02 and 0.03 M KBH,, respectively. It is
apparent that the treatment has no effect on the alloy
decrepitation. Substituted these values into Eq. (6), the
D, can be calculated and the results are also presented
in Table 1. It can be seen that the apparent diffusion
coefficient of hydrogen in the a-phase D, increases
with the increase in concentration of KBH,. It also
can be found that the improvement of the D, is smal-
ler than that of exchange current density /, when the
powder is treated with same y M KBHy solution. For
example, the D, of hydrogen when the powder is trea-
ted with 0.03 M KBH, is 81% higher than that of
untreated powder, but for I, it is 184% higher.

The effect of treatment on the D, also can be con-
firmed by the results of electrochemical impedance
spectroscopy. Fig. 3 shows the electrochemical impe-
dance spectra for y = 0.0, 0.005, 0.01, 0.02 and 0.03.
The low frequency semicircle in the electrochemical
impedance spectra is attributed to the hydrogen diffu-
sion in the a-phase according to Wang’s mathematical
model [24]. The radius of this semicircle decrease with

Dy (6)
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Fig. 3. Effect of the alloy powder treated with the 6 M
KOH + y M KBHy (y = 0.0, 0.005, 0.01, 0.02 and 0.03) sol-
ution on the electrochemical impedance spectra of
MINi; ;Cog ¢Mng 4Alj 3 hydride electrode.
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Fig. 4. Effect of the alloy powder treated with the 6 M
KOH + y M KBH4 (y = 0.0, 0.005, 0.01, 0.02 and 0.03) sol-
ution on the cathodic polarization.

increasing concentration of KBH,; means that the
apparent diffusion coefficient of hydrogen in a-phase
D, increases with the increase in concentration.

3.4. Effect of treatment on the polarization

The effect of the powder treated with the different
concentrations of KBH, on the cathodic and anodic
polarization, where the state of discharge is 50% and
the scanning rate of 10 mV/s, are shown in Figs. 4 and
5, respectively. The cathodic and anodic polarization
decreases with the increase in concentration of KBHy.
The limiting current density /i of anodic polarization
according to Fig. 5 are also listed in Table 1. The lim-
iting current density I of anodic polarization are
20%, 39%, 53%, 69% and 92% at y = 0.0, 0.005,
0.01, 0.02 and 0.03 greater than that of untreated pow-
der, respectively.
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Fig. 5. Effect of the alloy powder treated with the 6 M
KOH + y M KBH,4 (y = 0.0, 0.005, 0.01, 0.02 and 0.03) sol-
ution on the anodic polarization.
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According to Wang et al. [20], the limiting current
density Iy can be expressed as

= -

0

I sop)~'”* —17! (7
where SOD is the state of discharge. It can be
expressed as

Ou
anﬂx

It can be seen that, when r, and SOD are constants,
the I increases linearly with D,. If neglected the effect
of treatment on C,p, the I should increase linearly
with D,. Fig. 6 shows the relationship between I} and
D,

The total anodic polarization can be expressed as [25]

SOD =

®)

="+ )
where
RT. (14
e —ﬁlII(E) (10)
RT I
=—1 11
N ﬁFn(IL_Id> (11)

Substituted Egs. (10) and (11) into Eq. (9), the follow-
ing expression can be obtained [25]

_RTL (Y RT
= BE \ I BE\IL— Iy

According to Eq. (12), a plot of 5 vs. In(Iy/I} —1y)
should produce a straight line with its slope being RT/
PF. Therefore, symmetry factor in the oxidation direc-
tion B can be calculated from data of /i and 7. The
calculated f is also listed in Table 1. It can be seen
that the symmetry factors are almost constant.

(12)

Eq. (10) can not be used to calculate electrochemical
overpotential when the discharge current density is not
enough large, but concentration polarization 5. and
electrochemical polarization 7. of anodic polarization
can be calculated by the following expressions [26]:

_RT, L
e = BE IL—14

_,_RT (L
’7e—'7 ﬁF [L_Id

where 7 is the experimental value of total polarization.

