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Introduction

Because of the dramatic environmental impact due to the greenhouse gas emission and to the limited fossil fuel sources, the research for alternative clean fuels is becoming increasingly important. Hydrogen is identified as a future clean energy carrier. However, the use of hydrogen as an energy carrier requires solutions for several problems such as hindering CO 2 emission during its production, considering its storage, transportation, and safety issues. For a safe hydrogen storage, the use of metal as hydrides and related materials constitute a vast research area [1]. Such materials are also employed in rechargeable batteries which are more and more commercialized due to the increasing demand of electronic equipment and tools such as laptops, cameras, lighting units, and telecommunication systems [2,3]. The Ni-MH battery represents one of the greatest segments of this market thanks to its high energy density and environmentally friendly characteristics [4][5][6][7][8][9]. But recently, this type of battery is encountering a serious competition from Li-ion batteries and other advanced secondary batteries [10][11][12]. It is thus crucial to reduce the production cost and improve the specific power of Ni-MH batteries to enhance their competition and extend their application in highpower fields such as hybrid electric vehicles, power tools, etc... Since the electricity is stored as hydrogen in metal hydrides, electrical and hydrogen storage properties are intimately linked to each other [13]. The battery characteristics can thus be specified in terms of their hydrogen storage capacity, hydride stability, and equilibrium pressure during hydride phase transformation. These properties can then be evaluated from pressure-composition-temperature (PCT) isotherms, which describe the dependence of the hydrogen equilibrium pressure on the amount of hydrogen absorbed or incorporated into the hydrogen storage material at various temperatures [14,15]. The performance of metal hydride electrodes is dictated also by the kinetics of the redox reactions occurring at the electrodeelectrolyte interface during the hydrogen absorption and desorption [16,17]. Several electro-analytical techniques estimate these kinetic parameters at room temperature [18][19][20][21][22][23].

However, electric vehicle and hybrid electric vehicle applications require fast chargedischarge and high-rate capability, inducing in internal heat generation. An excess of temperature increase will be detrimental to the redox reactions, the charge acceptance, the specific capacity, and the battery life cycle [24][25][26][27]. External heating or cooling will also affect the battery performance and therefore require a proper thermal management. For the electric vehicle applications, the Ni-MH battery will operate in a wide temperature range, i.e. 0-60 °C. Thus, the study of the electrode kinetics of the MH electrode as a function of temperature is of great importance [28][29][30][31].

With respect to the recent increasing demand for a higher performance of secondary batteries and for an environmental protection, nickel-metal hydride battery, using AB 5 -type hydrogen storage alloy as its negative material, in particular LaNi 5 parent compound, is very convenient due to of its clean characteristic and its high performance [32][33][34][35][36][37][38][39][40][41][42][43][44]. However, the high cost of AB 5 -type alloys slows down its commercialization. To solve the cost problem, many researchers investigate extensively the partial replacement of La by Ce, Nd, Pr, Mg, Ca, Li, and Ni with Sn, Fe, Al, etc. [45][46][47][48][49], the partial substitution of Ce for La was proved to be effective. Tan et al. [50] studied the performances of La 1-x Ce x Ni 5 alloys by powder microelectrode, and reported that the partial substitution of La with Ce could improve discharge potential of La 1-x Ce x Ni 5 electrode, the electron transfer reaction on the electrode surface, and the hydrogen diffusion coefficient in the bulk of the electrode.

Ye et al. [51] pointed out that the increase in Ce and decrease in La content improved the high-rate capability of ReNi 3.55 Co 0.75 Mn 0.40 Al 0.30 alloys, and ascribed the improvement of the high-rate dischargeability (HRD) to the lower hydride stability. Besides, the La-Mg-Ni system hydrogen storage alloys were extensively studied as one of the new type negative electrode candidates for AB 5 -type alloys due to their larger discharge capability [52][53][54][55][56][57].

