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a b s t r a c t

The kinetic behaviour of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hydride, used as a negative electrode in the
nickel/metal-hydride (Ni/MH) batteries, was investigated using electrochemical impedance spectroscopy
(EIS) at different state of charge (SOC). Impedance measurements were performed in the frequency range
from 50 kHz to 1 mHz. Electrochemical impedance spectrum of the metal hydride electrode was inter-
preted by an equivalent circuit including the different electrochemical processes taking place on the
eywords:
ydrogen insertion
lectrochemical kinetic
ydrogen absorbing materials

interface between the MH electrode and the electrolyte. Electrochemical kinetic parameters such as the
charge-transfer resistance Rtc, the exchange current density I0 and the hydrogen diffusion coefficient DH

were determined at different state of charge. The results of EIS measurements indicate that the elec-
trochemical reaction activity of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hydride electrode was markedly

g stat
gena
xchange current density
tate of charge

improved with increasin
the mechanisms of hydro

. Introduction

Recently, nickel–metal hydride (Ni–MH) batteries have been
eveloped and commercialized because of their higher energy den-
ity, high rate dischargeability, long cycle life, no memory effect and
nvironment cleanness compared with nickel–cadmium (Ni–Cd)
atteries. AB5 hydrogen storage alloys have now been widely used
s negative electrode (anode) materials for Ni–MH rechargeable
atteries. Much research has been performed in order to improve
he overall properties of the AB5 alloys and to develop new types
f alloy electrodes, used as the negative electrode materials of
he Ni/MH battery [1–11]. The performance of these electrodes
s determined by both the kinetics of the processes occurring at
he metal/solution interface and the rate of hydrogen diffusion
ithin the bulk of the metal alloy particles. Different electro-

hemical methods have been used to study the kinetics process
n the hydrogen storage alloys [12–15]. Electrochemical impedance
pectroscopy (EIS) is a powerful analysis technique, which can pro-
ide a wealth of information on the corrosion reactions, the mass
ransport and the electrical charge transfer characteristics of the
lectrode/solution interface.

In this paper, the electrochemical impedance characteristics of
he LaNi Mn Al Co Fe metal hydride electrode with dif-
3.55 0.4 0.3 0.4 0.35
erent state of charge are extensively investigated. The relationship
etween the parameters of the equivalent circuit elements and the
tate of charge is discussed.

∗ Corresponding author. Tel.: +216 71391166; fax: +216 71496066.
E-mail address: Mohamed.Tliha@esstt.rnu.tn (M. Tliha).
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e of charge (SOC). The transformation �–� is probably a limiting step in
tion of metal hydride electrode.

© 2010 Elsevier B.V. All rights reserved.

2. Experimental

The intermetallic compound LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 was prepared, by the
induction melting of the pure elements followed by an appropriate annealing to
ensure a good homogeneity, as reported in Ref. [16]. The LaNi3.55Mn0.4Al0.3Co0.4Fe0.35

obtained alloy was first ground and sieved (to less than 63 �m) in a glove box
under an argon atmosphere. The so-called “latex” technology has been used for
the electrode preparation [17]. Ninety percent of this powder has been mixed with
5% of the polytetrafluorethylene (PTFE) and 5% of the carbon black. The mixture
(∼0.06 g) was compressed on the two faces of a nickel grid (S = 0.5 cm2), play-
ing the role of a current collector. The thickness of this electrode is 0.5 mm. The
electrochemical measurements were performed at a room temperature in a three-
electrode open cell using a Voltalab 40 system (Radiometer Analytical) constituted
by a Potentiostat–Galvanostat PGZ301. The MH electrode used as the working elec-
trode, a wire of gold and a Hg/HgO electrode were used as the counter electrode and
reference electrode, respectively. The electrolyte consisted of a 7 M KOH solution in
which a continuous flow of Ar is kept through the cell.

