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Abstract The studied electrochemical properties of the
LaNi3.55Mn0.4Al0.3Co0.2Fe0.55 alloy showed a rather poor per-
formance. To improve them, ZnO, a doping agent at different
small amounts (0, 1, or 2.5 wt%), was added to this base alloy.
Then, the prepared electrodes were investigated by various
electrochemical techniques. The maximum discharge capaci-
ty, obtained after the activation procedure, increased with the
rise in ZnO content. The activation, as well as the reversibility
of the hydrogen absorption/desorption process, were signifi-
cantly improved with the addition of ZnO. It was observed
that the latter did not affect considerably the stability and the
cycling lifetime if added to the electrodes. After 30 charge/
discharge cycles, the diffusion coefficients were estimated to
be 1.55 × 10−11, 1.30 × 10−11, and 6.05 × 10−11 cm2 s−1, re-
spectively, for ZnO containing 0, 1, and 2.5 wt%. The ZnO
catalyzed the kinetics of hydrogen absorption and desorption
process thanks to capacity change before and after activation.

Keywords Ni–MHbatteries . Catalyst . Electrochemical
techniques . Redox kinetics . Intermetallic alloy

Introduction

The electrochemical discharge capacity of an intermetallic al-
loy, used as a negative electrode in Ni–MH batteries, depends
mainly on its chemical composition and crystal structure.
However, the grain fracturing as well as the alloy oxidation
during cycling may change the kinetics of the hydrogen ab-
sorption and desorption processes [1–10]. Therefore, the alloy
grain surface modificationmay alsomodify the electrode elec-
trochemical properties often improved by mixing certain met-
al hydride powder with metal oxides [11, 12].

Iwakura et al. [13] reported that the addition of RuO2, CoO,
and Co3O4 to the MmNi3.6Mn0.4Al0.3Co0.7 alloy (where Mm
stands for mischmetal) ameliorates significantly both the dis-
charge capacity and the high-rate discharge ability.

Besides, Khrussanova et al. [14, 15] showed that the alloy
mixture of Mg with some transition metal oxides (TiO2,
Fe2O3, MnO2) catalyzes the hydrogen absorption and desorp-
tion kinetics. Oelerich et al. [16] also discussed the catalytic
effects of different metal oxides on nanocrystalline Mg-based
materials. They found that only the oxides of the transition
metals, Ti, V, Cr, Mn, Fe, and Cu, having different valences,
had a catalytic effect on the solid–gas reaction.

Actually, the electrochemical performances were improved
significantly for the Mg1.9Y0.1Ni0.9Al0.12 electrode, after be-
ing mixed with 5 wt% of RuO2 and V2O5 [17], and for nano-
crystalline LaMg12Ni modified with a small amount of TiO2

and Fe3O4 [18]. The AB5-type alloys, modified with Bi2O3

[19] and CuO [20], also exhibited good electrochemical prop-
erties thanks to the reduction of these oxides to fine metal
particles of Cu and Bi throughout cycling.
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Zhang et al. [21] studied the influence of Fe2O3, TiO2,
Cr2O3, and ZnO addition at 5 wt% on the electrochemical
properties of the La1.3CaMg0.7Ni9 negative electrode. It im-
proved significantly the maximum discharge capacity, high-
rate discharge ability, and the exchange current density.

Li et al. [22] added the CuO oxide to the AB3metal hydride
electrodes, in order to improve their electrochemical proper-
ties. The SEM observation and cyclic voltammogram show
that the CuO can be reduced to fine Cu particles during charg-
ing, which will be deposited at the surface of the alloy parti-
cles. The as-deposited Cu particles form a protective layer to
increase electronic and heat conductivity of the electrodes.
Therefore, the improvement of the maximum discharge capac-
ity, the high rate discharge-ability, the cycling stability and the
high temperature discharge-ability of the electrodes is
observed.

Su et al. [23] investigated the effect of Co3O4 addition on
the electrochemical performance of metal hydride electrode.
They showed that proper mass of Co3O4 can obviously im-
prove the activation, the discharge capacity, the charge–dis-
charge efficiency, high-rate discharge ability, cycle life, and
high- and low-temperature capability. The performance mea-
surement results proved that the high-rate discharge ability,
inner pressure and overcharge endurance capability, tempera-
ture performance, and cycle lifetime of AA size cylindrical Ni–
MH battery with Co3O4 as a negative additive were improved
significantly. These results can be attributed to the high elec-
trocatalytic activity and extended hydride storage capability of
Co3O4, the improvement of gas consumption ability, and the
restraining of oxidation of electrode alloys by adding Co3O4.