For example, Kohno et al. [58] concluded that La 0.7 Mg 0.3 Ni 2.8 Co 0.5 electrode exhibits a large discharge capacitance (0.41 Ah g -1 ) and a good cyclic life time during 30 charge/discharge cycles. The main drawback for La-Mg-Ni system alloys to field application is their poor life cycle. Consequently, the improvement of the life cycle of La-Mg-Ni system alloys through substituting La with Ce [59][60][61][62][63] was investigated. Separate substitution of Ce for La induces actually the increase in hydrogen absorption/desorption plateau pressure, improved the life cycling, HRD and the exchange current density (I 0 ) [64,63] but cannot solve unfortunately the poor life cycle thoroughly. This weakness is likely to be due to ignoring the critical effect of Mg in La-Mg-Ni system alloys, since Mg spoils the cyclic stability of the alloy electrodes in aqueous KOH medium.

A recent investigation of the R-Mg-Ni system revealed a new series of ternary alloys of general formula RMg 2 Ni 9 (R= rare earth or Ca element) [65][66][67][68][69], which showed an intergrowth of MgNi 2 and RNi 5 layers. However these new compounds are not adapted to the electrochemical application from the thermodynamic point of view.

To overcome this problem, recent interest shifted towards the La-Y-Ni ternary system, such as RY 2 Ni 9 (R = La, Ce). In general, the CeY 2 Ni 9 compound adopts a rhombohedral structure derived from the PuNi3-type one (R-3m space group), and it can be described as the intergrowth of LaNi 5 (Haucke phase) and YNi 2 (Laves phase).

The aim of the present work is to study the electrochemical properties of the CeY 2 Ni 9 alloy, used as an anode in nickel-metal hydride batteries, at room and at different temperatures. A comparative study will be carried out to compare the results obtained by this alloy with those of the LaY 2 Ni 9 parent alloy [70] and therefore evaluate the effect of the substitution of La by Ce on the electrochemical properties.

Experimental conditions

Material synthesis

The CeY 2 Ni 9 alloy was prepared by induction melting of the pure elements followed by an appropriate annealing to ensure a good homogeneity. The ingot alloy was grounded mechanically and sieved (to less than 63 m) in a glove box under argon atmosphere [71].

The "latex" technology was used for the electrode preparation [72]. Ninety percent of the alloy powder was mixed with 5% of a black carbon to obtain a good conductivity, and 5% of polytetrafluoroethylene (PTFE). Then, this powder was rolled to yield a rubber-like sheet of about 0.3 mm thick. Two pieces of 0.5 cm 2 of this latex were pressed on each side of a nickel grid, playing the role of a current collector [73]. This assembly forms the negative electrode of Ni-MH battery. The geometrical electrode surface area in contact with the electrolyte is thus 1 cm 2 and weighs about 50 mg.

Electrochemical characterization

All the electrochemical measurements were performed, at a room temperature or at different temperatures (30,40,50,60, and 70 °C), in a conventional three-electrode cell with a BioLogic's potentiostat-galvanost, EC-Lab ® V10.12. A nickel mesh and a Hg/HgO electrode were used as a counter and a reference electrode, respectively. The electrolyte was a 1 M KOH solution stirred by a continuous flow of argon through the cell.

The experimental procedures used were as follows:

An activation of the CeY 2 Ni 9 electrode and a long term cycling were carried out by galvanostatic mode at C/10 rate. Charging up to 50% overcharge to ensure complete charging and discharging to the cut off voltage E = -0.6 V vs. Hg/HgO. The nominal capacitance C, expressed by mAh g -1 , was determined by the following expression: =

(1) 3.6

x F C M

Wherein F is the Faraday (96,487 C mol -1 ), M the molar mass of the alloy (846.72 g mol -1 ), and x is the number of hydrogen atoms per alloy formula measured by solid-gas method (7 H mol -1 ). C is thus calculated to be equal to 0.2216 Ah g -1 .

