Effect of milling time on electrochemical properties of
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Abstract The objective of this study is to investigate the effect of milling time on the
structural, morphological, and electrochemical properties of CaNis.gsMgo.. type alloy which
is used as a negative electrode of Ni-MH batteries. The CaNissMgo. alloys are synthesized
by mechanosynthesis using a Retsch PM400 ball mill for different milling times of 30, 40,
50, and 60 hours, using a ball-to-powder weight to a ratio of 8:1, under an argon atmosphere.
The electrochemical properties are studied with different methods such as galvanostatic
polarization and potentiodynamic polarization, at ambient temperature and in 6M KOH
electrolyte. The highest discharge capacity, the highest reversibility as well as good kinetics
are observed for the CaNissMgo.2 alloy with a milling time of 30h.

Keywords CaNisgMgo.2 type alloy, Mechanical alloying, Battery Ni-MH, Electrochemical
polarization technique
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1 Introduction

Electronic devices have become common place and rapidly consumed, including laptops,
electric vehicles, and cell phones (Ref 1,2). Therefore, the demand for rechargeable batteries is
increasing. In addition, increasing air pollution and stricter emission standards for combustion
vehicles are contributing to a growing interest in electric and hybrid vehicles (Ref 3,4). To meet
these new demands, modern batteries must be efficient, economical, safe, lightweight, and
environmentally friendly (Ref 5). Until now, despite various innovations, including lead acid,
nickel-cadmium, and lithium-ion batteries, none of them has been able to fully meet these
requirements (Ref 6-10). As a result of these limitations and the increasing demands on
batteries, nickel-metal hydride batteries (Ni-MH) have been developed and commercialized
since the 1990s (Ref 11,12). Ni-MH (Nickel Metal Hydride) battery has become the most
dominant battery due to several advantages such as good charge-discharge capacity, long
lifetime, and no negative effects on the environment (Ref 13,15). It is now a key component for
advanced information and telecommunications systems and the next generation of hybrid or
fully electric vehicles (Ref 16,17). In fact, the performance of this type of battery relies not only
on the performance of the active materials (the type of hydrogen storage alloys) (Ref 18) but
also on the production procedure of the negative electrodes, because, it influences
charge/discharge properties (Ref 19). Several methods of elaboration are used, citing as
examples, arc melting (Ref 20), induction melting (Ref 21), and mechanosynthesis (Ref 22).
Focus on the mechanosynthesis methods or mechanical alloying is a common method for
synthesizing and improving the hydrogen storage properties of the metal hydride (Ref 23-25).
It is a very high-energy milling technique that consists in mixing and combining powders in the
solid state and reducing the size of the particles to obtain homogeneous powders (Ref 26,27).
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During milling, the powder particles are trapped between balls or one ball and the vial surface,
and thanks to the energy provided by the mill the particles are milled (Ref 28). The milling
process involves the optimization of several variables to find the desired product phase or
microstructure, such as milling speed, milling time, ball/powder weight ratio, milling
atmosphere, etc. It has several advantages compared to other methods, such as easy and
controlled synthesis, simple and not expensive method that operate at room temperature (Ref
29). Metal hydrides were used in rechargeable batteries for hydrogen storage (Ref 30). It is
characterized by several properties, such as hydrogen storage capacity, hydrogen
absorption/desorption plateau pressure, thermodynamic and kinetic properties, activation and
deactivation, etc (Ref 31). The hydrogen atom is stored in the solid material at the interstitial
position (Ref 32). The principal hydrogen storage compounds are ABs (Ref 33,34), ABs (Ref
35,36), AB:> (Ref 37,38), AB (Ref 39,40), and A>B7 (Ref 41,42). The ABs type is the most
popular and studied because of its advantages. The crystal structure of the metal compound ABs
was determined in 1942 by Nowotny and confirmed in 1959 by Wernick and Geller (Ref 43).
It crystallizes in the hexagonal structure of the CaCus type in the space group P6/mmm (Ref
