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Abstract

The  structural, thermodynamic and electrochemical properties of the
MmNi; ssMng 4Aly 3Feq 75 compound, used as negative electrode of Ni — MH accumulator,
are studied and compared to those of MmNi;ssMng4Alg3Cog7s electrode. The
thermodynamic results show that the total substitution of cobalt by iron leads to a decrease
solid — gas capacity measured at 25°C from 5.5 H/mol to 3.93 H/ mol for
MmNi; ssMng 4Alg3Coo75 and MmNis 5sMng 4Aly3Fey 75 compounds, respectively. The
electrochemical discharge capacity for the MmNis 5sMng 4Aly 3C0g 75 compound reaches its
maximum of 270 mAh/g after 12 cycles and then decreases to 200 mAh/g after 25 cycles.
However, the electrochemical discharge capacity of the MmNi;ssMng4Alg3Feq s
compound reaches its maximum value of 200 mAh/g after 9 cycles and then decreases to
180 mAh/g after 25 cycles. The decrease of the discharge capacity for the two alloys is
attributed to the corrosion and deprecipitation of the alloys in the KOH aqueous solution.
The value of the hydrogen diffusion coefficient Dy determined by the cyclic voltammetry
are equal to 5.85 10" cm? s and 3.96 10'° cm?® s for MmNi; ssMng 4Aly 3Coy 75 and
MmNi; ssMng 4Aly 3Feq 75 compounds, respectively. The hydrogen diffusion coefficient
determined by electrochemical impedance spectroscopy (EIS), corresponding to 10 and
100 % of the charge state are equal to 6.64 10" cm? s (o phase) and 1.6 107" cm® s (B
phase) for the MmNi; ssMng 4Aly3Cog 75 alloy. However, for the MmNi; ssMng 4Alg 3Feq 75,
the hydrogen diffusion coefficient are equal to 7.27 10" em?® s (a phase) and 2.51 107"
cm’s™ (B phase).

1. Introduction

In recent years, hydrogen may constitute the main energy vector in the future. There is
multiple ways of storing hydrogen. An alternative to the use of gaseous pressure tanks is to
store hydrogen in metal hydrides. Many of applications of hydrogen storage alloys have
been widely used as the negative electrode materials in the nickel — metal hydride (Ni /
MH) secondary batteries for their higher energy density, high capacity rate and longer life
cycle. The high charge / discharge rate of Ni-MH batteries is gaining increasing attention.
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The rapid charging perform ance of the cell is very important
for some applications such as mobile phones and electric
vehicles.The key to the improvement of the commercial
Ni/MH batteries is the improvement of the electrochemical
properties of the hydrogen storage alloys including the
electrochemical capacity, the life cycle and the high rate of
dischargeability.

Most of the negative electrodes of such batteries are made
of LaNis —type alloy [1, 2]. The behavior of these batteries can
be changed when modifying the hydrogen storage alloy to
achieve a good performance. The LaNis; compound, one of the
AB; — rare type— earth alloys, is the most promising candidate
[3, 4]. Nevertheless, it exhibits a high equilibrium pressure of
1.7 bars at room temperature and its electrochemical capacity
decreases rapidly when increasing the charge — discharge
cycles. This such latte phenomenon was attributed to the
oxidation and the formation of the La(OH); film at the surface
[5]. To decrease the plateau pressure and inhibit the oxidation
phenomenon, some works have been carried out to replace the
lanthanum by mischmetal (a mixture of different rare earth
such as: Ce, Nd and Pr) and a part of nickel atoms with
different transition elements such as Mn, Al and Co [6, 7-10].

These commercial ABS alloys are usually of the type
Mm(Ni,Co, Al, Mn)5, containing typically 10 wt% Co. Cobalt
is present in the alloys to guarantee the long cycle life of the
negative electrode [11]. However, cobalt is also the most
expensive metal among the alloying compounds representing
10 % of the weight but 45 % of the total alloy price. Therefore,
it is interesting to investigate low-Co or Co-free AB5-type
alloys. For this purpose we have studied the influence of the
Fe for Co substitution, especially on the life time of the
electrode.