The constant potential discharge (CPD) at -0.6V vs. Hg/HgO was applied after each cycle at C/10 rate using a chronoamperometry method.

These experiments were followed by the cyclic voltametry (CV) at a scan rate of 1 mV s -1 from -1.20 V to -0.60 V vs. Hg/HgO to estimate the exchange current density I 0 and at the potential E 0 zero overall current in 1 M KOH solution.

The pressure-composition isotherms (P-C-T) curves at different temperatures were electrochemically obtained. The electrode was first fully charged at very low rate, C/30 regime with 50 % overloads (45 h charging), and then the discharged at a C/30 rate at a current of 7.4 mA g -1 for 1h, followed by a stabilization period of 2h before the equilibrium potential (E) was recorded. Then the discharge and potential stabilization procedure was repeated until the electrodes reached the cut-off potential of -0.6 V vs. Hg/HgO.

Results and discussion

Electrochemical proprieties at room temperature

Annealing conditions and characterization results

Table 1 displays the results of the metallographic examination, the electron probe microanalysis (EPMA), and the structure characterization by X-ray diffraction (XRD) of this alloy together with the parent alloy LaY 2 Ni 9 . The structural characterization shows that CeY 2 Ni 9 is indexed in the rhombohedral cell of PuNi3 type belonging to the R-3m (166) space group (Z=3). 

Activation capability and cycling stability

The activation capability, which is an important property for the practical application of the Ni-MH battery, was characterized by the number of charge-discharge cycles required for attaining the greatest discharge capacity through a charge-discharge cycle at a constant current density. The less is the activation cycle number, the better is the activation performance. These results show that the CeY 2 Ni 9 electrode possesses an excellent activation capability and can be fully activated within three cycles, thus being attractive in practical applications.

Indeed, at the first cycle, the capacity is 71.5 mAh g -1 and the half charge and discharge potential is -1.026 and -0.778 V, respectively. At the third cycle the discharge capacity reaches its maximum value of 143 mAh g -1 and the half charge and discharge become -0.988 and -0.805 V, respectively. Beyond the 4 th cycle, the half charge and discharge potentials become constant and the capacity discharge undergoes a progressive decrease.

The discharge capacity fades, after activation, may be related to the reduction of hydrogen interstitial sites in the active material of the working electrode due mainly to the KOH aggressive electrolyte.

The potential difference between the half charge and discharge 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 Coulombic Efficiency or charge acceptance.

The potential difference between the half charge and discharge potentials after activation is 0.107 V. This value confirms that the CeY 2 Ni 9 alloy presents a good reaction reversibility compared with other alloys, particularly the LaY 2 Ni 9 parent alloy [70,74]. The total substitution of La by Ce in the LaY 2 Ni 9 parent alloy enhances therefore the activation as well as the reversibility of the hydrogen absorption-desorption reaction in spite of the decreases of the discharge capacity (Table 2). This curve reveals that this alloy can be fully activated within three charge/discharge cycles to achieve their maximum discharge capacity. After activation, the discharge capacity undergoes a sharp drop in the number of charge/discharge cycles. Indeed, at the third cycle, the discharge capacity is around 143 mAh g -1 about two third of the nominal capacity while at the 11 th cycle it decreases at around one half (68.5 mAh g -1 ) before stabilizing around this value up to 60th cycle. Beyond the 60 th cycle the discharge capacity undergoes second slight decreases to Stabilize around 62 mAh g -1 . It can be noted that despite of the steep decrease of the discharge capacity after activation, this alloy conserves a good stability lifetime during a long cycling.