44,45). Indeed, it has, generally, a storage capacity of about 1.5 wt%, using the solid-gas
method, in near-ambient conditions (ambient temperature and low atmospheric pressure) (Ref
46), which signifies a high reactivity with hydrogen. Its electrochemical discharge capacity can
achieve a maximum value of 370 mAhg™, in addition to its ease of activation (Ref 47,48). This
family is also characterized by the facility of substitution of compounds A and B by other
elements (Ref 49). Indeed, A is usually lanthanum which may be partially or totally substituted
by Yttrium (Y) (Ref 50), Calcium (Ca) (Ref 51), Mischmetal (Mm) (Ref 52), Cerium (Ce) (Ref
53), Zirconium (Zr) (Ref 54). B is frequently nickel that can be substituted by transition
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elements that are extremely (Ref 55) varied such as Aluminum (Al) (Ref 56), Manganese (Mn)
(Ref 57), Zinc (Zn) (Ref 58), Tin (Sn) (Ref 59), Fer (Fe) (Ref 60), and Cobalt (Co) (Ref 61).
Hydrogenation properties of LaNis of ABs type were first discovered in the Philips Eindhoven
laboratory (Ref 62). The rare-earth compound LaNis, of the ABs family, could absorb up to 6
H/u.f at room temperature under a pressure of 2 bars and then desorb this hydrogen (Ref 63).
In order to improve the absorption properties, a substitution can be made in the base alloy of
other elements, either to "A" or to "B" (Ref 64-66). Several compositions have been studied
and the best results, in terms of electrochemical performance, have been obtained with the
LaNizs5Mno.4Al03C00.75 compound. A. Merzouki et al. (Ref 67) made a comparative study of
the compounds LaNizs5sMno4Alo3Coo.75, LaNis, and its mono-substituted derivatives. They
found that the tri-substituted compound LaNizssMnosAlo3Coo7s was the best-performing
compound in terms of stability and lifetime. In fact, the cost of Lanthanum material (La) is
relatively expensive, so it can be completely replaced by calcium (Ca). In addition to that, the
CaNis compound has a theoretical dischargOe capacity of 482 mAhg™ which is higher than that
of LaNis (372 mAhg™), so it is possible to improve the performance of LaNis metal hydride by
replacing Lanthanum with Calcium (Ref 68). The CaNis compound has high electrochemical
discharge capacity but limited cyclic stability (Ref 69). For this reason, some attempts have
been made to improve the hydrogen storage properties of CaNis by partially substituting Ca
and/or Ni with other elements. J.O. Jensen et al. (Ref 70) studied the effect of the substitution
of Ni in the basic compound CaNis by different metals (Al, Cr, Mn, Co, Fe, Cu, Zn, Sn, and
Mg) for two substitution rates x=0.5 and 1. They found that all the electrodes are easily
activated. Only the CaNis.xMyx (M= Cu, Zn, and Mg) electrodes preserved the same discharge
capacity of CaNis. The CaNisxMyx (M= Zn and Mg) electrodes had several cycles with a
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capacity of 100 mAhg? higher than that of CaNis, therefore, they present higher stability than
that of CaNis, Partial substitution of the nickel by other elements is always expected in order to
maintain the main advantageous characteristics such as high electrochemical discharge
capacity, good cyclic stability, long self-discharge, efficient catalytic properties, fast diffusion
of atomic hydrogen through the lattice, appropriate Hz equilibrium pressure, acceptable
corrosion, resistance, long lifetime (Ref 71,72). G.liang et al. (Ref 73) investigated the
influence of partial substitution of CaNis by Mm, Zn, and Al on the electrochemical properties.
They showed that the combination of the substitution of Ca by Mm and Ni by Zn and Al
significantly improves the stability of the electrode. However, the substitution of Zn and Al
does not protect the electrode from degradation and leads to a reduction in capacity. S.
Chumphongphan et al. (Ref 74) made a comparison of the hydrogen storage properties of
CaNis.xMx (M=Mo, Al) compounds for x= 0.1 and 0.2 compared to the CaNis base compound.
Indeed, all the electrodes have higher maximum discharge capacities than CaNis. But the
cycling stability is improved only for the CaNis9Alo.1 electrode. Y. Dabaki et al. (Ref 75,76)
have extensively studied the compound CaNisxMnyx (x=0.3, 0.5, 1) elaborated by
mechanosynthesis for different milling times (2, 10, 20, 30, 40, 50, 60h). The electrochemical
results indicate that for the three substitutions x=0.3, 0.5, 1, the maximum discharge capacity
is found for a milling time of 40h, which are, respectively, 125, 119, 109 mAhg™.