Li et al. [24] developed a simple method to fabricate the
composite with nanosheet-shaped Co3O4 in situ growing on
the surface of hydrogen storage alloys. Due to the enhanced
catalytic activity of Co3O4 and the decreased internal resis-
tance, the hydrogen absorption/desorption ability and electro-
chemical reaction kinetics are improved.

S ince the e l ec t r ochemica l p rope r t i e s o f the
LaNi3.55Mn0.4Al0.3Co0.2Fe0.55 alloy were deeply investi-
gated [25, 26], we tried, in this work, to show if they can be
imp roved by ZnO add i t i on . I n ou r s t udy, t h e
LaNi3.55Mn0.4Al0.3Co0.2Fe0.55 alloy (hereby named the metal
hydride electrode or anode during discharge) was mixed with
different amounts of ZnO (0, 1, and 2.5 wt%). The catalytic
effects of the different ZnO dopings on the electrochemical
properties of the metal hydride electrode were also
investigated.

Experimental procedures

The preparation and characterization of the metal hydride
electrode under investigation were illustrated in our previous
work [27, 28]. Then, the negative electrodes were prepared by

a latex technology [29] after adding different amounts of ZnO
(0, 1, and 2.5 wt%).

All the electrochemical measurements were performed at
room temperature in a conventional three-electrode cell with a
potentiostat–galvanostat EC-Lab® V10.12 system
(BioLogic™). A nickel mesh and an Hg/HgO electrode were
used as a counter electrode and a reference electrode, respec-
tively. The electrolyte is a potassium hydroxide concentrated
solution (1M KOH). It plays the role of an ionic conductor.

The activation procedure was realized through constant
current charging and discharging at a C/10 rate. Indeed, the
constant potential discharge (CPD) was applied after each
cycle using a chronoamperometry method. The cyclic volt-
ammetry (CV) tests were carried out at a scan rate of
1 mV s−1, and the potential scan was performed from −1.3
to −0.60 V vs. Hg/HgO in order to estimate the exchange
current density and the equilibrium potential (Nernst poten-
tial) in 1 M KOH solution.

Results and discussion

Activation and cycling of the metal hydride negative
electrode prepared by adding ZnO

During the electrochemical cycling, a metal hydride electrode
was activated when the next three conditions are fulfilled:

– The discharge capacity reaches its maximum value.
– The half-discharge potential becomes constant.
– The polarization, which is the difference between the po-

tentials of half charge and half discharge of the alloy
electrode, attains its minimum value and becomes con-
stant independently of the cycling.

Figure 1 represents the discharge curves of the metal hy-
dride anode during the first activation cycles prepared with the
different added amounts of ZnO at C/10 rate: (a) 0, (b) 1, and
(c) 2.5 wt%.

At the second cycle, the electrochemical discharge capacity
are 92, 96, and 126 mAh g−1 and the potentials of half dis-
charge are −770, −780, and −801 mV, respectively, for 0, 1,
and 2.5 wt% ZnO added. At the fourth cycle, the capacity are
122, 138, and 178 mAh g−1 and the half-discharge potentials
are −754, −785, and −800 mV, respectively, for 0, 1, and
2.5 wt% ZnO.

These discharge curves, relating to 0, 1, and 2.5 wt% ZnO,
evolve, respectively, to achieve the maximum capacity values
of 231 mAh g−1 at the 13th cycle, 223 mAh g−1 at the 8th
cycle, and 247 mAh g−1 at the 7th cycle, and the potential of
the corresponding half discharge becomes constant of −810,
−785, and −782 mV with the appearance of an equilibrium
plateau.
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The electrode, prepared without ZnO (0%), was activated
after 13 cycles, while those prepared with 1 and 2.5 wt% ZnO
were activated only after 8 and 7 cycles, respectively.
Therefore, the activation process was significantly improved
with the addition of ZnO.

Figure 2 depicts the evolution of the half-charge and dis-
charge potentials of the metal hydride electrode prepared with
different ZnO contents during the electrochemical cycling at
C/10 rate.

To assess the reversibility of the charge and discharge re-
actions, we introduced the polarization parameter, expressed
by the following equation:

ΔE1=2 ¼ E1
2 charge

−E1
2 discharge

where E1
2 charge

and E1
2 discharge

are, respectively, the half-charge

and half-discharge potentials.
The potential difference between the half-charge and dis-

charge potentials, reflecting the reversibility of the charge and
discharge reaction, is proportional to the ratio (expressed as a
percentage) between the energy removed from a battery

during discharge compared with the energy used during
charging to restore the original capacity, also called the cou-
lombic efficiency or charge acceptance.