The cycling stability S S of the alloy is characterized by the capacity conservation rate, which is defined as the ratio of discharge capacity after stabilization by the maximum discharge capacity:

s S max 100 = (2) C S C
Where C max is the maximum discharge capacity (mAh g -1 ) and C s is the discharge capacity after stabilization (mAh g During the activation, the absorbed hydrogen in the alloy causes the fragmentation and the cracking of the electrode, leading to the increase of the active surface which accelerates the absorption and diffusion of hydrogen. After activation, the fresh surface of pulverized alloy particles is exposed directly to the agressive alkaline electrolyte, which will be oxidized thereafter leading to the deceleration of the kinetics absorption and consequently the decrease of discharge capacity [75]. Therefore, the fade of the discharge capacity after both the activation and 60 cycle may be explained by the corrosion and the dissolution phenomena of the active materials, respectively, engendering a reduction of the hydrogen interstitials sites. It can be seen that both anodic and cathodic current increases with potential cycles up to ca.

Redox parameters of the

fortieth cycle. Beyond this cycle, the anodic process continues to increase whereas the process slows down. As a result, the Nersnt potential E 0 shifts towards a positive direction at the first cycles, then the opposite direction beyond the twentieth cycle. Besides, some lowering of the anodic current was observed for higher anodic polarization beyond 40 th cycle.

-1.3 -1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 Since the absorption-desorption of hydrogen is a reversible reaction, the application of Butler-Volmer equation, on the voltammograms obtained at different cycles, allows the kinetic parameters to be determined according to the following equation:

      0 a 0 c 0 exp exp (3) I I b E E b E E               
Where, I 0 , b a , b c and E 0 stand respectively for the specific current density (A g -1 ), anodic and cathodic Tafel constant (V -1 ), and the zero overall current potential (Nernst potential) (V).

For a single electron transfer, the following relationship can be derived.

-1 a c -= (= 38.9 V at 25 °C) (4) F b b R T Fig. 3b, for example, shows, the results of the regression calculation according to Equations

(3) and ( 4) for the polarization curve obtained at the third activation charge and discharge step, i.e. when the electrode activation process is achieved. The results around E 0 ±30 mV were used for the regression calculation to remain close to the redox potential and also to avoid a significant ohmic drop.

- Fig. 3b. Comparison of experimental (symbol) and fitted data (solid line) for 3 rd cycle (cf. Fig. 4). The results of regression calculation by Simplex method; E 0 =-0.9057±0.000 (V Hg/HgO ), I 0 =0.0151±7.11 E -6 A g -1 , b a =17.7±0.01 V -1 , χ 2 = 2.93 10 -9 , R 2 = 0.999.

Fig. 3b shows a good agreement between experimental and calculated dada validating the electrode kinetics is actually reversible redox process of absorption-desorption of hydrogen, then the variation of E 0 and I 0 with respect of cycle number was evaluated. The potential E 0 , during the first activation cycles, shifts towards a more cathodic direction even after the activation of the electrode is achieved, and reach the value of -1.02 V at the fiftieth cycle. E 0 stays essentially constant above this cycle with some fluctuations.

The specific exchange current density, during the first cycles of activation and until fortieth cycle, increases with the electrochemical cycling. After that, the exchange current density stabilizes at around 0.057 A g -1 . This result confirms a good behavior to the cycling test. This value is slightly lower than that of the LaY 2 Ni 9 parent alloy, i.e. 0.079 A g -1 . The substitution of La by Ce does not affect significantly the value of the specific exchange current density, despite the reduction of the discharge capacity after a long cycling. Indeed, the values of the discharge capacity and the exchange current density, during a long cycling, for the LaY 2 Ni 9 parent [70] and CeY 2 Ni 9 mono-substituted alloys are 140 mAh g -1 , 0.079 A g -1 and 65 mAh g -1 , 0.057 A g -1 , respectively. As can be seen in Fig. 5, b a remains essentially constant with the mean values of 17.9 V -1 , that is, the Tafel coefficient equal to 0.46. The redox process is almost symmetrical.