In the present work, we have studied the effect of total
substitution of Co by Fe on the structural, thermodynamic and
electrochemical properties of the MmNi3.55Mn0.4A10.3Co
0.75 compound. The value of the hydrogen diffusion
coefficient DH was determined by the cyclic voltammetry and
electrochemical impedance spectroscopy (EIS) have been
evaluated the reversibility and the kinetic of the
electrochemical reaction of the both alloys.

2. Experimental Detail

The MmNi3A55Mn0A4A10A3FeoA75 and MmNi3A55Mn0A4A10A3CO
o.75 alloys were prepared by UHF induction melting (UHF) of
the pure elements followed by an appropriate annealing to
ensure a good homogeneity.

They are carefully checked by metallographic examination,
electron probe microanalysis (EPMA) and powder X-ray
diffraction (XRD) with CuK, beam.

The pressure-composition -isotherm (P- C - T) was
measured using a volumetric (Sievert) method. Each sample
was first activated by several hydrating -dehydrating cycles to
reduce the grain size and to increase the kinetic.

2.1. Preparation of the M H Electrode and
Ni -MH Cell

These ingot alloys were ground mechanically and saved to
less than 63pim in a glove box under an argon atmosphere. The
“latex” technology has been used for the electrode preparation.
Ninety percent of the alloy powder was mixed with 5% of
black carbon (to obtain a good conductivity) and5% of
polytetrafluoroethylen (PTFE). Two pieces of 0.5 cm’of this
latex have been pressed on each side of a nickel grid to prevent
the electrode platform breaking into pieces during the charge—
discharge cycling [12]. This assembly forms the negative
electrode of Ni-MH battery. The counter electrode was
formed by the Ni ox hydroxideNi(OH),, whereas the reference
electrode was the Hg/HgO 1MKOH electrode. The electrolyte
was 1M KOH solution, prepared with deionized water.

2.2. Electrochemical Measurements

All the electrochemical measurements were performed at
room temperature in a conventional three electrode-open-air
cell using a computer- as a controlled response frequency
analyser coupled directly to a VMP Biologic potentiostat—
galvanostat. The discharge capacity of the electrode was
determined by a galvanostatical charging-discharging,
respectively, at C/3 and D/6 regime. Every cycle was carried
out by charging fully at 120 mA/g for 3 h (this time majored
by 50 % due to the efficiency of the charging reaction) and
discharging at 60 mAh/g at room temperature. After activating
the electrode for 35 cycles, the cyclic voltammetry was
applied at scan rates of 10, 20, 30, 40 and 50 pv s ' between
—1.1 and —0.5V versus Hg/HgO. Impedance spectroscopy
measurements were realized after 13 cycles. The
chronoamperommetry was applied after 12 charge-discharge
cycles. This method consists of fully charging and discharging
the electrode at a constant potential (- 0.6 V versus Hg/HgO).

The electrode was charged to a state of charge (SOC) of 10 %
at C/3 regime. After that, a rest of 3 h was applied to the
open-circuit potential to get stabilized. The electrochemical
impedance spectrum of the electrode was measured by the AC
perturbation of £ 5 mV as amplitude and 1 mHz to 50 KHz
frequency range for 10 points per decade.

3. Resultats and Discussions
3.1. Structural Properties

EPMA analysis indicates that the composition of these
compounds MmNij; 5sMng 4 Al 3 Feg 75 and MmNi; ssMng 4 Al
03 Co 75 are a single phase and has a homogenous
composition in agreement with the nominal one. The
diffraction patterns were refined with a Rietveld analysis
using the program fullproof represented in Fig. 1 and Fig. 2.
The structural characterisation shows that these compounds
are indexed in CaCu5 hexagonal crystalline structure
(P6/mmm space group). The results of the metallographic
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examination, the electron probe microanalysis (EPMA) and  totaly substitution of iron for cobalt, which indicate that the
the structure characterisation by X-ray diffraction (XRD) of  capacities of the as-quenched alloys decrease greatly with the
these compounds are given in Table 1. In fact, the lattice  increase of the Fe content [13].