Within the same framework and based on a previous study (Ref 77) focused on the CaNisgMgo.
compounds prepared for 40h of mechanical milling and 8:1 ball-to-powder weight ratio, our
investigation will extend to analyze the structural, morphological, and electrochemical
properties of CaNisgMgo. compounds for different milling times 30, 40, 50, and 60 h.

2. Experimental



2.1 Synthesis and characterization of CaNissMgo.2 powders milled during 30, 40, 50, and
60h
Mechanical alloying is a technique for processing homogeneous powdered materials by

mechanical processes based on the fractionation of particles by shock. It is used to produce
powder’s various morphologies and sizes up to tens of nanometers and to create more active
sites for the penetration of hydrogen (Ref 78). The CaNisgMgo.2 powders are produced by the
mechanosynthesis method using a Retsch PM400 high-energy planetary ball mill with an
angular speed of 400 rpm, for different milling times (30, 40, 50, and 60h) at a ball-to-powder
weight ratio of 8:1, in an argon atmosphere and at room temperature. After the synthesis of the
powders, structural and morphological characterizations are performed using, respectively,
Bruker D8 Advance XRD with Coka radiation (A = 1.789 A) and scanning electron microscope

SEM JEOL JSM -5800LV.

2.2 Electrochemical characterization of CaNissMgo.2 (30, 40, 50, 60h) electrodes
2.2.2 Preparation of the working electrode and the electrochemical cell

The electrochemical characterization of the CaNisgMdgo.2 (30, 40, 50, 60 h) negative electrodes
is carried out using the electrochemical device Galvanostat-Potentiostat Ec-Lab system
(Biologic™). An electrochemical cell is connected to this experimental device through its three
electrodes; a working electrode (negative electrode), an auxiliary electrode (positive electrode)
formed by a coiled nickel wire to increase its surface, and a reference electrode (Hg/HgO) filled
with potassium that is used to measure its potential. All electrodes are immersed in a 6M KOH
electrolyte. The metal hybride electrode (working electrode) is prepared using a so-called
‘Latex’ technique (Ref 79,80). Firstly, 90% of the alloy powder is mixed with 5% of carbon

black in order to increase the electronic conductivity of the electrode and 5% of fine particles
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of polytetrafluoroethylene (PTFE) act as a mechanical binder to give elasticity to the electrode.
Secondly, the whole mixture is wetted with a few of ethanol and agitated until a paste is
obtained, which is spread with a glass roller several times until the alcohol evaporates and a
paste is obtained (latex) (Ref 81). Finally, after drying under vacuum for 24 hours at room
temperature, the "Latex" formed is cut to the required size and then compressed on both sides
of the nickel grid, acting as a current collector, to 0.5 cm?2 each to form the working electrodes.

The wire providing the electrical contact is made of nickel.

2.2.3 The different electrochemical characterization techniques

Galvanostatic polarization is the imposition of a constant current between the working
electrode and the auxiliary electrode during charging and discharging to measure the potential

between the working electrode and the reference electrode as a function of time.

The true charge capacity is not experimentally accessible because the cell is open and therefore
it is impossible to determine the quantity of monoatomic hydrogen inserted into the negative

electrode which is competitive with the quantity of hydrogen gas released.

- Charge reaction: M+ H,0+e” - MH + OH™ (Eq 1)

- Hydrogen release: H,0 +e™ - %Hz + OH™ (Eq 2)

During discharge, no outgassing is observed and therefore the capacity measurement can be
performed.

Discharge reaction: MH+ OH™ > M+ H,0 +e” (Eq 3)
By using the chronopotentiogramms, we can determine the discharge capacity for each cycle

during a long cycling, by the following equation:

7-



Cin(mAR/g) = i(mA). -2 (Eq4)

m: Mass of alloy contained in the negative electrode (g),

i: Discharge current (mA),

t: Discharge time (h).

Potentiodynamic polarization is based on the application of a potential Eapp to the working
electrode compared to the reference electrode that varies linearly with time from an initial
potential, Ei=-0.6 V, to a final potential, Ef=-1.3 V, or vice versa, with a potential sweep rate,
v=1mVs™, according to the equation E,,, = +vt + E; (Eq5)

The voltammogram obtained is based on the theoretical Butler-Volmer equation, which is
expressed as a function of the anode and cathode current:

=1 [exp(ba(Eapp - Eo)) - eXp(bc(Eapp - Eo))] (Eq 6)

Where b, and bc are the anodic and cathodic Tafel constants respectively, Eo is the Nernst
potential (V) and lo is the exchange current density (A g) which are determined by the
application of Stern's first rule to the voltamograms, I1=f(Eapp), gives us the Tafel curve,
logl=f(Eapp)

3. Result and discussion

3.1 Structural and morphological characterization of CaNissMgo.2 powders milled
during 30, 40, 50, and 60h

3.1.1 Structural characterization
Fig. 1 shows the XRD diffractograms of the CaNisgsMgo. powder prepared by
mechanosynthesis for different milling times (30, 40, 50, 60 h) with ball/powder weight ratio

of 8:1.



