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Abstract The electrochemical behavior of Cobalt-free
LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode in alkaline
solution was investigated using electrochemical impedance
spectroscopy (EIS) at different number of charge/discharge
cycles. A physicochemical model is developed in order to
simulate impedance data. Kinetic parameters are obtained by
fitting the electrochemical impedance spectrum performed at
different number of cycles. The charge-transfer resistance
decreases with increasing number of charge/discharge of
cycles, whereas exchange current density and hydrogen
diffusion coefficient parameters increase with increasing
number of cycles. In addition, the specific surface area of
LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode increases due
to pulverization and the formation of new active sites during
charge/discharge cycling. The results of EIS measurements
indicate that the performance of the LaNi3.55Mn0.4Al0.3
Co0.4Fe0.35 metal hydride electrode was markedly improved
with increasing number of cycles which is mainly attributed
to the increase in the reaction surface area and the
improvement in the electrode surface activation.
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Introduction

The nickel–metal hydride batteries (Ni/MH) based on
hydrogen storage alloy electrode have been developed
and commercialized because of their inherent advantages
over conventional nickel–cadmium batteries, such as
high-energy density, high-rate capacity, good overcharge
and overdischarge capability, containing no poisonous
heavy metals, and no electrolyte consumption during
charge/discharge cycling [1–6]. The most recent research
in this area has focused on the development of hydride-
forming negative electrode materials to increase the
electrode capacity and reduce cost. AB5-type hydrogen
storage materials have been extensively studied and
applied to commercial production of Ni–MH rechargeable
batteries [6–16]. In general, the characteristics of negative
electrode of Ni/MH battery, namely metal hydride
electrode, is affected not only by the composition,
preparation condition, particle size of the alloy powder
and the forming conditions of the electrode, but also by
the diffusion of hydrogen in the alloy together with
charge-transfer reactions on the alloy surface [5]. Among
the electrochemical techniques, electrochemical imped-
ance spectroscopy (EIS) technique is a particular useful
method to investigate corrosion mechanism and funda-
mental parameters relating to electrochemical kinetics
[17–19].

The aim of this work is to study the electrochemical
behavior of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hy-
dride electrode with different number of cycle by EIS
technique. The mechanisms for the electrochemical reac-
tions that occur at the electrode/electrolyte interface are
discussed.
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Experimental

A hydrogen storage alloy of the nominal composition
LaNi3.55Mn0.4 Al0.3Co0.4Fe0.35 was prepared through the
induction melting of the pure elements followed by an
appropriate annealing to ensure a good homogeneity. The
purity of starting elemental metals was higher than 99%.
The results of the electron probe micro-analysis and the
structure characterization by X-ray diffraction (XRD) of
this alloy are given in Table 1. The structural characteriza-
tion shows that this alloy is indexed in the hexagonal
CaCu5-type structure (P6/mmm space group). The so-called
latex technology has been used for the electrode preparation
[20]. The alloy is first ground and sieved (to less than
63 μm) in a glove box under argon atmosphere. Ninety
percent of this powder has been mixed with 5% of the
carbon black (to obtain a good conductivity) and 5% of
the polytetrafluorethylene. The mixture (~67 mg) was
compressed on the two faces of a nickel grid (S=0.5 cm2),
playing the role of a current collector. The electrode in the
form of a square contained 60 mg of alloy powder. The
thickness of this electrode is 0.5 mm. All the electro-
chemical measurements were conducted at room temper-
ature in a conventional three electrode open-air cell,
consisting of a working electrode (MH electrode), a Hg/
HgO reference electrode, a wire of gold counter electrode,
and the electrolyte of the cell was the 7 M KOH solution,
using a Voltalab 40 system (Radiometer Analytical)
constituted by a Potentiostat-Galvanostat PGZ301. The
electrolyte consisted of a 7 M KOH solution which was
deaerated by a continuous flow of Argon through the cell.
The working potential of the hydride forming the
electrode was measured with respect to the Hg/HgO
reference electrode.

The EIS measurements were carried out at 10% charging
(SOC) for 25 cycles. The EIS data were collected as a
function of frequency scanned from the highest of 50 kHz
to the lowest of 1 mHz with an ac amplitude perturbation of
5 mV under the open-circuit conditions. The EIS measure-
ments 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.