parameters and lattice volume increases progressively by the
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Figure 1. Refined diffraction pattern of the MmNis ssMn 4Alp3Cog 7.
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Figure 2. Refined diffraction pattern of the MmNis ssMng 4Alo3F e 75 [25].
Table 1. Lattice parameters and lattice volume of the substituted compound. 3.2. Thermodynamic Properties
Compound a (A) ¢ (A) vV (A% o ) )
LaNis 5012 3.984 86.68 The pressure — composition — isotherm (P-C-T) with
MmNi; 5sMng 4Aly3Co .75 [24] 5.019 4.049 88.32 MmNi3‘55Mn0,4A10‘3C00,75 and MmNi3,55Mn0‘4A10,3FeO‘75

MmNi3ssMnosAlosFeoss [25,26]  5.0422 4.067 89.54 measured at 25, 40 and 80°C is represented in Fig. 3 and Fig. 4,
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where the hydrogen desorption pressure is plotted as a
function of an amount of a desorbed hydrogenThese values of
solid- gas capacity—and pressure equilibrium at 25, 40 and
80°C are given in Table 2. The solid — gas capacity measured

MmNi; ssMng4Aly3Co 75 and  MmNij ssMng 4Aly 3Feq 75
compounds, respectively. The result shows that the
substitution of cobalt by iron increases the stability of the
compound.
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Figure 3. Isotherm of desorption at 25, 40 and 80 °C of compound MmNis ssMn4Aly3Cog 75
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Figure 4. Isotherm of desorption at 25, 40 and 80 C of the compound MmNi; ssMng 4Aly3Fey 75 [25].

The pressure equilibrium decrease from 0.065 to 0.024 bars
for MmNisz ssMng4Alg3Co (75 and MmNi; ssMng 4Aly 3Feq 75
compounds, respectivelyshows that the substitution of cobalt
by iron increases the stability of the compound and can be

used as negative electrodes in NiMH batteries or for the
hydrogen storage. Referring to the cell volumes listed in Table
1, it can be found that a large cell volume corresponds to a low
plateau pressure. It is believed that the expansion of the cell
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volume leads to a decrease of the equilibrium pressure.

For both compounds the capacity decreases slightly when
the temperature increases. So, for MmNij; 5sMng 4Aly3C0g 75
compound, the capacity is of 5.5 H / moles at 25°C, and
decreases to reach the value of 4.96 H / moles at 80°C. While
for the MmNisssMng4Alg3Feq7s the capacity is of 3.93
H/mole at 25°C, and decreases to reach the value of 3.4
H/mole at 80°C.

The enthalpy and entropy of these hydrides formation,

83

calculated using the equilibrium pressure at 25, 40 and 80°C,
are given in Table 3. It is obvious from the data that the
absolute value of the alloy enthalpy increases when the cobalt
is substituted by iron. This leads to an improved stability of
the accordingly prepared hydrides. These results show also
that the value of enthalpy formation of the hydride is negative.
So, it can be concluded that the reaction of the hydruration is
exothermic.

Table 2. Solid —gas capacity and pressure equilibrium at 25, 40 and 80 °C temperature of MmNis ssMng 4Aly 3Feq 75 and MmNi; ssMng 4Aly 3Co .75 compounds.

25°C 40°C 80°C

P(bar) Capacity (H/mole) P(bar) Capacity (H/mole) P(bar) Capacity (H/mole)
MITlNi3_55M1’10_4A10_3C00_75 [25] 0.065 5.50 0.138 5.15 082 496
MmNi; ssMng Al sFe 75 0.024 3.93 0.085 3.74 0.582 3.4

Table 3. The enthalpy and entropy of the formation of these hydrides.