The concentration polarization #. of anodic polariz-
ation calculated by Eq. (13) and electrochemical polar-
ization 7. calculated by Eq. (14) when the powder is
treated with different y concentrations of KBH, are
shown in Figs. 7 and 8, respectively. It is apparent that
at the low discharge current densities, the electrochemi-
cal polarization 7. is greater than the concentration

(13)

(14)
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Fig. 7. Effect of the alloy powder treated with the 6 M
KOH + y M KBH,4 (y = 0.0, 0.005, 0.01, 0.02 and 0.03) sol-
ution on the concentration polarization 7.
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Fig. 8. Effect of the alloy powder treated with 6 M KOH + y
M KBH, (y = 0.0, 0.005, 0.01, 0.02 and 0.03) solution on the
electrochemical polarization #e.

polarization 7., whereas at high discharge densities 7.
becomes dominant. This means that, at low discharge
current densities, the charge transfer is the rate deter-
mining step, whereas at high discharge current den-
sities, the release of hydrogen (diffusion of hydrogen in
o-phase) is the rate determining step. It also can be
found that the concentration polarization #. and elec-
trochemical polarization #, decrease with the increasing
concentration of KBHy. The difference of the . or 7.
of the alloys treated with different concentration of
KBH,4 becomes much larger with the increasing dis-
charge current density. Therefore, among the electro-
des investigated, the powder treated with 0.03 M
KBH, have the best kinetic properties.

The effect of the powder treated with y (y = 0.0,
0.03) concentration of KBH; on the galvanostatic
polarization when the discharge current density Iy is
60, 600 and 1200 mA/g are presented in Figs. 9-11, re-
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Fig. 9. Galvanostatic discharge curves of

MINi; ;Cop¢Mng 4Aly; hydride electrode, where the powder
is untreated, treated with the 6 M KOH solution and 6 M
KOH + 0.03 M KBH, solution; discharge current density is
60 mA/g.
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Fig. 10. Galvanostatic discharge curves of

MINi; 7Cog sMng 4Alg3 hydride electrode, where the powder
is untreated, treated with the 6 M KOH solution and 6 M
KOH + 0.03 M KBH, solution; discharge current density is
600 mA/g.

spectively. For comparison, the galvanostatic polariz-
ation of the untreated powder at different Iy are also
shown in corresponding figures. The polarization of
the untreated powder is similar to that treated with the
6 M KOH solution, but the discharge potential of the
powder treated with 0.03 M KBHy, is negative slightly
compared with that of powder treated with the 6 M
KOH solution, When the I is 60 mA/g. With the
increase in Iy, the polarization decreases in sequence of
the powder untreated, treated with the 6 M KOH sol-
ution and treated with the 0.03 M KBH4. For
example, when I;=600 mA/g, the discharge plateau is
about —700, —760 and —825 mV for the powder
untreated, treated with the 6 M KOH solution and 6
M KOH + 0.03 M KBHy solution, respectively. It can
be found that, when the discharge current density Iy is
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Fig. 11. Galvanostatic discharge curves of

MINi; ,Cop¢Mng 4Alp 3 hydride electrode, where the powder
is untreated, treated with the 6 M KOH solution and 6 M
KOH + 0.03 M KBH, solution; discharge current density is
1200 mA/g.
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small, for example, /3=60 mA/g, the potential initially
drops slowly and then changes abruptly at the end of
the discharge, which indicated that the determining
step changes from charge transfer reaction to the diffu-
sion of hydrogen in a-phase, but this change becomes
more close to the end of discharge in sequence of the
powder untreated, treated with the 6 M KOH solution
and the 6 M KOH + 0.03 M KBH, solution. With
increasing Iy, for example, I;=600 mA/g, the rate
determining step for the untreated powder becomes the
electrochemical (charge transfer) reaction and diffusion
of hydrogen during the whole polarization process, but
for the powder treated with the 6 M KOH solution
and 6 M KOH + 0.03 M KBH, solution, like the
small discharge current density it is remains the elec-
trochemical determination for the small drop of poten-
tial and diffusion of hydrogen determination for the
sudden drop of potential at the end of discharge and if
the discharge current density increases continuously,
for example Iy4=1200 mA/g, the whole discharge pro-
cess is controlled by electrochemical reaction for the
untreated powder, but it is controlled by electrochemi-
cal reaction and diffusion of hydrogen during the
whole polarization process for the powder treated with
the 6 M KOH solution and 6 M KOH + 0.03 M
KBH, solution.

4. Conclusions

In conclusions, the kinetic parameters of electrodes
of high rate dischargeablilty HRD, the exchange cur-
rent density Iy, the limiting current density /i increase
markedly with the increase in the concentration of
KBHy,, the electrochemical polarization 7, and concen-
tration polarization 7. decrease rapidly with increasing
y value, but the symmetry factor f is almost constant.
The kinetic properties of the MINi;;,Cog¢Mng 4Alg 3
hydride electrode are markedly improved when the
powder is treated with the 6 M KOH solution contain-
ing KBH, as reducing agent.
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