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During the present investigation, it was observed that the inclusion of molybdenum in

LaNi3.6Co0.7Mn(0.4-x)Al0.3Mox AB5-type alloys produced new responses in the electro-

chemical impedance spectroscopy (EIS) when they are used as an anode active material for

Ni-MH batteries. The aim of this work is to study, using electrochemical impedance

spectroscopy, the influence of molybdenum, on the performance of the electrode. EIS

spectra were adjusted in terms of a physicochemical model of the dynamic response of the

system. X ray diffraction and hydrogen diffusion coefficient calculated from discharges

curves supported EIS model outcomes.

The replacement of manganese by molybdenum, in a 2% w/w concentration level

(AB5M1), has a positive effect for applications as energy storage material. In this sense, this

alloy exhibits the lowest value of charge transfer resistance obtained from the analysis of

impedance spectra. Moreover, changes in the (i0. aa) parameter, that is, the exchange

current density and active area, respectively display a maximum value. The larger grade of
Dı́az).
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fracture observed in AB5M1 can be due to the higher material's fragility as a consequence of

molybdenum incorporation. XRD analysis on the three alloys confirms this hypothesis as

shown in the paper.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Nickel/metal hydride (Ni/MH) rechargeable batteries are

widely used in consumer portable devices and hybrid electric

vehicles [1e3]. Active materials of Ni/MH battery are

composed by a metal hydride alloy (as anode) and NiOOH (as

cathode).

Multi-component alloying is one of the most effective

techniques to tailor electrochemical performances of metal

hydride alloys [4,5]. The alloy composition is a critical factor

that influences the hydrogen sorption kinetics and electro-

chemical behavior of the Ni/MH battery anode [6].

Molybdenum (Mo) is an interesting element to modify a

metal hydride alloy [7e12] due to its interesting character-

istic as a hydrogen-absorption material. In a previous work

we found that the replacement of manganese by molybde-

num, in the intermediate concentration tested (Mo 2% w/w)

has a positive effect [13] in many physical and chemical

properties. The influence of the Mo on the electrode perfor-

mance was studied by potentiodynamic and galvanostatic

techniques.

The alloy corresponding to this concentration (AB5M1)

presents the closest potential to system equilibrium potential

and therefore the lowest overpotentials. We have found that

this alloy also has a great electrochemical behavior for rate

discharges in the range of 0.1e1C. These facts could be asso-

ciated with a higher exchange current density (io), a higher

diffusion coefficient (DH) and/or a smaller alloy particle radius

(ra) when comparing to the others compounds. In order to

clarify the processes which are really being influenced by the

new incorporation of Mo, in the present work electrochemical

impedance spectra (EIS) were taken and adjusted in terms of a

physicochemical model of the dynamic response of the sys-

tem. Evidences of X ray diffraction and high rate discharge

ability supported these outcomes.
Experimental

Synthesis of alloys

The studied alloys were prepared by arc melting adequate

proportions of the composition elements (purity better than

99.9%) inside a copper-cooled hearth under high purity argon

(99.998%). To improve the purity of the melting atmosphere, a

sacrifice button of Zirconium (Zr) was previously melted. The

resulting alloy buttons were turned over and remelted at least

twice to ensure homogeneity.
Three alloys were synthesized replacing manganese by

molybdenum, obtaining the following alloys, presented in

Table 1.

Structural and microstructural characterization of MH
electrodes

The electrodes were subjected to X-ray diffraction character-

ization. X-ray powder diffraction data were collected using a

Rigaku ULTIMA IV, 285 mm radius, powder diffractometer

operating in Bragg Brentano geometry. To collect data over the

10e110� 2q range in steps of 0.02� using a scintillation detector,

a CuKa radiation (l ¼ 1.5418 Å) monochromatized with a dif-

fracted beam bent germanium crystal was used. In order to

prevent beam spillage outside the 2 cm long sample (along the

beam-path) at low angles, fixed slits of 1/3� were used for data

collection. Peak positions were extracted from the data using

the software POWDERX [14]. Unit cell determination and peak

indexing were performed with the software DICVOL04 [15].

The space group symmetry of the crystalline samples was

determined.