Results and discussion

The main electrode reactions that occur at a metal hydride
electrode are:

MþH2Oþ e�! MHadsþOH� ð1Þ

MHads! MHabs ð2Þ

MHabs! MHhyd ð3Þ
where Hads, Habs, and Hhyd represent hydrogen adsorbed on
the surface, absorbed on the surface and in hydride form,
respectively [21]. Reactions 1, 2, and 3 represent the charge
transfer at the electrode/electrolyte interface, the transfer of
hydrogen atoms from adsorbed to absorbed state at the
surface, and the hydrogen atom diffusion in the alloy bulk,
respectively. So, the performance of the metal hydride
electrode is determined not only by the kinetics of the
process occurring at the alloy/electrolyte interface, but also
by the rate of hydrogen diffusion within the bulk of the
alloy which is believed to play an important role in
hydriding and dehydriding processes of the metal hydride
electrode.

The EIS is a powerful transient technique to evaluate the
interfacial mechanism and the diffusion process of the
electrode reaction. Previous studies have shown viable
applications of the EIS to analyze the mechanism of
hydrogenation/dehydrogenation reactions of the hydride
electrodes [22–31]. Most of the authors have been using
different equivalent circuits to determine the kinetic
parameters, although the impedance diagrams of the metal
hydride electrode are relatively similar. In this case, it is
difficult to find a suitable equivalent circuit.

Nyquist plots of impedance spectra are reported in
Fig. 1a, b for the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal
hydride electrode at the same state of charge (10% SOC)
corresponding to the α-phase solid solution, after a varying
number of charge-discharges, during the first 25 cycles. All
these spectra consist of a smaller semicircle in the high-
frequency region (50 kHz to 20 Hz), a straight line with the
angle about 45° in the middle-frequency region (20–1 Hz)
and a larger semicircle in the low-frequency region (1 Hz to

Table 1 EPMA analysis, lattice parameters, cell volume of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode

Compound EPMA analysis Cell parameters and volume

a (Å) c (Å) V (Å3)

LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 LaNi3.55Mn0.40Al0.28Co0.40Fe0.35 5.075 4.053 90.41

EPMA electron probe micro-analysis
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1 mHz). However, the interpretations of EIS for MH
electrodes have been controversial up to now. The
assignment of the small arc in the high-frequency region
is not very clear at the moment and is still a matter of
controversy. It was first attributed to the contact resistance
between the hydrogen storage alloy and the current
collector and between the alloys particles [24, 32].
However, recently, based on impedance modeling of the
kinetics of metal hydride electrodes, Wang [25] attributed
the features at high frequency to the charge-transfer
reaction. Experimentally, such a high-frequency small arc
was also observed for hydrogen storage alloy ingot [33],
which makes its assignment to a contact resistance
questionable.

The high-frequency region semicircle can be attributed to
the charge-transfer process which takes place at interface [25,
30, 34], the straight line with the angle about 45° in the
middle-frequency region is attributed to the Warburg
impedance for semi-infinite diffusion [35–37] and the low-
frequency region semicircle should be related to the electrode
surface process. The experiment results shown in Fig. 1 were
fitted by using the software ZSimpWin 3.1. The proposed
equivalent circuit used to fit the impedance spectra is given
in Fig. 2, where Re represents the electrolyte resistance, Rtc
denotes the charge-transfer resistance at the electrode–
electrolyte interface, Rht is the hydrogen-transfer resistance,
Rev is the resistance of the hydrogen evolution process which
characterizes the parasitic process taking place with the
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Fig. 1 Nyquist plots of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hydride electrode at 10% state of charge obtained at different cycles: a cycle raw;
b during the first 25 cycles
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insertion hydrogen in alloys and Zw is the Warburg
impedance for semi-infinite diffusion, Cdl is the capacitance
of the double layer, CPEht is modeled as constant-phase
element: can be related to the effect of the surface coverage
by adsorbed hydrogen on the electrode capacity. 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 ¼ Q wmaxð Þa�1 ð4Þ
In this equation, Q is a capacitance parameter, α is a

parameter between 0 and 1 and ωmax=2πfmax, where fmax

represents the frequency at which imaginary value reaches a
maximum on the Nyquist plot.