Electrochemical impedance spectroscopy (EIS) studies were conducted at dif-
ferent state of charge (SOC). Before EIS measurements, the electrode was first
completely activated by charging/discharging for 25 cycles. The EIS spectra of the
electrode were measured in the frequency range from 50 kHz to 5 mHz with an ac
amplitude perturbation of 5 mV under the open-circuit conditions. The EIS mea-
surements were performed only after the open-circuit potential (i.e. equilibrium
potential) was stabilized (i.e. a variation in the potential was less than 1 mV for
a period of 1 h). EIS spectra were fitted to equivalent circuit using the software
ZSimpWin 3.1.

3. Results and discussion
The electrochemical reactions taking place at the elec-
trode/electrolyte interface inside each electrode during charging
and discharging can be represented as follows:

M + H2O + e− ↔ MHads + OH− (1)

dx.doi.org/10.1016/j.jallcom.2010.07.068
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Mohamed.Tliha@esstt.rnu.tn
dx.doi.org/10.1016/j.jallcom.2010.07.068
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Hads ↔ MHabs (2)

Habs ↔ MHhyd (3)

here M is the hydrogen storage alloy, Hads the adsorbed hydro-
en on the surface of the alloy, Habs the absorbed hydrogen in the
ulk, and Hhyd is the metal hydride [18,19]. Reaction (1) reflects the
harge-transfer process at the interface between the MH alloy pow-
er and the electrolyte, Reaction (2) is transfer from adsorbed to
bsorbed state and Reaction (3) represents the diffusion of hydro-
en from the surface to the bulk. The performance of the negative
lectrode is mainly controlled by the kinetics of the hydrogen diffu-
ion process and/or the reactions taking place on the alloy surface.
lectrochemical impedance spectroscopy (EIS) is a powerful tool in
uch a context as it allows to get an understanding of the different
rocesses if their time constants are well separated.

Fig. 1 shows the equilibrium potential of the
aNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hydride alloy electrode at

ifferent state of charge. Two regions could be distinguished on
his figure. It can be seen when the state of charge of the electrode
s less than 40%, the equilibrium potential depends strongly on
he hydrogen content. This region corresponds to the single-phase
olid solution, called �-phase. Increasing the hydrogen content

ig. 2. (a) Nyquist plots of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 electrode at different state of c
he LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hydride electrode at different state of charge.
Fig. 1. The equilibrium potential of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode
as a function of the state of charge.
in the electrode, the equilibrium potential reaches a plateau. This
plateau region indicates the formation of �-phase (hydride phase)
and at this region two phases (� and �) coexist.

harge. (b) Enlarged view of the smaller semicircle in the high-frequency region for
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The impedance spectroscopy of the
aNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hydride electrode after
ctivation was given in Fig. 2(a) and (b) at different state of
harge (SOC). It can be seen that each EIS spectrum consists of a
maller semicircle in the high-frequency region (50 kHz to 20 Hz),
straight line with the angle of about 45◦ in the middle-frequency

egion (20–1 Hz) and a larger semicircle in the low-frequency
egion (1 Hz to 1 mHz). The high-frequency region semicircle can
e attributed to the charge transfer process which takes place at

nterface [20–22], the straight line with the angle of about 45◦ in
he middle-frequency region is attributed to the Warburg diffusion
or semi-infinite diffusion [22–25] and the low-frequency region
emicircle should be related to the phase transition process (� to
); the hydrogen moving from the alloy’s surface to the alloy’s
ulk, i.e. the conversion of the hydrogen from adsorptive state
o absorptive sate, simultaneously accomplished by the phase
ransition.

The software ZSimpWin 3.1 was used to develop a circuit model
rom the spectroscopy data. The modeling process was iterative,
sing the Chi-square (�2) value for the entire model and the percent
rror values for each circuit component to determine the fit of a
iven model to the experimental data. The �2 value was calculated
ccording to the following algorithm:

.1. Data points and parameters

. Experimental data point (frequency, Zreal, Zimg) [ωi, ai, bi]

. Parameters associated with model, p = (p1, p2, p3, ..., pm)

. Calculated point, [ωi, Z ′(ωi, p), Z ′′(ωi, p)]

. Weighting factors, ωi, Wi
′, Wi

′′

.2. Application of statistics

The distance between exp. and cal. points,

2
i = (ai − Z ′(ωi; p))2 + (bi − Z ′′(ωi; p))2

The goodness of fit to model,

2 =
n∑

i=1

[W ′
i .(Z

′
i(ωi; p) − ai)

2 + W ′′
i .(Z ′′

i (ωi; p) − bi)
2],

here n is the number of data points.