Diffusivity indicator (D H /a 2 ) of the CeY 2 Ni 9 during a long cycling at room temperature

The semi logarithmic plots of the chronoamperometic curve at E=-0.6 V vs. Hg/HgO of CeY 2 Ni 9 electrode during cycling at room temperature show that the current-time responses can be divided into two time domains, in the short time region; the oxidation current of hydrogen rapidly declines due to the rapid consumption of hydrogen at the surface. However, for a longer time region, the current decreases more slowly and drops almost linearly with time. Since hydrogen is supplied from the bulk of the alloy at a rate proportional to the concentration gradient of hydrogen, the current density will be controlled by the diffusion of hydrogen in the second time region. Zheng et al. [76] reported that in a large anodic potential step test, after a long discharge time, the diffusion current varies according to the following equation:

    2 H 0 s 2 2 6 π log log (5) 2.303 H F D D I C C t d a a               
Wherein D H is the hydrogen diffusion coefficient (cm 2 s -1 ), a is the radius of the spherical alloy particle (cm), I is the diffusion current density (mA g -1 ), C 0 is the initial hydrogen concentration in the alloy bulk (mol cm -3 ), C s is the hydrogen concentration of the alloy particles (mol cm -3 ) at the surface, F is the Faraday (96487 C mol -1 ), d the density of the hydrogen storage alloy (g cm -3 ), and t the discharge time (s).

According to the Equation ( 5), knowing the slope of the linear region of the corresponding plots,

d(log( )) d I t
, the ratio H s -1 at the twelfth cycle. Beyond the twenty-eighth cycle, this ratio fluctuates around 17 10 -6 s -1 .

With the grain size determined in the previous work [70], after electrochemical tests of a long cycling, the diffusion coefficient of the CeY 2 Ni 9 mono-substituted electrode is estimated to be 6.8 10 -11 cm 2 s -1 , which is slightly lower than that of the LaY 2 Ni 9 parent electrode.

The good cycling as well as the activation properties are related to the evolution of the kinetic parameters such as the diffusion coefficient and the specific exchange current density. Indeed, despite the slight decrease of the kinetic parameter values during the long cycling, under the replacement effect of La by Ce, a reduction in the number of activation cycles and an improvement of the cycling stability parameter are observed (Tables 2 and3). This result is attributed to the positive effect of cerium on the stability of the electrode [50,51].

Electrochemical proprieties at different temperatures

Effect of temperature on the electrode kinetics

Temperature is one of the most determining parameters in electrode kinetic studies. It affects the physical-chemical and electrochemical hydrogen absorption/desorption reaction rates.

Both the hydrogen absorption capability and the hydrogenation/dehydrogenation kinetics determine the performance of the metal hydride electrode.

Fig. 7 shows the Tafel plots of the CeY 2 Ni 9 electrode, at different temperatures obtained at a scan rate of 1 mV s -1 .

-1.3 -1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 10 The higher the temperature is, the more positive the potential E 0 is in agreement with the Nernst equation. However, the Nernst equation predicts the standard potential shift of only 3.9

mV when the temperature rises from 30 to 70 °C, no comparison with that observed experimentally. A much bigger change in the redox process will thus take place at the electrode process. However, these results displayed in Fig. 8 are in good agreement with those found for other AB 5 -type alloys [77,78].

The exchange current density value increases by rising the temperature from 30 °C to 40 °C;

13 mA g -1 and 45 mA g -1 , respectively, for 30 and 40 °C. This variation corroborates the previous work carried out on AB 5 -type alloys [79]. Beyond 40 °C, the exchange current density undergoes a sharp drop to 50 °C then a gradual decrease and stabilization around 10 mA g -1 . This current decrease corresponds to that of the cathodic current, beyond this threshold temperature. The decrease of anodic and cathodic currents may be allocated to the formation of an oxide film on the surface of the electrode, thereby degrading the kinetic properties and reducing the active surface area. Thus, it is reasonable to consider the compromise of these antagonistic effects of temperature.