These spectrums are refined using X’Pert High Score software. This refinement permitted us
to identify the existig phases and to determine several parameters such as; the lattice
parameters, the phase abundance, the average crystallite size and the quality of fit parameters

in Table 1 (Ref 82).

Table 1 shows the various crystallographic parameters of the CaNis.sMgo.» powders obtained

for 30, 40, 50 and 60 h milling times.

At 30 h of milling (Fig. 1a), the XRD spectrum reveals the presence of two main phases Ni
(cubic) and CaNis (hexagonal) located, respectively, at the positions 51.98°, 60.8°, 91.40° and
24.74°, 36.75°, 42.92°, 51.99°, 57.23°. The peaks are broad and less intense compared to the
peaks of the other samples which indicates the formation of an amorphous phase. The peaks of
the initial elements Ca and Mg are not detected. Because, probably, a long milling time (30h)
permitted to increase the temperature until reaching the melting temperature of Mg (T=650°C),
which means its complete melting and dissolution. With the increase of temperature, while
passing by the melting temperature of Ca (T=842°C), in the same manner, it will dissolve which
explains the detection of nickel only (T= 1455°C). The presence of the CaNis phase is due to
the dissolution of Ni atoms (atomic radius = 1.4A) in the Ca lattice (atomic radius =1.8 A) (Ref
83,50). When the milling time is extended to 40 h, The XRD spectrum (Fig. 1b) reveals the
presence of the same main phases Ni (cubic) and CaNis (hexagonal) located at 51.85°, 60.52°,
91.73° and 38.62°, 44.48° respectively. Showing an increase in intensities and the
disappearance of some CaNis peaks observed in 30 h. In the case of compounds ball-milled
for 50 and 60 h (Fig. 1c and d), both CaNis and Ni phases are still observed. There is a

significant increase in the intensities with a reduction of the peak broadening, which can be



explained by the partial crystallization of the amorphous phase due to the increase of
temperature during the time progression of the milling (Ref 51,28).

3.1.2 Morphological characterization

Fig. 2 shows the morphology and the EDX spectra of CaNisgMgo.2 powders milled during 30,
40, 50, and 60h, before cycling with a ball/powder weight ratio of 8:1

This quantification is used to verify the formation of the solid solution and the homogeneity of
the CaNis.gMgo.2 powders.

During 30 h milling time, the micrograph of the powder reveals the existence of agglomerates
with an average particle size of 27 um. This result is related to the cold-welding predominance
of the milling process. By increasing the milling time to 40 h, the average particle size is about
22 um. This decrease indicates that the milling process achieves a fracturing stage. During the
milling times 50 and 60 h, the particle size continued to decrease to 22 and 20 um respectively
and the agglomerates gradually take on a rounded shape during the milling process (Ref 27,84,
85). These results show a general trend towards refinement and degradation of the coarse
particles which are well combined with the structural results, which tend to reduce the
diffraction peaks and increase the intensities according to the increase of milling time.
According to the analysis of EDX spectra, all elements of Ca, Ni and Mg powders are present
with chemical composition close to the nominal composition of CaNisgMgo.2 powders (30, 40,
50, 60 h) (Table 2).