.3. Weighting options
Unity weighting, W ′
i
= W ′′

i
= 1.0

Modulus weighting W ′
i
= W ′′

i
= 1.0/(ai + bi)

2.
According to the literature [26], a �2 of the order of

× 10−3 or below was acceptable for a given model. The pro-

able 1
inetic parameters of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hydride electrode with state

Parameters 0% SOC 10% SOC 20% SOC 40

Re , � cm2 0.39 ± 0.03 0.40 ± 0.03 0.40 ± 0.03
Rtc , � cm2 2.05 ± 0.13 1.76 ± 0.18 1.42 ± 0.18
Cdl , �F cm−2 76.55 ± 0.50 74.80 ± 0.66 77.90 ± 0.68 7
˛dl 1.00 ± 0.02 1.00 ± 0.03 1.00 ± 0.02
CPEad , mF cm−2 108.63 ± 0.03 125.84 ± 0.06 130.67 ± 0.09 13
˛ad 0.72 ± 0.01 0.75 ± 0.03 0.77 ± 0.04
Y0, S s1/2 cm−2 0.20 ± 0.01 0.23 ± 0.02 0.32 ± 0.03
Rab , � cm2 14.63 ± 0.02 9.87 ± 0.03 5.67 ± 0.05
Rev , � cm2 1.05 ± 0.26 0.99 ± 0.28 0.89 ± 0.25
DH , 10−11 cm2 s−1 0.57 0.80 1.48
I0, mA/g 211.60 245.51 303.03 30
I0/Sr , mA cm−2 50 59 73.20 7
�2, 10−4 4.58 1.91 2.13
Fig. 3. The proposed equivalent circuit used for simulating the EIS of the
LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 MH electrode.

posed equivalent circuit used for simulating the EIS of the
LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode, as shown in Fig. 3.
In this circuit, Re is ascribed to the electrolyte resistance, Rtc is
attributed to the charge-transfer resistance, Cdl is the capacitance
of the double layer, CPEad is modeled as constant-phase element
replaces the capacitance of the adsorbed (Cad), Rab is the resistance
for the hydrogen absorption on the surface of the alloy, Rev is the
resistance of the hydrogen evolution process which characterises
the parasitic process taking place with the insertion hydrogen in
alloys and Zw is the Warburg impedance for semi-infinite diffu-
sion. Constant phase element (CPE) is used in this circuit model to
take into account the porosity, roughness and inhomogeneity of the
surface electrode. Thus, capacitance is deduced from the following
relation:

CPE = Q (ωmax)˛−1 (4)

In this equation, Q is a capacitance parameter, a is a parame-
ter between 0 and 1 and ωmax = 2�fmax, where fmax represents the
frequency at which imaginary value reaches a maximum on the
Nyquist plot.

The Warburg diffusion impedance is described by the following
equations [27,28]:

Zω = ı√
ω

(1 − j) = RT

n2F2C0S
√

2ω
√

DH

(1 − j) (5)

With ı = RT

n2F2SC0

√
2DH

(6)

where j is the square root of −1, ı is the Warburg coefficient, n is

the number of the exchanged electrons, F is the Faraday constant,
S is the geometrical surface of the working electrode (∼1 cm2), C0
is the concentration of diffusing species (∼0.022 mol/cm3), R is the
gas constant, T is the absolute temperature and DH is the hydro-
gen diffusion coefficient. Warburg impedance is also defined by

of charge.