Activation energy of hydrogen diffusion in CeY 2 Ni 9 Hydride phase

The apparent activation energy (E a ) of the diffusion of hydrogen in the alloy bulk is the determining step when the hydrogen, close to the surface, is consumed. E a can be determined by the Arrhenius equation:

  H ln (6) a E D A R T    
Where A is a constant and T is the temperature (K), D H is the hydrogen diffusion coefficient calculated from the linear part of the chronoamperometric curves.

The D H values found at different temperatures according to Equation ( 5) were used to plot the 1/T dependence of ln (D H ) as shown in Fig. 9. The straight line of ln (D H ) vs. 1/T in Fig. 9 gives the apparent activation energy of 10.78 kJ mol -1 . This value is lower than that found for the LaY 2 Ni 9 parent alloy (14.84 kJ mol -1 ). The activation energy thus calculated is in agreement with the diffusion process. The difference observed between these two alloys shows the effect of substitution of La by Ce corresponding to the easy absorption of hydrogen into this Ce substituted alloy.

High-rate-dischargeability of the CeY 2 Ni 9 alloy

High Rate Dischargeability (HRD) of the alloy electrodes is considered to be one of the important characteristics for the practical application in nickel metal hydride power batteries.

Fig. 10 shows the relationship between HRD and the discharge current density of the CeY 2 Ni 9

electrodes at different temperatures. The HRD, which characterizes mainly the kinetic of the metal hydride electrode, is calculated for each temperature by the following equation:

  max 100 i HRD % (7) C C  
Where, C i is the discharge capacity with a cut-off potential at -0.6 V vs. Hg/HgO for different discharge current density and C max is the maximum discharge capacity for a given temperature. It can be remarked that the HRD at low current density (<10 mA g -1 ) follows a monotonic variation with temperature; the HRD values at 10 mA g -1 evolved from 68% at 30 °C to 91% at 70 °C. At a current density higher than 10 mA g -1 , The HRD at 30, 40 and 50 °C, increases with temperature and tends to stabilize at 56 mA g -1 around a value greater than 90%. Indeed, the HRD values are about 100, 99 and 93% at 200 mA g -1 , respectively, for 30, 40 and 50 °C.

The HRD at 60 and 70 °C undergoes a rapid decay and becomes close to zero at 110 mA g -1 .

These results are in a good agreement with the evolution of the electrode kinetics parameters at different temperatures.

The substitution of La by Ce improves the HRD at 40 and 50 °C but does not enhance it at 60 and 70 °C, which is in a good agreement with the improvement of the other electrochemical kinetic properties.

The HRD of Ni-MH negative electrode is governed by the electrochemical kinetics of the charge-transfer reaction at the electrode/electrolyte interface and the hydrogen diffusion rate within the alloy bulk. They determine the exchange current density (I 0 ) as well as in the hydrogen diffusion coefficient (D H ), which characterizes the mass transport properties of an alloy electrode [80].

Pressure-Composition-Temperature curves of the CeY 2 Ni 9 alloy

Pressure-Composition-Temperature (PCT) curve is the isotherm of hydrogen pressure at equilibrium and hydrogen concentration of metal hydride during its reversible hydrogen absorption/desorption process.

The equivalence potential-pressure and electrochemical discharge capacity of solid-gas capacity allows us to draw the PCT isotherm curves [70]. These curves allow to evaluate the thermodynamic properties of hydrogen storage material [81][82][83].

The equivalence between the potential-pressure and the electrochemical discharge capacitysolid gas capacity, as explained previously [70], are expressed by the following equation: , shown in Fig. 12, the enthalpy and the entropy formation of the CeY 2 Ni 9 H x hydride are evaluated. The enthalpy of the hydride formation is a determining parameter that serves for the assessment of the applicability as a hydrogen absorber of alloys in various utilizations.