Compounds AH (Kcal/mole H,) AS (cal/K/mole H,)
MmNi; 5sMng 4Alg3C0o.75 -9.72 27.09
MmNi; ssMngsAlysFeo 75 [26] -10.38 28.53

3.3. Electrochemical Properties

3.3.1. Life Time of the Electrode

Fig. 5 shows the variation of the discharge capacity of the
MmNi; ssMng 4Aly3Feg7s and the MmNisz ssMng 4Alg3Coq 75
electrodes as a function of the number of cycles. The
discharge capacity of the MmNi;ssMng4Aly3Cog75 alloy
reaches a maximum value of 270 mAh/g after 12 cycles,
decreases to about 200 mAh/g after 25 cycles and remains
constant after that. However, the discharge capacity of the
MmNi; 5sMny 4Alj 3Feq ;scompound reaches a maximum value
of 200 mAh/g after 9 cycles, decreases to about 180 mAh/g
after 25 cycles and then remains constant. The capacity
decrease is mainly due to the surface layer oxidation and
corrosion phenomena. Pan et al. [14] and Geng et al. [15]
assume that the loss in discharge capacity is due to the
deterioration of the negative electrode material with

increasing the number of charge-discharge cycles. In fact,
during the cycling, the rare earth elements, such as La or the
transition metal such as Mn segregate, to the grain boundaries,
where they were subject to corrosion. The corrosion is
disposed on the surface of the grain particles as a
needle-shaped La(OH); or as Mn;0,4. This decease may be
also attributed to the oxidation of iron on the alloy surface
which limits the hydrogen transfer from the surface to the bulk
of the alloy and consequently to a loss in the amount of
hydrogen stored in the material. The cobalt-containing alloy
has a higher capacity and a better stability than the
iron-containing alloys. The negative electrode charging
efficiency was also improved by the Co additive. With respect
to the relative discharge capacities of these alloys, it is easy to
conclude that the substitution of the cobalt by iron decreases
the stability and the life time cycle.

300
250 — —
L mNiHSMnMAlMCo(L75 4
200 |- j\x& -
F >
L I D_‘:H:ID-D.DD-\:H:I h
@ s J IR S 1
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100 — |
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Figure 5. Variation of the electrochemical discharge capacity of the MmNis ssMn 4Aly 3F ey 75 and MmNis ssMng 4Aly 3Co .75 compounds as a function of the cycle

number [24].
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3.3.2. Cyclic Voltammetry

The cyclic voltammogramms of the
MmNi; ssMng 4Aly 3C0g 75 and MmNij; ssMng 4Alg 3Feq 75
compounds at different scan rates (10, 20, 30, 40 and 50 puv/s)
after activation are illustrated in Fig. 6 and 7, respectively. The
observed anodic peak is attributed to the oxidation of the
absorbed hydrogen atoms on the surface. These figures show
that the anodic current peak increases and its potential slightly
shift to the positive direction with increasing the scan rate. Fig.
8 shows that the variation of the anodic peak potential (Ej;) of
this electrode has a linear dependence on log (v). So, it can be
concluded that the electrode formed by these alloys form an

irreversible system [16] .In the case, the anodic peak potential
can be written by the Equation 1 as [16].

dE,,
dlog(v)

23 RT
2ankF

M

where v is the scan rate, R is the constant of rare gas, T is the
temperature of the electrochemical cell, a is the charge
transfer coefficient, n the number of exchanged electron and F
the faraday constant. So, this formula allows the determination
of the value of the charge transfer coefficient a.
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Figure 6. Cyclic voltammograms of the MmNis; ssMn 4Aly3Co .75 compound obtained at potential scan rates: 10, 20, 30, 40 and 50 u Vst [24].
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Figure 7. Cyclic voltammograms of the MmNi; ssMny 4Aly 3F ey 75 compound obtained at potential scan rates: 10, 20, 30, 40 and 50 u Vst [26].
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Figure 8. Variation of the anodic peak potential of cyclic voltammograms of the MmNis ssMn 4Aly 3F ey 75 and MmNis ssMng 4Aly3Co0 75 electrodes as a function of

log(v) [24, 26].

Fig. 9 shows the variation of the anodic peak current versus
the square root of the scan rate (v'?) is linear. So, for a
semi-infinite diffusion and an irreversible transfer can be
expressed by Equation 2 as [16]:

Tap= 0496 al’2 (n F)¥25s C; [Q]ﬂ2 2

Where a is the charge transfer coefficient, n is the number
of the exchanged electron, F is the Faraday constant, s is the
geometrical surface of the working electrode (cm?), Cy is the
concentration of the diffusing species (mol cm?), D is the
hydrogen diffusion coefficient (cm” s™) and V is the potential
scan rate (V s). The concentration of diffusing species C is
determined by Equation 3 as:

oM

mFV, )