% SOC 60% SOC 80% SOC 100% SOC

0.39 ± 0.04 0.37 ± 0.04 0.37 ± 0.04 0.36 ± 0.04
1.41 ± 0.19 1.36 ± 0.21 1.34 ± 0.23 1.34 ± 0.25
7.00 ± 0.69 75.50 ± 0.69 80.20 ± 0.74 84.00 ± 0.81
1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.03 1.00 ± 0.02
8.66 ± 0.09 138.33 ± 0.09 139.77 ± 0.10 142.96 ± 0.10
0.78 ± 0.04 0.80 ± 0.04 0.81 ± 0.04 0.81 ± 0.04
0.31 ± 0.02 0.30 ± 0.03 0.30 ± 0.03 0.30 ± 0.03
5.56 ± 0.05 5.66 ± 0.05 5.43 ± 0.05 5.56 ± 0.05
0.87 ± 0.26 0.90 ± 0.26 0.84 ± 0.30 0.82 ± 0.33
1.38 1.34 1.36 1.33
7.00 317.22 322.42 322.18
3.82 76.47 78.78 78.78
2.12 2.27 2.38 2.60
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he following equation:
W = 1

Y0(jω)1/2
= 1√

2ωY0
(1 − j) (7)

here Y0 is the Warburg admittance, deduced from the fitting of
mpedance diagrams.

Fig. 4. Nyquist plots and modelling of EIS spectra of the LaNi3.55Mn0.4Al0.3Co0.4Fe
ompounds 506 (2010) 559–564

Comparing (5) with (7), we can obtain:
RT

n2F2C0S
√

2ω
√

DH

= 1√
2ωY0

⇒ RT

n2F2SC0

√
DH

= 1
Y0

(8)

The hydrogen diffusion coefficient DH is used to characterize
hydrogen diffusion rate in the bulk of alloy. The hydrogen diffusion

0.35 electrode with state of charge: (a) 0% SOC; (b) 60% SOC; (c) 100% SOC.
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ig. 5. Charge-transfer resistance of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy as a func-
ion of the state of charge.

oefficient DH, can be estimated knowing the Warburg admittance
0, deduced from the fitting of impedance diagrams (Eq. (8)):

H =
[

RTY0

n2F2SC0

]2
(9)

The exchange current density I0, is a powerful parameter for
easuring the kinetics of the electrochemical hydrogen reaction,

an be estimated by the following formula [29] at the equilibrium
otential:

0 =
(

RT

nF

)(
1

Rtc

)
(10)

here R is the gas constant, n is the number of the exchanged
lectrons, T is the absolute temperature, F is the Faraday constant
nd Rtc is the charge-transfer resistance. The results of the fitting
re shown in Fig. 4(a)–(c). A very high correlation was observed
etween experimental results and the results calculated with the
est fitting electrical equivalent circuit model, where �2 was mini-
ized below 10−3. The value parameters of the fitting circuit model

re summarized in Table 1.
Fig. 5 shows the variation of the charge-transfer resistance (Rtc)

s a function of state of charge. When the state of charge of the elec-
rode is less than about 20%, the charge-transfer resistance of the
lectrode decreases rapidly with hydrogen content. The decrease of

he charge-transfer resistance is mainly attributed to the improve-

ent of the surface electrocatalytic activity of the MH electrode.
he exchange current density versus the state of charge is shown
n Fig. 6. It can be seen that the I0 value of the alloy electrode
ncreases strongly first from 211.6 mA/g at 0% SOC to 307 mA/g at

ig. 6. Exchange current density of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy as a func-
ion of the state of charge.
Fig. 7. Hydrogen diffusion coefficient of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy with
different state of charge.

40% SOC and then remains almost constant; this implies that the
electrochemical reaction activity of the MH electrode is improved
with increasing state of charge. Using micropolarization technique,
Tafel polarization technique and electrochemical impedance spec-
troscopy (SIC), Popović et al. [30] found that the exchange current
density of the LaNi4.15Co0.43Mn0.40Fe0.02 alloy electrode increases
with increasing hydrogen concentration in the alloy electrode and
the values of the exchange current determined by AC impedance
are in good agreement with values obtained by micropolarization
and Tafel polarization.