  2 H 2 exp 0.926 (8) F P E R T           
Kleperis et al. [84] stated that if the value of ΔH ranges between -25 and -50 kJ mol -1 , the alloy is a viable candidate for battery applications. Hong [START_REF] Hong | Method for preparing materials for hydrogen storage and for hydride electrode applications[END_REF] got little lower values for the heat of the alloy hydride formation i.e. between -15 and -40 kJ mol -1 . A value higher than -15 kJ mol -1 (lower than 15 kJ mol -1 in absolute value) indicates that the alloy is not sufficiently stable for charging at room temperature, whereas for a ΔH smaller than -50 kJ mol -1 , the alloy should be very stable for the discharge at room temperature. In practice, ΔH is an indication of the thermo-chemical stability of metal hydride electrodes. A high ΔH in absolute value would signify a high degree of stability of the hydride and low dissociation pressures, which means that a high temperature is required to decompose the alloy to release the hydrogen.

The values of the enthalpy and the entropy formation of the CeY 2 Ni 9 H x hydride are about -48.3 kJ mol -1 and 46.4 J K -1 mol -1 , respectively. These values are in good agreement with those available in the literature [78,86,87]. The substitution of La by Ce in the LaY 2 Ni 9 parent alloy reduces the value of the enthalpy from -42.6 to -48.3 kJ mol -1 , which is explained by the positive effect of cerium on the stability of the electrode.

Conclusion

The hydrogen absorption and desorption kinetics in AB 3 type alloys was studied for CeY 2 Ni 9 .

This material will be used as the negative electrode of Ni-MH rechargeable battery and also as the hydrogen storage device. The parent alloy of this electrode is LaY 2 Ni 9 and La is substituted by Ce to be more attractive for cost-effectiveness. This substitution lowers the electrochemical capacity from 258 to 143 mAh g -1 . However, it improves the activation as well as the reversibility of the hydrogen absorption reaction, the exchange current density, the 

Fig. 1a and 1 Fig. 1a .Fig. 1b .

 11a1b Fig.1aand Fig.1bshow the electrochemical discharge capacity, the half charge and discharge potential curves, respectively, during the first activation cycles of the CeY 2 Ni 9 electrode at C/10 rate and at room temperature.

Fig. 2 .

 2 Fig. 2. Electrochemical discharge capacity with respect to cycle number of the CeY 2 Ni 9 electrode at C/10 rate and at room temperature.

  -1 ). The values of the discharge capacity conservation are 44-48 % and 45 % [70] for the CeY 2 Ni 9 and LaY 2 Ni 9 alloys, respectively. Though the total substitution of the La by Ce in the LaY 2 Ni 9 parent alloy affects the discharge capacity, it maintains the capacity conservation. The CeY 2 Ni 9 material electrode shows more steeply sloping discharge profiles compared with those of the LaY 2 Ni 9 material parent electrode. Despite, the difference of the voltage profiles and the relatively low capacity of the CeY 2 Ni 9 alloy, the substitution of La by Ce does not deteriorates neither the stability of the alloy neither the cycling performance.

  CeY 2 Ni 9 alloy during a long cycling at room temperature The redox behavior of the CeY 2 Ni 9 electrode was studied through the linear voltammetry technique during a long cycling at room temperature. This method consists of applying a linear potential scan rate of 1 mV s -1 on the CeY 2 Ni 9 negative electrode after each cycle of charge and discharge at C/10 rate. The current was expressed as specific current, dividing the measured current I by the mass of latex electrode.

Fig. 3a shows

  Fig. 3a shows some experimental Tafel curves of the CeY 2 Ni 9 electrode at 1 mV s -1 potential scan rate during a long cycling at room temperature.

Fig. 3a .

 3a Fig. 3a. Experimental polarization curves of the CeY 2 Ni 9 electrode at 1 mV s -1 potential scan rate, during a long cycling at room temperature.