Further analysis consisted in the full pattern profile fitting,

using the Rietveld method [16] by means of the EXPGUI-GSAS

suite [17,18] that allowed the drawing out of relevant struc-

tural parameters and weight fraction for multiphase systems.

The surface alloy microstructures were examined by

means of a scanning electronmicroscope (SEM, JEOL JSM 5900)

with a 25 kV secondary electron imaging mode.

Electrochemical characterization

For theelectrochemical characterization, thealloybuttonswere

mechanically crushed and the resulting powders were used in

the preparation of the negative electrodes. Theywere prepared

by compacting a mixture of 100 mg of sample powders with

equal amounts of teflonized carbon (Vulcan XC-72), inside a

cylindrical die to a pressure of 250 MPa at room temperature.

Theelectrodegeometricalareawas2cm2and the thicknesswas

around 1 mm. A nickel wire was used as a current collector.

Electrochemical measurements were conducted in an

electrochemical cell with the alloy as working (in the form of a

metal hydride electrode), a nickel mesh as counter and an

alkaline Hg/HgO reference electrode. The electrolyte, a 60 M

KOH solution, was prepared from KOH reagent grade and

Millipore-MilliQ® plus water.

For the chargeedischarge cycle tests, negative electrodes

were charged at �100 mA/g for 4 h and, and subsequently

discharged at 50 mA/g to a cut-off potential of �0.60 V vs Hg/

HgO. EIS measurements were performed once the alloys had

reached their maximum capacity after the activation. The
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Table 1 e Labels, compositions and mass percentages of molybdenum in the manufactured alloys.

Label AB5M0 AB5M1 AB5M2

Chemical composition LaNi3.6Co0.7Mn0.4Al0.3 LaNi3.6Co0.7Mn0.3Al0.3Mo0.1 LaNi3.6Co0.7Mn0.15Al0.3Mo0.25
Mo % w/w 0 2 5

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 6 6 3 9e6 6 4 6 6641
electrodes were discharged to a state of charge (SOC) of 70%,

and left at open circuit potential (EOCP). EIS spectra were

recorded, at EOCP, in the 50 kHz - 1 mHz frequency range, with

a 6 mV amplitude, ten points per decade.

All the electrochemical experiments were conducted using

a PGZ 301 Voltalab® potentiostat-galvanostat device at room

temperature. Rate capability experiments are performed at

discharge charges in the range of 0.1Ce5C.
Modeling

In the following section a physicochemicalmodel is developed

from which the theoretical impedance function of the elec-

trochemical systems, Zp, is derived. Zp was fitted to experi-

mental EIS data, in order to identify the structural and kinetic

parameters of the analyzed systems. The system is modeled

as a porous flooded structure. The corresponding impedance

function, Zp, for highly conductive solids, given by equation

(1), has been derived in previous publications [19e22]:

Zp ¼ L
Apk

�
1

n tanh n

�
(1)

where:

n ¼ L

�
1
k

�1=2

Z�1=2
i (2)

beingAp thecrosssectiongeometricarea,L theporousstructure

thickness, k the specific conductivity of the electrolyte phase (S

cm�1) and Zi is the impedance of the solid/liquid interface per

electrode unit volume (U/cm3). In the derivation of Zi, a parallel

connectionbetween the interfacialdouble layer impedance (Zdl)

and the faradaic process impedance (ZF), is assumed.

Z�1
i ¼ Z�1

dl þ Z�1
F (3)

where

Zdl ¼ 1
iuCdlar

(4)

and

ZF ¼ Zf

aa
(5)

being Cdl the double layer capacitance per unit area (F/cm2), ar
the hydrogen/surface area per alloy unit volume (cm2/cm3)

and u ¼ 2pf (f, frequency of the perturbing signal). Zf is the

Faradaic impedance per unit active area (U/cm2) and aa is the

active area per alloy unit volume (cm2/cm3).
Derivation of Zf

To derive Zf, the Volmer-Heyrovsky-HAR (H absorption reac-

tion) mechanism is proposed for the processes of hydrogen
evolution/absorption. These processes are coupled with H

diffusion transport within the alloy. The following kinetic

mechanism will be used:

H2OþMþ e� ⇔
k1

k �1

MHad þOH� ðIÞ Volmer

MHad þH2Oþ e� ⇔
k2

k�2

MþH2 þOH� ðIIÞ Heyrovsky

MHad þ S ⇔
k3

k�3

Mþ SHab ðIIIÞ HAR

The function, Zf, for this system has been derived in Refs.