3.2 Electrochemical characterization of CaNissMgo.2 (30, 40, 50, and 60h) electrodes
3.2.1 Activation, cycling performance and polarization

Fig. 3 shows the evolution of discharge potential according to the electrochemical capacity,

respectively, for CaNissMgo.» electrode at different milling times: 30h, 40h, 50h and 60h.
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In electrochemical cycling, metal compound activation is achieved if its discharge capacity
reaches a maximum value, its half-discharge potential remains constant and its polarization
becomes minimal (Ref 86). Usually, during the repetitive charge-discharge cycles, the negative
electrode will be activated, i.e., it will be fragmented and cracked increasing then the active
surface that facilitates the absorption and desorption of hydrogen. In another way, the rapid
activation of the electrode shows its performance (Ref 87). The CaNissMgo. electrode at 30 h
milling times is activated respectively during the 3 cycle. Despite, the CaNisgMgo. electrode
milled during 40, 50 and 60h, needs only one cycle to be activated. Indeed, the maximum
discharge capacities are about 118 mAhg™ (3" cycle), 87 mAhg? (1% cycle), 84 mAhg™? (1%
cycle) and 53 mAhg? (1% cycle), respectively for 30, 40, 50 and 60 h milling times.

Fig. 4 represents the evolution of the electrochemical discharge capacity as a function of the
cycle number of the CaNisgMgo.2 negative electrode at different milling times under a current
of 0.7 mA in 6M KOH electrolyte.

After activation, the maximum discharge capacity decreases progressively with the cycles
number, this decrease may be explained by a degradation of the active material of the electrode,
by oxidation or dissolution, thus reducing the interstitial sites available for hydrogen insertion
(Ref 88).

Table 3 shows the loss of the cycling capacity Sso at different milling times (30, 40, 50 and 60h)

as Sso(%) = (@) * 100 , where Csp is the 50" discharge capacity cycle, Cmax is the

max

maximum discharge capacity.
It can be seen that the variation of the maximum discharge capacity has the same tendency as
the stability cycles. With the increase of milling time from 30 to 60 hours, the discharge capacity

drops from 118 to 53 mAh gL. It can be explained by the increase of the active surface area of
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the compound according to the progress of milling time. As this increasing, the active surface
becomes more exposed to the aggressive 6M KOH electrolyte, which accelerates its oxidation
then the formation of an oxide layer, which explains the decrease in the discharge capacity (Ref
89). The poor discharge capacity and low stability of the CaNis.gsMgo.2 compound at the 60h
milling time is due to its amorphous structure because the amorphous alloy has a lower capacity
than the others. Also, that can be related to the partial amorphous of the compound with
increasing ball-milling time mentioned above (Ref 90).

The reversibility of the charging and the discharging reaction of the electrodes CaNisgMgo.
(30, 40, 50, and 60 h) deteriorates during cycling. Indeed, the CaNisgMgo. polarization
electrode increases progressively from 40, 168, 274, and 246 mV at the first cycle to 200,
259,423, and 334 mV at the 50" cycle, respectively for 30 h, 40 h, 50 h, and 60 h milling times.
This result is in good agreement with the decrease in the discharge capacity during cycling at
different milling times. As a consequence, the good reversibility reaction of the CaNisgMgo.
electrode is obtained at the 30h time milling which is in good agreement with its
electrochemical properties.

3.2.2 Kinetic parameters: current density and Nernst potential

Fig. 6 shows the evolution of some typical experimental and theoretical Tafel curves during
cycling of CaNisgMgo.2 electrode for different milling times (30, 40, 50 and 60 h), determined
for a potential slow rate of 1 mV s and 6M KOH concentration electrolyte.

The kinetic properties of CaNisgMgo2 (30, 40, 50, 60h) electrodes during long cycling
performed by the potentiodynamic method (Ref 91,92). To study the kinetic properties, a linear

potential of 1mVs? is applied to the negative electrode, then it should determine the
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voltamogrammes, | = f(E), after every five cycles of charge and discharge during a long cycling.
The voltamograms obtained are processed by software based on Stern's first method to plot the
potentiodynamic or Tafel polarisation curves, log|l| = f(Eapp).

During the first activation cycles, the Tafel curves move towards the positive potential where
hydrogen insertion into the electrode has become increasingly easier. In fact, the values of the
potential for the CaNissMgo.2 (30, 40, 50, 60 h) electrodes in the first cycle are about-921, -835,
-842, -899 mV, respectively. While in 20" cycle, the potential value is about -915, -831, -812,
-762 mV, respectively for the CaNisgMgo.2 (30, 40, 50, 60 h) electrodes. After activation, the
Tafel curves reverse their paths towards the less positive potential where the insertion of
hydrogen into the electrode has become more difficult. Indeed, the values of the potential for
the CaNissMgo.2 electrodes at the 25" cycle are about -918, -843, -813 and -795, while at the
50t cycle, are about -921, -837, -831, -767, for 30, 40, 50 and 60 h milling times, respectively.
This result could be explained by the phenomenon of oxidation and dissolution of the active
material of the electrode during electrochemical cycling. These results may be explained also
by the phenomenon of electrode ageing due to the aggressivity of the 6M KOH electrolyte on
the negative hydride electrode.