Fig. 4 1 Fig. 4 .

 414 Fig. 4 represents the evolution of I 0 and E 0 of the CeY 2 Ni 9 electrode during a long cycling at room temperature.

Fig. 5 Fig. 5 .

 55 Fig. 5 shows the variation of b a of the CeY 2 Ni 9 electrode during a long cycling at room temperature.

1 Fig. 6 .

 16 Fig. 6 shows the evolution of the H 2 D a ratio, as a function of the cycle number of CeY 2 Ni 9

Fig. 7 .

 7 Fig. 7. Tafel plots of the CeY 2 Ni 9 electrode, at 1 mV s -1 potential scan rate and at different temperatures.

Fig. 8 .

 8 Fig. 8. Evolution of E 0 and I 0 of the CeY 2 Ni 9 electrode at different temperature.

1 Fig. 9 .

 19 Fig. 9. The Arrhenius plot, ln (D H ) vs. 1/T of the CeY 2 Ni 9 electrode.

1 Fig. 10 .

 110 Fig. 10. High Rate Dischargeability (HRD) in %, of the CeY 2 Ni 9 electrode with respect to discharge current density at different temperatures.

Fig. 11 showsFig. 11 .

 1111 Fig.11shows the solid-gas isotherms, deducted from the equivalent electrochemical/solid-gas measurements, of the CeY 2 Ni 9 alloy after activation at different temperatures according to Equation(8) and the PCT curves determined by successive discharges.

1 Fig. 12 .

 112 Fig. 12. Van't-Hoff plot, ln (P eq ) vs. 1/T, of the CeY 2 Ni 9 electrode.

HRD at 40 and 50

 50 °C and it maintains the capacity conservation. This substitution reduces also the activation energy, therefore the absorption of hydrogen becomes easier. The value of the enthalpy decreases from -42.6 to -48.3 kJ mol -1 indicating a positive effect of Ce on the stability of the electrode.The correlation between the evolution of redox, kinetic and thermodynamic parameters is also observed for the CeY 2 Ni 9 alloy during activation and a long cycling. Indeed, despite the slight decrease of the kinetic parameter values during the long cycling, under the replacement effect of La by Ce, a reduction in the number of activation cycles and an improvement of cycling stability parameter are observed.

Table 1 .

 1 Annealing conditions and characterization results of the CeY 2 Ni 9 and LaY 2 Ni 9

	XRD analysis (cell
	parameters and volume)

Table 2 .

 2 Maximum discharge capacity, cycle number of activation and potential difference of both the LaY 2 Ni 9 parent and the CeY 2 Ni 9 mono-substituted alloys determined at C/10 rate and at room temperature.

		Maximum discharge capacity	Cycle number for	Potential
		(mA h g -1 )	activation	difference (mV)
	LaY 2 Ni 9 [39]	258	5	149
	CeY 2 Ni 9	143	3	107

Cycling stability is an extremely important factor for the life service of hydrogen storage alloys. Fig.

2

depicts the cycling-lifetime curve of the CeY 2 Ni 9 electrode for long cycling at C/10 rate at room temperature.

Table 3 .

 3 Table 3 summarizes some kinetic parameters of LaY 2 Ni 9 and CeY 2 Ni 9 electrodes. Redox, kinetic and thermodynamic parameters of the LaY 2 Ni 9 parent and the CeY 2 Ni 9 mono-substituted alloys.

						Thermodynamic
		Redox parametres	Kinetic parameters		
						parameters
		I 0	E 0	E a	D H	H	S
		(A g -1 )	(V)	(kJ mol -1 )	(cm 2 s -1 )	(kJ mol -1 )	(J K -1 mol -1 )
	LaY 2 Ni 9 [39]	0.079	-0.993	14.84	10.2×10 -11	-42.64	56.85
	CeY 2 Ni 9	0.057	-1.021	10.78	6.8×10 -11	-48.25	46.42
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