0 =

Where, M, m, F and V) are respectively, the molecular
mass, the effective mass of material, the Faraday constant and

the molecular volume of material. Q is the amount of the
hydrogen anodic oxidation during the anodic seep of cyclic
voltammetry [17]. It is expressed by equation 4 as:

t Ey .
Q= Jidt = J<ydE 4)
] E|

Where, t, t, and t are times and E;, E, and E are potentials, i
is the anodic current and V is the scan rate. According to
Equation 2, the hydrogen diffusion coefficient in this metal
hydride electrode can be determined using the slope of the
curve I, = fv'").

The values of the charge transfer coefficient a and the
hydrogen diffusion coefficient Dy, calculated from the slope
of the curve E,, = f (log (v)) and I, = f(v'"?) as explained above,
are given in Table 4. The values of the charge transfer
coefficient are close to 0.5. This shows symmetry of the
reaction of insertion and desinsertion of hydrogen in the bulk
of material in terms of reversibility and diffusivity of
hydrogen.
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the square root of the potential scan rate [24, 26].

Table 4. Charge transfer (a) and hydrogen diffusion Dy coefficient of the MmNis ssMn 4Aly 3F e 75 and MmNis ssMng 4Aly 3Co0.75 compounds.

charge transfer coefficient o

hydrogen diffusion Dy coefficient cm’.s™

MmNi; 5sMng 4Aly 3Co 75 [24] 0.35 5.8610"°
MmNis ssMnoAlgsFeo 75 [26] 0.4 3.96 10"
Based on this table, it can be seen that the value of the
hydrogen diff}lsion coefﬁciept.in the Fe-containing alloy is c=co _ 14 24 » D Sin (anr)eX (_5H )
less than that in the Co-containing alloy. The probable reason e ¢ T a n a P >
. . . . n=

for this decrease is the reduction of the number of available $=C0
sites of hydrogen when Co is substituted by Fe. In fact, when Where “a” is the sphere radius and C, and C, are

the alloy has a higher hydrogen storage capacity and lifetime
cycle, it exhibits a good diffusivity of hydrogen. On the other
hand, the iron facilitates the oxidation of the surface of the
alloy through the combination with oxygen to form an oxide
film which in turn inhibits the hydrogen diffusion and leads to
a loss in the discharge capacity.

3.3.3. Chronoamperommetry

When we assume that the hydride alloy particles have a
spherical form [15-18], the diffusion of hydrogen in the bulk
of these particles can be, in the spherical coordinate, given by
Eq5 as:

3 (r o)
ar’

d(re) _
ot

D &)
_ Where c is the hydrogen concentration in the alloy, t is time,
D is the average diffusion coefficient of hydrogen in the bulk
and r is a distance from the center of the sphere. Eq 6 gives the
solution of the diffusion equation, given by Crank [19] under
different boundaries, as:

respectively the initial hydrogen concentration in the bulk and
the surface hydrogen concentration of the alloy.

Where, F and d are the faraday constant and the density of
material respectively.

For a large time, Eq 7 can be rewritten by equation 3 as:

7D
—t

- 7
2.303 a? ()

6FD
log (i) = log| 222 (C, -C.
og (i) og[daz (c, ‘s)}

The =+ sign in Equation 3 indicates the charge state for the
sign (- ) and the discharge state for the sign (+). According to

Equation 3, % can be evaluated from the slope of the plot of
a

log(i ) vs. time “t”. Taking into account that the diffusion

coefficient of hydrogen »p is determined by the

electrochemical impedance spectroscopy, the radius “a” of the

particles, supposed as spherical, concerned by the

electrochemical reaction can be calculated from the value of

the slope D_.
22
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Figure 10. Variation of the diffusion current of MmNis ssMny 4Aly3Coy 75electrode as a function of time after activation during 13 cycles [24].
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Figure 11. Variation of the diffusion current of MmNis; ssMng 4Aly 3F ey 7selectrode as a function of time after activation during 13 cycles [25].