ZSimpWin 3.1 was used to develop a circuit model from
the spectroscopy impedance data. Data was imported from
the Voltamaster PGZ301. The modeling process was
iterative, using the Chi-square (χ2) value for the entire
model and the percent error values for each circuit
component to determine the fit of a given model to the
experimental data. Components were chosen using theories
from the electrochemical cell studies and using the Boukamp
suggestion that each component addition should reduce the
χ2 value by one order of magnitude. Circuit models are
presented using the Boukamp representation. The χ2value
was calculated according to the following algorithm:

Data points and parameters

1. Experimental data point (frequency, Zreal, Zimg) [ωi, ai, bi]
2. Parameters associated with model, ρ=(ρ1, ρ2, ρ3,... ρm)
3. Calculated point, [ωi, Z′ (ωi, ρ), Z″ (ωi, ρ)]
4. Weighting factors, wi;W

0
i ;W

0 0
i

� �

Application of statistics

The distance between experimental and calculated points,

d2i ¼ ai � Z
0
wi; rð Þ

� �2
þ bi � Z

0 0
wi; rð Þ

� �2

The goodness of fit to model,

#2 ¼
Xn
i¼1

W
0
i : Z

0
i wi; rð Þ � ai

� �2
þW

0 0
i : Z

0 0
i wi; rð Þ � bi

� �2
� �

;

where n is the number of data points.

Weighting options

Unity weighting, W
0
i ¼ W

0 0
i ¼ 1:0

Modulus weighting,W
0
i ¼ W

0 0
i ¼ 1:0= ai þ bið Þ2.

The χ2 value was minimized when the experimental data
points correlate with the theoretical data points. This was
done by first calculating the difference between the
experimental and calculated data points. The difference
was squared to give larger variances a greater significance.
The difference for all data points were summed and then
divided by a weighing factor. According to the literature
[38], a χ2 on the order of 1×10−3 or below was acceptable
for a given model. The corresponding experimental and
theoretical Bode plots are shown in Fig. 3. A good
agreement between experimental and calculated data is

Cdl, α 

α 

dl 

 

Rtc

CPEht, ht Re 

Rev

 

 ZW
Rht

Fig. 2 The proposed equivalent circuit used for simulating the EIS of
the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 MH electrode
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Fig. 3 Results of fitting in Bode diagram of EIS spectra of the
LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode with cycling: a at the 5
cycle; b at the 15th cycle
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observed in the whole frequency range in terms of the
present model, where χ2 was minimized below 10−3. The
estimated values of the impedance parameters obtained by
the fitting of the experimental data are summarized in
Table 2.

The exchange current density (I0) of the hydrogen
storage alloy electrode is commonly used to characterize
the catalytic activity for charge-transfer reaction at the
electrode/electrolyte interface. The exchange current densi-
ty, I0, is calculated from the following equation when an
over potential is very small [32]:

I0 ¼ RT

nF

� 	
1

Rtc

� 	
ð5Þ

Where F is the Faraday constant, n is the number of the
exchanged electrons, T is the absolute temperature, R is the
gas constant and Rtc is the charge-transfer resistance. The
calculated values of the charge-transfer resistance, Rtc, as a
function of the number of cycles are shown in Fig. 4. It can
be seen that the charge-transfer resistance, Rtc, of the alloy
electrode decreases progressively from 2 to 1.36 Ω cm2

after 15 cycles. The decrease of the charge-transfer
resistance of the alloy is mainly attributed to the increase
of the new reaction surface areas. The value of the
exchange current density is inversely proportional to that
of the charge-transfer resistance. The exchange current
density vs. the number of cycles for the alloy electrode is
shown in Fig. 5. The exchange current density, I0, of the
alloy electrode increases rapidly from 215 to 318 mA g−1