[23,24] and is written as:

Zf ðuÞ ¼ Rct þ ARct

F

�
Cþ Gjuþ 1�B

VMðuÞ

� (6)

where Rct is the charge transfer resistance, G is the maximum

surface concentration of the adsorbed reaction intermediate

Had and M is the mass transfer function for spherical geome-

try. Parameters A, B, C, and V are combinations of kinetic

parameters of the reaction steps:

A ¼ �Fðk1 þ k�1 � k2 � k�2Þ (7)

B ¼ 2ðF=ðRTÞÞðk2qÞ (8)

C ¼ 2ðk2 þ k�2Þ (9)

V ¼ �
��

Keqqþ ð1� qÞ�2	.Κeq (10)

Keq ¼ k3=k�3 (11)

being Keq the equilibrium constant of the HAR step [25,26]:

MðuÞ ¼ ra
CmaxDH

1
1� ja cothðjaÞ

(12)

being:

ja ¼ ra

ffiffiffiffiffiffiffi
iu
DH

s
(13)

whereDH is the diffusion coefficient of H in the alloy and ra the

average radius of the particles.
Results and discussion

According to XRD difraction patterns, AB5M0 sample is a

single phase crystalline alloy, indexed in the corresponding

CaCu5-type structure in the P6/mmm space group [27]. In the

case of AB5M1 and AB5M2 samples there is coexistence be-

tween the CaCu5-type and CaCu3-type crystalline phase. Ac-

cording to Rietveld Refinement, the weight fractions for the

Rombohedral phases correspond to 15.9% and 19.3% for
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AB5M1 and AB5M2 respectively. The XRD diagrams for AB5M0,

AB5M1 and AB5M2 were presented in a previous work [13].

The incorporation of Mo induces the contraction of cell pa-

rameters in the crystalline structure of the studied alloys. This

phenomenon is accompanied by a coexistence of two crystal

structures, with general AB5 and AB3 stoichiometry. The cell

parameters contraction, as a result of Mo addition, may be due

to changes in the electronic structure of the hybrid compound

which escapes froma trivial analysis based on atomic radius of

the constituent elements. Theoretical work, based on first

principlesmethods, are carrying out in order to understand the

physical origin of the contraction of the unit cell parameters.

According to the full powder profile fitting, it is possible to

obtain information related to the physical contribution to the

peak profile broadening. In the present work, we selected the

well-established Thompson, Cox & Hasting [28] pseudo Voigt

model for diffraction line profiles. According to this, the full

width at half maximum G is contributed from Gaussian and

Lorentz functions:

G2
G ¼ U tan2 qþ V tan qþW þ P

�
cos2 q (14)

GL ¼ X
cos q

þ Y tan qþ Z (15)

U, V, W, X, Y and Z are adjustable parameters and L and G

denotes Lorentz andGauss profiles respectively. The following

parameters X, P and U, Y are directly related to size and strain

contribution respectively. This is valid if instrumental con-

tributions are taken into account, as our case.

In the case of size broadening, Scherrer [29] equation was

considered, and the corresponding crystalline size domain is

presented (Table 2). When considering the strain, just a

comparison between U and Y parameters are performed, and

presented in Table 2. Strain can be obtained independently

fromGaussian and Lorentzian terms, presented as S-G and S-L

respectively. While some differences emerge from this com-

parison, the trend is the same for Gaussian and Lorentzian

contribution, validating our analysis. These results indicate

that AB5M1 sample presents a higher strain when comparing

to AB5M0 and AB5M2 samples. In the case of crystalline size

domain estimation (CSD), a similar trend is observed, AB5M1

presents the higher CSD with a value of 174 nm, while AB5M0

and AB5M2 present a CSD ¼ 75 nm. In general terms, the XRD

results suggest that AB5M1 presents a higher strain, when

comparing to AB5M0 and AB5M2 case.

As depicted in theNyquist diagrams of Fig. 1, the electrodes

presented different behaviors depending on the Mo concen-

tration. The apparent charge transfer resistance results in

RctAB5M0 > RctAB5M2 > RctAB5M1.