Fig. 10 and 11, shows that log(i) vs. time “t” may be divided
into two time domains. For short time (t <2000 s), the current
decreases rapidly and is under charge-transfer control [9]. At
long time (t >2000 s), the diffusion current decreases linearly
with time. This reflects that the diffusion current obeys
(complies with) equation 3. For the hydrogen diffusion
coefficient, D is determined by the electrochemical
impedance spectroscopy, the variation of the average radius of
the particles participating in the electrochemical reaction of
the MmNij; 5sMng 4Al 3Cop75and  MmNij 5sMng 4Aly 3Feq 75
alloys of number of cycle are given in table 5, show the

average radius decrease of the number of cycles from 100 pm
before cycling to 7 pm after 13 cycles. So, we assume that the
decrease of the particle size is due to the microcracking of the
electrode powder alloys, during the hydrogen absorption and
desorption process [14]. Before the charge-discharge process,
the alloy ingot were ground mechanically and saved to less
than 63 pum in glove box in order to prepare the negative
electrode. So, we assume that the decrease of particle size
during the cycling and the hydriding is due to the pulverization
of powder induced through the expansion of the lattice volume
reaching 25 % [14].
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Table 5. The variation of the average radius of the particles participating in
the electrochemical reaction of the MmNisssMng4Aly3Co0.75
MmNis; ssMng 4Aly 3Feq 75alloys of the number of cycles.

and

a (um)

MmNi;.ssMny 4Aly3C0y.75 MmNi; ssMny 4Alg3Fegss [25]
Co 105 100
C 95 105
C, 88 104
C; 80 87
Cs 77 85
Cs 60 82
Co 33 19
Cio 20 14
Cp 13 10
Cp 11 8
Ci; 8 7

3.3.4. Impedance Spectroscopy

The kinetic of hydrogen transfer and hydrogen diffusion in
the alloys has been investigated using electrochemical
impedance spectroscopy. Typical impedance diagrams for the
MmNij; ssMng 4Al 3C00 75 and
MmNi; 5sMng 4Aly 3Feg 7selectrodes after 13 cyclesof
charge-discharge at, respectively, 10 and 100 % state of charge
are reported in Fig. 12a and Fig. 13a, respectively. These states
of charge correspond to the solid solution a phase (10 %) and
the hydride 3 phase (100 %). All these spectra consist of a
very small semicircle in the high frequency (5 KHz to 400 Hz),
a slope of about 45° related to the Warburg impedance, in the
medium frequency region (300 Hz-100 Hz) and a large
semicircle in the low frequency region(100 Hz-1 mHz), which

marked dependence on the state of charge. The offset of all the
curves corresponds to the electrolyte resistance (R.[]0.52 -
0.79 Q). For these tow alloys, this value is almost constant
whatever the state of charge.

Based on the modeling of the kinetics of the metal hydride
electrode [9, 20-21], the semicircle at a high frequency is
attributed to the charge transfer reation. So, based on this
semicircle, we can determine the charge transfer resistance R,
the double layer capacitance Cy and the exchange current
density I,. The double layer capacitance and the current
density are given, respectively, by Egs. (8) and (9) as:

1

C :*— 8
Y ons SR, ®)
RT
] =
’ FSR, ®)

Where f'is the proper frequency, T the working temperature,
n the number of exchanged electron, S the geometric area of
the electrode, F the Faraday constant and R is the charge
transfer resistance. The values of these parameters are given in
table 6.

The enlarged view of the Warburg region for the
MmNij; 5sMng 4Aly 3C0q 75 and MmNi; ssMng 4Alg 3Feq 75
electrodes after 13 cycles of charge-discharge at, respectively,
10 and 100 % state of charge are reported in Fig. 12b and Fig.
13b, respectively.
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Figure 12. a) Typical Nyquist plots for the MmNis ssMn 4Aly 3Coy 7selectrodeat 10 and 100 % state of charge after 13 cycles b) Enlarged view of the Warburg

region for MmNis ssMng 4Aly 3Cog.75at 10 and 100 % state of charge [24].
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Figure 13. a) Typical Nyquist plots for the MmNi; ssMng 4Alp 3F e 7selectrode at 10 and 100 % state of charge after 13 cycles b) Enlarged view of the Warburg

region for MmNis ssMng 4Aly 3F e 7sat 10 and 100 % state of charge.
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Figure 14. The variation of Re(Z) versus w2 for the of MmNi; ssMn 4Aly 3Co0.75 compound in the Warburg region at 10 and 100 % state of.