after 15 cycles and then reaches 316 mA g−1 after 25
cycles. An increase in the exchange current density with the
number of cycles reflects the fast hydrogen adsorption
process at the interface between MH alloy powder and the
electrolyte. Since the exchange current density of the alloy
electrode almost remains constant after 15 cycles, this
implies that the charge-transfer process at the interface

between the MH alloy powder and the electrolyte is
stabilized, i.e., the electrochemical reaction for the hydro-
gen adsorption at the interface is stabilized. By increasing
the number of the charge/discharge cycles, the MH alloy
powder will microcrack and be pulverized into micrometer-
sized particles because of the expansion of crystal cell
through hydrogen absorption and desorption. The micro-
cracks lead to an increase in the reaction surface area and to
an improvement in the activation of H adsorption at the
electrode/electrolyte interface. The microcracking activa-
tion, resulted from an increase in reaction surface area and
an improvement in the electrode surface activation,
increases the hydrogen exchange current density.

The values of the parameter αdl are close to unity: give
the perfect capacitor of the double layer (Table 2). The
double-layer capacitance (Cdl) increases gradually from
72.2 μF cm−2 at the raw material to 96.56 μF cm−2 at the
25th cycle (Table 2). The increase of the double-layer
capacitance is due to the pulverization of the alloy. The
alloy powder was quickly pulverized with increasing the
cycle number, and the decrease in particle size leads to a
large increase in reaction surface area. These values of Cdl

are in good agreement with those reported in the literature
for intermetallic compounds [37, 39]. The change of the
resistance evolution (Rev) is very small with increasing
cycle numbers. The results shown in Table 2 reveal that the
values of Rht and CPEht remarkably depend on the cycling.
One can see that the hydrogen-transfer resistance, Rht,
decreased rapidly with increasing the cycle numbers:
116.5 Ω cm2 for the raw material, 27.6 Ω cm2 after one
cycle and 10.29 Ω cm2 after 25 cycles. The larger value of
Rht before activation may be ascribed to the low-surface
activity. Using Eq. 4, the value of the pseudocapacitance,
CPEht, was estimated at each cycle. It can be seen that the
value of the CPEht increases from 85.75 mF cm−2 at the raw
material to 115.65 mF cm−2 at the 25th cycle (Table 2). The

Table 2 The fitted parameters values of the equivalent circuit for the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode at different number of cycles

Parameters Cycle raw Cycle 1 Cycle 5 Cycle 10 Cycle 15 Cycle 20 Cycle 25

Re (Ω cm2) 0.39 0.42 0.42 0.40 0.41 0.50 0.51

Rtc (Ω cm2) 2.01 1.73 1.51 1.38 1.36 1.40 1.37

Cdl (μFcm
−2) 72.2 77.6 81.42 86.0 89.0 92.1 96.56

αdl 1.00 1.00 1.00 1.00 1.00 1.00 1.00

CPEht (mF cm−2) 85.75 104.65 113.70 115.70 113.30 114.20 115.65

αht 0.87 0.86 0.85 0.85 0.84 0.83 0.82

Y0 (S s1/2 cm−2) 0.192 0.230 0.290 0.370 0.390 0.383 0.381

Rht (Ω cm2) 116.5 27.60 21.08 16.41 14.04 12.33 10.29

Rev (Ω cm2) 0.69 0.73 0.84 0.90 0.89 0.90 0.92

DH×10
−11 (cm2 s−1) 0.54 0.77 1.23 2.00 2.22 2.14 2.12

I0 (mA g−1) 215.6 250.5 287 314 318.6 309.5 316.3

χ2×10−4 4.5 6.4 5.2 3.13 1.73 4.2 1.45
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factor αht shows stable values in the range of 0.82–0.87.
These values are different to unity (α≠1) reflecting a strong
change of the surface inhomogeneity with increasing the
cycle number.