The polarization, defined as the difference between the
half-charge and half-discharge potentials during the electro-
chemical cycling, decreased before stabilization regardless of
the ZnO content. The polarization values after the stabilization
are about 180, 126, and 150 mV for 0, 1, and 2.5 wt% ZnO,
respectively. This result shows that the addition of ZnO im-
proved the reversibility of the hydrogen absorption and the
desorption reaction.

Figure 3 represents the maximum discharge capacity and
polarization at C/10 rate according to the ZnO content of the
metal hydride anode.

We find that the evolution of the maximum capacity with
the content of ZnO is correlated with that of the polarization.
The quantitative analysis of this evolution requires an exami-
nation by XRD of the different electrodes (0, 1, and 2.5 wt%
ZnO), after the electrochemical measurements, to identify the
amount of ZnO dissolved in the electrolyte and that undergoes
a reduction in the form of Zn deposited on the electrodes.
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Fig. 1 Discharge curves of the metal hydride anode with different ZnO
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Figure 4 reveals the evolution of the electrochemical dis-
charge capacity in function of the number of cycles for the
metal hydride anode prepared with the different ZnO contents
at C/10 rate.

The activation is defined by the maximum discharge ca-
pacity reached by cycling as shown in Table 1; it is obvious
that the addition of ZnO is beneficial for the activation pro-
cess. In fact, we notice that as the ZnO content increases, the
decrease in the number of activation cycles is followed by a
rise in the discharge capacity. In contrast, the latter, especially
that containing higher ZnO content, is reduced at the 30th
cycle to reach the maximum discharge capacity.

After activation, the electrochemical discharge capacity de-
creases in exponential-like law with respect to the cycle num-
ber. This decrease is more significant for the electrode con-
taining high ZnO content. Indeed, the losses in discharge ca-
pacity after the 30th cycle are about 34, 40, and 49% for the 0,
1, and 2.5 wt% ZnO, respectively. Therefore, the increase in
the ZnO amount added to the electrode does not improve its
stability and cycling lifetime.

Zhang et al. [21] noticed that, according to an X-ray dif-
fraction characterization of a ZnO-rich electrode, a progres-
sive dissolution of ZnO into the KOH, explaining the catalytic
effect of ZnO, can be maintained only during the first cycles.

The effect of ZnO addition on the kinetic properties
of the metal hydride anode

First, the metal hydride electrodes, prepared with different
ZnO contents, were fully charged under a constant current at
C/10 rate. Then, it was discharged under a constant potential
(−0.6 V vs. Hg/HgO).

Figure 5 shows the chronoamperograms of the metal hy-
dride anode prepared with various ZnO amounts for different
numbers of charge/discharge cycles.

In this figure, we notice that the specific discharge current
logarithm decreases linearly with time during a sufficiently
large period [30]. This phenomenon resulted from the current
density obtained from the diffusion process. It is expressed
through the following equation:

log Ið Þ ¼ log � 6� F � DH

d � a2
C0−Cs
� �� �

−
π2 � DH

ln 10ð Þ � a2

� t ð1Þ

where I stands for the specific discharge current density
(A g−1), a represents the average particle size of the alloy

Table 1 Activation cycle number, maximum discharge capacity,
polarization, and the discharge capacity loss after 30 cycles of the metal
hydride anode with different ZnO contents

ZnO
content
(wt%)

Activation
cycle number

Q
(mA h g−1)

ΔE1/2
(mV) 100� Cmax−C30

Cmax

� �

(%)

0 13 231 180 34

1 8 223 126 40

2.5 7 247 150 49
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considered as spherical (cm), DH denotes the average value of
the diffusion coefficient of the hydrogen in the electrode ma-
terial (cm2 s−1), C0 is the initial hydrogen concentration in the
alloy bulk (mol cm−3), Cs designates the hydrogen concentra-
tion on the vicinity of the alloy particle surface (mol cm−3), F
shows the Faraday (96,487 Cmol−1), d indicates the density of
the hydrogen storage alloy (g cm−3), and t represents the dis-
charge time (s).

From the slope of the linear region of the corresponding
plots, d(log(I))/d(t), the ratio of the metal hydride anode, DH/
a2, prepared with different ZnO contents during the electro-
chemical cycling, was calculated as shown in Eq. (2):

DH

a2
¼ −

ln 10ð Þ
π2

dlog Ið Þ
d t

ð2Þ

Figure 6 shows the DH/a
2 ratio in function of the cycle

number of the metal hydride anode with various ZnO
contents.