These figures show that the - Im(Z) has a linear variation
versus Re(Z) with an angle of 45° corresponding to a diffusion
process of hydrogen in the bulk material. Fig. 14 shows the
variation of Re(Z) versus W% for the of
MmNi; ssMng 4Aly 3C0g 75 compound in the Warburg region at

10 and 100 % state of charge, where W = 2 1t f. Under
semi-infinite diffusion conditions, the coefficient of the
hydrogen diffusion can be calculated from the slope of this
plot. In fact, the theoretical slope of this plot is given by Eq.
(10) as:
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VM dE

Ay = —¥_22
W ™ Fks /2Dy dx

(10)
Where Vy; is the molar volume, dE/dx the slope of the
electrochemical discharge isotherm and S is the surface area of
the electrode (1 Cm?). The values of the slope Ay and the
hydrogen diffusion coefficient Dy are given in Table 6.

Table 6. Kinetic parameters of electrodes at 10 et 100 % state of charge after
activation.

MmNi; ssMng4Alp3C0075  MmNiz ssMng 4AlysFeo.7s

10 % 100 % 10 % 100 %
R(Q) 0.76 0.79 0.52 0.53
Ra(Q) 1.65 1.59 2.52 274
Ca(uF 24 20 79 73
Cg(mF) 56 67 109 99
Rir(Q) 84.07 73.65 34.86 28.47
Iy(mA) 15.75 16.35 10.3 9.48
AQ S 0.353 0.033 0.464 0.0726
D(cm’S™ 6.64 107" 1.610™° 7.271071° 2.511071°

For these tow compounds, the hydrogen diffusion
coefficient is higher for the o phase and lower for the 3 phase
than the mean value determined by the cyclic voltammetry.
We assume that the value of the hydrogen diffusion coefficient
depends on the number of interstitial sites susceptible to
accept the hydrogen atom. In fact, in the o phase, these sites
are more numerous and consequently the hydrogen diffuses
easily. EIS measurements indicate that the kinetic properties
of the alloy improved with increasing state of charge, mainly
due to a fast hydrogen transfer in the bulk of the alloy and the
higher electrocatalytic activity of the surface. The
transformation of a to 8 phase is probably a limiting step in the
mechanisms of hydrogenation of metal hydride electrode. So,
the Dy is higher. However, in the 3 phase, the interstitial sites
are almost saturated and the hydrogen diffuses hardly [22].
Yuan and Xu [3] and Valllen et al. [23] indicated that the
apparent hydrogen diffusion coefficient depends on the
hydrogen content in the alloy in a way that it increases when
the state of charge decreases.

4. Conclusion

The aim of this work is to determine the effect of the
substitution of the Co by Fe in the MmNi; ssMng 4Aly3Coq 75
compound on the thermodynamic and electrochemical
properties .The following conclusions could be drawn up:

(1) The values of pressure equilibrium at room temperature
of MmNi; ssMng 4Aly3C0 75 and MmNi; ssMng 4Alg 3Feq 75 are,
respectively, equal to 0.065 and 0.024 bar, which indicates
total substitution of cobalt by iron decreases the hydride
stability.

(2) The MmNij;ssMng4Al3Fey s compound exhibits a
maximum discharge capacity of 200 mAh g after 9 cycles.
However, the MmNi; 5sMng 4Aly 3C0¢ 75 compound exhibits a
higher discharge capacity of 270 mAh g™ after 12 cycles. So,
the cobalt-containing alloy has a higher capacity and good
stability than the iron-containing alloy.

(3) The value of the charge transfer coefficient of the Fe and
Co-containing compounds are, respectively, equal to 0.3 and
0.35. This indicates a good electrochemical reversibility
reaction for the Fe-containing compounds.

(4) The hydrogen diffusion coefficient Dy values
determined by the cyclic voltammetry for the Fe and
Co-containing compounds are respectively equal to, 3.96 107"
em’s” and 5.85 10" ecm? 57
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