Fig. 7, presents the hydrogen diffusion coefficient of the alloy
electrode at different SOC. It can be seen that the value of the DH

increases rapidly from 0.57 × 10−11 to 1.48 × 10−11 cm2 s−1 with
the increase in SOC of the metal hydride electrode from 0 to 20%
and then has a maximum value at 40–100% of state of charge. A
similar concentration dependence where the diffusion coefficient
increases with hydrogen concentration has been seen previously
[1,31–35]. The increase in the diffusion coefficient at a low SOC,
could be attributed to the change in the crystal structure of the
alloy hydride when transforming from the solid solution phase (�
phase) to the hydride phase (� phase). The number of vacant sites
available for hydrogen to occupy at a low SOC is high compared to
that at a high SOC. So the diffusion of hydrogen is influenced not
only by its concentration but also by structural change of the metal
hydride from the phase � to the phase � at low SOC, but these
influences are absent at high SOC. Various authors [36–44] have
reported values of hydrogen diffusion coefficient between 10−6

and 10−14 cm2 s−1 for metal hydride alloys, which agree with our
results. Such wide variations in the values for the diffusion coef-
ficient for similar types of alloys could be attributed to variations
in the microstructure, metal stoichiometry and composition of the
alloys. The microstructure of the alloys depends on their prepa-
ration and hydrogenation. The hydrogen diffusion coefficient can
also vary with the type of hydrogenation process, i.e. gas-phase
hydrogenation/electrochemical hydrogenation [27,44,45].

The values of ˛dl are equal to 1: give the perfect capacitor
of the double layer (Table 1). The Cdl values are between 74.80
and 84 �F cm−2 (Table 1). These values are in good agreement
with those reported in the literature for intermetallic compounds
[42,46,47]. The change of the resistance evolution with the state of
charge is very small. According to Eq. (4), the CPEad values of the
LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode can be estimated and
listed in Table 1. It can be seen that the CPEad values increase from

108.63 mF cm−2 at 0% SOC to 142.96 mF cm−2 at 100% SOC (Table 1),
and Rab changes from 14.63 to 5.56 � cm2 (Table 1), respectively.
The variation in the values of the CPEad could be attributed to sur-
face heterogeneity; due to the variations in the microstructure of
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he alloy when transforming from solid solution phase (� phase)
o hydride phase (� phase). The values of ˛ad are different to unity
˛ /= 1) which causes a strong change of the surface inhomogeneity
ith increasing SOC (Table 1).

The surface roughness factor of the electrode is estimated from
he ratio of the measured double layer capacitance by the EIS and
he usual value of the double layer capacitance. Considering the
pecific double layer capacitance Cdl the usual value for metal
lectrodes is about Cdl = 20 �F cm−2 [48–52], one gets the surface
oughness factor, Rf, defined as:

f = Cdl/20 �F cm2 (11)

The Rf values are between 3.74 and 4.2. The real surface area, Sr,
an be described as:

r = S · Rf (12)

here S is the geometric surface area of the working electrode
∼1 cm2) and Rf is the surface roughness factor. The values of the
eal surface area, Sr, varied between 3.74 and 4.2 cm2. This result
ndicates that the real surface area of the electrode is 4 times
arger than the geometric surface area (not equal to 1 cm2). Tak-
ng into account the real surface area of the electrode, the value of
he charge-transfer resistance, Rtc, is inversely proportional to the
ctive surface area of the electrode. The values of Rtc increase from
.51 � cm2 at 0% SOC to 0.33 � cm2 at 100% SOC and the values of
he real exchange current density, I0/Sr, increase from 50 mA cm−2

t 0% SOC to 78.78 mA cm−2 at 100% SOC (Table 1).

. Conclusions

The kinetic properties of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal
ydride electrode under different state of charge (SOC) were dis-
ussed by electrochemical impedance spectra (EIS). The results
how a strong dependence on the electrochemical reaction and the
tructure transformation of the metal hydride electrode from phase
to phase � (hydrogen concentration). EIS measurements indicate

hat the kinetic properties of the alloy improved with increasing
tate of charge, mainly due to the rapidly hydrogen transfer in
he bulk of the alloy end the higher electrocatalytic activity of the
urface at lower SOC. The transformation �–� is probably a lim-
ting step in the mechanisms of hydrogenation of metal hydride
lectrode.
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