Fig. 7 shows the evolution of Nernst potential according to the cycle number of CaNissMgo.2
electrode determined at a current of 0.7 mA charge/discharge in 6M KOH electrolyte at
different milling times (30, 40, 50 and 60 h).

The CaNissMgo.2 (60 h) electrode has a higher potential which is about -0.78V, this indicates
that hydrogen insertion is easier at this milling time. This result is in good correlation with the

cycling properties (activation, cycling resistance and polarization).
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Fig. 8 shows the evolution of the exchange current density during cycling of the CaNis.sMgo.2
electrode, determined for a potential scan rate of 1 mV st and 6M KOH electrolyte at different
milling times (30, 40, 50, and 60 h).

The exchange current density at the 30h milling time, achieves its maximum values at the first
activation cycles (1827 mA. g!), then gradually decrease progressively before stabilizing after
the 40" cycle (50 mA.g™?). At the other milling times (40, 50, and 60h), the exchange current
density represents the same pattern with a high value of about 25 mA.g™ at the activation cycles
before stabilizing around minimum values ¢10 mA.g%).

3.3 Comparative study of the electrochemical properties of CaNissMgo2 and negative
electrodes for different milling times

Table 4 presents the different cycling parameters such as maximum discharge capacity, cycle
stability, and degradation rate of the CaNisgMno2 and CaNisgMgo. negative electrodes for
different milling times (30, 40, 50, 60 h) at 6M KOH electrolyte.

The discharge capacity Cmax reaches a maximum value for a milling time of 30 h (118 mAhg"
1y and 40 h (96 mAhg™) respectively for CaNis.sMgo.2 and CaNissMno_ electrodes.

The largest loss of discharge capacity after the 50" cycle is observed for 50h and 60h milling
times for both compounds CaNisgMno2 and CaNisgMgo..

Table 5 shows the polarization on activation of the CaNissMno2 and CaNisgMgo.2 electrodes
determined at a charge/discharge current of 0.7 mA in 6M KOH electrolyte at different milling
times (30, 40, 50, and 60 h).

For CaNissMno. electrode milled during 30h, the polarization is about 220 mV, then decreases

slowly to 212 mV during 40h and 218 mV during 50h and finally it rises to 325 mV during 60h.
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The reversibility of the charging and discharging reaction of the electrodes is better for the 40h
milling time that agrees with its maximum discharge capacity value.

For the other electrode, the polarization is about 40 mV during the 30h milling time and then
undergoes a remarkable increase to 168, 274 and 246 mV respectively for the 40, 50 and 60 h
milling times. This shows that the best reversibility is obtained for the 30h electrode which is
in good agreement with the other electrochemical results.

Table 6 shows the kinetic parameters of the CaNisgMno2 and CaNisgMgo2 electrodes
determined at a charge/discharge current of 0.7 mA in 6M KOH electrolyte at different milling
times (30, 40, 50, and 60 h).

For CaNisgMno.2 compound, the Specific exchange current density reaches its maximum value
of 83 mA g for 40 h milling time. For CaNissMgo. electrode reaches a maximum value for
30h milling time. These results are in good agreement with the previous results.

4. Conclusion

In this paper, structural, morphological and electrochemical properties of CaNisgMgo.
electrodes milled during 30, 40, 50 and 60h are presented using XRD, SEM and
electrochemical methods (galvanostatic and potentiodynamic polarization).

The electrochemical study during activation and long cycling showed that:

- the CaNis.sMgo.2 (30, 40, 50, 60 h) electrodes activate respectively during the third, fourth
and first cycle. Indeed, the discharge capacity values are 118, 87, 84 and 53 mAhg™.

- after activation, the discharge capacity decreases progressively during cycling, this

decrease could be attributed to a degradation of the active material of the electrode.
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- the CaNis.gMgo.2 (30 h) electrode has a good reversibility during the charge and discharge
reaction than the other electrodes, which is in good agreement with its maximum discharge
capacity and easy activation.

- the kinetic parameters of the CaNissMgo.2 (30 h) electrode show a good correlation with

their electrochemical properties.
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