All these curves have the same shape.
During the first activation cycles, theDH/a

2 ratio undergoes
a progressive increase before reaching its maximum value.
The peaks of this ratio are 3.75 × 10−5, 2.62 × 10−5, and
2.28 × 10−5 s−1, respectively, for 0, 1, and 2.5 wt% ZnO.
The obtained result is in a good agreement with the increase
of the discharge capacity during the first activation cycles. In a
previous work [25], we showed that during the activation, the
absorbed hydrogen by the alloy induced the electrode fracture
and fissuring, leading to the consecutive increase of the active
surface area.

After reaching its peak, theDH/a
2 ratio gradually decreased

due to the poor electrode cycling lifetime regardless of the
ZnO content.

As shown in (Fig. 7), the average size of the intermetallic
alloy particles was determined by scanning electron micro-
graphs of the electrodes prepared with different ZnO contents
after 30 cycles. In this figure, the average particle size, a, is
estimated to be 9.2, 10.1, and 19.6 μm, respectively, for 0, 1,

and 2.5 wt% ZnO. The diffusion coefficients of hydrogen will
then be evaluated in Eq. (2) as 1.55 × 10−11, 1.30 × 10−11, and
6.05 × 10−11 cm2 s−1, respectively, for 0, 1, and 2.5 wt% ZnO.

Redox properties of the metal hydride electrode
with different ZnO contents

The redox behavior of the metal hydride electrode, prepared
with different ZnO contents during 30 cycles and at room
temperature, was studied using the linear voltammetry
technique.

The voltammograms, obtained after each cycle, were treat-
ed and adjusted using origin software with the Butler–Volmer
equation to determine the redox parameters. This method was
depicted in our previous work [31, 32].

Figure 8 represents the evolution of the polarization curves
during the cycling of the metal hydride electrodes prepared
with different ZnO amounts. All the polarization curves, ob-
tained during the first activation cycles, shift towards more
positive potentials. This shift was faster for the ZnO-rich elec-
trode, i.e., the insertion of hydrogen and the cathodic process,
for the ZnO-rich electrode, became easier with the activation
process as expected, leading to a more positive Nernst
potential.

Figure 9 shows the evolution of the Nernst potential during
the cycling of the metal hydride electrode with different ZnO
contents.

During the activation, the Nernst potential of the ZnO-
rich electrode move quickly towards the more positive
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potential, i.e., the insertion of hydrogen becomes easier
with activation process.

After activation, the Nernst potential of the ZnO-rich elec-
trode move slowly towards the less positive potential

electrode, wherein the insertion of the hydrogen becomes
more difficult.

Figure 10 reveals the exchange current density, I0, during
the cycling of the metal hydride electrode prepared with dif-
ferent ZnO contents.

Despite the few observed fluctuations, the exchange cur-
rent density of the ZnO-containing electrode remained higher
than that without ZnO. Therefore, the kinetics of hydrogen
absorption and desorption was accelerated by adding ZnO as
a catalyst.

This result was confirmed by magnetic measurements [33,
34] on an alloy of the same family, LaNi3.55Mn0.4Al0.3Fe0.75,
rich in iron and without a catalytic substance.

Conclusion

The effect of the addition of metal oxide on the electrochem-
ical hydrogen absorption and the desorption behavior of
LaNi3.55Mn0.4Al0.3Co0.2Fe0.55 alloy in 1 M KOH aqueous so-
lution was investigated at room temperature through different
electrochemical techniques. This intermetallic alloy was
mixed with different amounts of ZnO up to 2.5 wt%.

The electrochemical characterization of the intermetallic
alloys showed that:

– The electrode activation process was significantly im-
proved with the addition of zinc oxide.

– The maximum discharge capacity, obtained after activa-
tion, increased as the ZnO content rises.

– The reversibility of the hydrogen absorption and desorp-
tion processes improved with the addition of ZnO.

– The increase of the DH/a
2 ratio, during the first activation

cycles, occurs along with the increase of the discharge
capacity. After reaching its peak, the DH/a

2 ratio gradual-
ly decreased due to the poor electrode cycling lifetime
regardless of the ZnO content.
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– The Nernst potential, provided during the first activation
cycles, shifted towards a more positive direction. Indeed,
with higher ZnO contents, the potential shift will be faster
and the insertion of hydrogen of ZnO-rich electrode be-
comes easier. The increase of the cathodic and the hydro-
gen insertion processes made the Nernst potential more
positive.

– The exchange current density corresponding to the elec-
trodes containing ZnO remained greater than that without
ZnO. Thus, the kinetics of hydrogen absorption and de-
sorption were improved by ZnO addition as a catalyst.

– The redox process of hydrogen absorption and desorption
can be enhanced by ZnO addition, along with the increase
of discharge capacity before and after activation.
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