Hydrogen diffusion coefficient DH is used to characterize
hydrogen diffusion rate in the bulk alloy. The Warburg
diffusion impedance is described by the following equations
[40, 41]:

ZW ¼ dffiffiffiffi
w
p 1� jð Þ ¼ RT

n2F2C0S
ffiffiffiffiffiffi
2w
p ffiffiffiffiffiffiffi

DH
p 1� jð Þ ð6Þ

With

d ¼ RT

n2F2SC0
ffiffiffiffiffiffiffiffiffi
2DH
p ð7Þ

where j is the square root of −1, δ 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 hydrogen diffusion
coefficient. Warburg impedance is also defined by the
following equation:

ZW ¼ 1=Y0 jwð Þ1 2= ¼ 1ffiffiffiffiffiffi
2w
p

Y0
1� jð Þ ð8Þ
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Fig. 7 SEM photograph of the electrode surface: a before cycling; b
after cycling
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Where Y0 is the Warburg admittance, deduced from the
fitting of impedance diagrams. Comparing Eq. 8 with Eq. 6,
we can obtain:

RT

n2F2C0S
ffiffiffiffiffiffi
2w
p ffiffiffiffiffiffiffi

DH
p ¼ 1ffiffiffiffiffiffi

2w
p

Y0
) RT

n2F2SC0
ffiffiffiffiffiffiffi
DH
p ¼ 1

Y0
ð9Þ

From Eq. 9, the hydrogen diffusion coefficient DH, can
be calculated:

DH ¼ RTY0
n2F2SC0

� �2
ð10Þ

The estimated values of the hydrogen diffusion coefficient
DH as a function of the cycle number is shown in Fig. 6. It
can be seen that the hydrogen diffusion coefficient increases
rapidly from 0.54 10−11 to 2.22 10−11 cm2s−1 after 15 cycles
and then almost remains constant. The increase of DH with
increasing number of cycle reflects a decrease in sphere radius
of the alloy particle. It is believed that the microcracking of
alloy powder in the electrode, due to the hydrogen absorption
and desorption processes, results in this decrease in the
particle size. After 15 cycles, the radius of the alloy particles is
stabilized. These values of DH are in good accordance with
those determined by other techniques [42, 43].

Figure 7a, b present the scanning electron micrographs
(SEM) of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 metal hydride
electrode before and after activation, respectively. The
electrode morphology before the cycling differs from that
which underwent the cycles of electrochemical charge and
discharge. When charge/discharge cycles are carried out,
the average particle size decreases and then remains
constant after being fully activated. As seen from SEM
results that the average particle size is reduced from 27 μm
before cycling to 15 μm after 25 cycles.

The surface roughness factor of the electrode is
estimated from the ratio of the measured double-layer
capacitance by the EIS and the usual value of the double-
layer capacitance. Considering the specific double-layer
capacitance Cdl the usual value for metal electrodes is about
Call/20 μF cm−2 [44–47], one gets the surface roughness
factor, Rf, defined as:

Rf ¼ Cdl=20mF cm
�2 ð11Þ

The values the surface roughness factor, Rf, of the
LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 alloy electrode increase from
3.61 at the raw material to 4.82 at the 25th cycle. This
implies that the surface of the electrode presents a
roughness. The real surface area, Sr, can be described as:

Sr ¼ S :Rf ð12Þ
Where S is the geometric surface area of the working

electrode (~1 cm2) and Rf is the surface roughness factor.

The values of the real surface area, Sr, increase also from
3.61 cm2 at the raw material to 4.82 cm2 at the 25th cycle.
This result indicates that the real active area of the electrode
is larger than the geometric surface area (not equal to
1 cm2). With increasing cycle number, the specific surface
area increased, and the fresh surface was produced because
of the pulverization of the alloy, resulting in improved
electrochemical reaction activity and diffusion step by step.

Conclusions

Electrochemical impedance spectroscopy EIS was used to
determine the transport and the electrochemical kinetic
parameters of the LaNi3.55Mn0.4Al0.3Co0.4Fe0.35 negative
electrode for a Ni/MH batteries at different number of
charge/discharge cycles. A physicochemical model is
presented to describing the electrochemical behavior of
the metal hydride electrode. The results of EIS measure-
ments indicate that the performance of the LaNi3.55M-
n0.4Al0.3Co0.4Fe0.35 metal hydride electrode was markedly
improved with increasing number of cycles. With increas-
ing cycle number, the specific surface area increased, and
the fresh surface was produced because of the pulverization
of the alloy, resulting in improved electrochemical reaction
activity and diffusion step by step.
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