The diagrams show a phase angle close to 45� at high fre-

quencies, characteristic of a porous structure. The capacitive

loop in the range of intermediate frequencies is associated
Table 2 e Gaussian and Lorentzian profile fitting parameters, a

U V W Lx

AB5M0 30.24 �13.35 �17.79 11.03

AB5M1 342.69 �56.23 �131.00 6.21

AB5M2 69.99 �32.26 �125.14 11.21
with the parallel connection of the electrical double layer, Cdl,

with the charge transfer resistance, Rct, related to the

hydrogen absorption/desorption process on the surface of the

alloy particles. In the low frequencies region, a Warburg-type

response, associated to the hydrogen diffusion process is

observed.

In order to identify the different parameters of the system,

a fitting procedure of the experimental impedance data in

terms of the proposed model was accomplished.

A fitting programme was developed, based on the Nel-

dereMeade simplex search algorithm included in the Matlab

package. During the fitting procedure the objective function to

be minimized was the cost function, Jp, defined as:

Jp ¼ 1
K

X
k

jeðp;ukÞj2 ¼ 1
K

X
k

����ZeðukÞ � Zpðp;ukÞ
ZeðukÞ

����
2

(16)

where K is the number of experimental frequencies (u), and Ze

and Zp the experimental and theoretical impedance values

corresponding to the frequency uk. This algorithm returns a

parameter vector [p] that is a local minimized of Jp, near the

starting vector [p0], so the whole fitting procedure is highly

dependent on the initial values given to the parameters in [p0].

The fitting was considered acceptable when Jp < 5e�3.

Fig. 1 depicts experimental EIS data of the studied alloys;

together with EIS data simulated using the model (see Section

3). From the identified parameters, its dependence with Mo

concentration could be determined. A good agreement be-

tween measured and calculated data in terms of this model

was observed.

According to the fitting procedure of EIS data in terms of

equations (1e13), the characteristic parameter values are

presented in Table 3.

SEM techniques allow the estimation of the particle size

after subjecting the electrodes to several charge/discharge

cycles, and thus verify what the physicochemical model pre-

dicted from the EIS measurements.

From the micrographics, we can calculate ra concluding

that AB5M1 mean radius is the smallest one [13]. Calculated

mean radius values are:

AB5M0/ra ¼ 1.4 � 10�3 cm

AB5M1/ra ¼ 5 � 10�4 cm

AB5M2/ra ¼ 7.5 � 10�4 cm

Fig. 2 shows the dependence of particle radio and active

area by exchange current density with molybdenum

concentration.

After a brief evaluation and analysis between the behavior

of AB5M0, AB5M1 and AB5M2 alloys, we can conclude that the

better performance showed by AB5M1 is mainly due to the

particles breaking up yielding a larger active area aa. For this

electrode, the changes in the product (io aa) exhibit a
nd crystalline size domain and strain obtained from those.

Ly CSD (nm) S-L (%) S-G (%)

3.88 75 0.07 0.10

31.41 134 0.55 0.32

4.04 74 0.07 0.15
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Fig. 1 e Spectra of experimental and theoretical impedance of the electrodes.
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maximum value. Moreover, the minor values of ra favor the

hydrogen mass transport within the alloy, lowering the

diffusion overpotential values, i.e., a lower diffusion length.

However, it seems that there is almost no difference in the

values of io and DH for the three electrodes. The larger fracture

of AB5M1 can be due to the higher material's fragility as a

consequence of molybdenum incorporation. XRD analysis on

the three alloys confirms this hypothesis.

For C discharge rates larger than 4C the alloy AB5M2 shows

a better behavior at HRD experiments than AB5M0 and AB5M1.

For rate discharges of 0.1e1C the behavior in terms of C/Cmax

is similar in the alloys although AB5M2 depicts lower capacity.
Table 3 e Parameters derived from the fitting procedure for th

Alloy DH (cm2 s�1) io (Acm�2) aa (cm

AB5M0 3.8 � 10�10 1 � 10�3 36

AB5M1 2.7 � 10�10 0.9 � 10�3 70

AB5M2 2.7 � 10�10 1 � 10�3 35
We include in this study the behavior for HRD with rate dis-

charges of 0.1Ce5C (Fig. 3).
Electrochemical determination of the hydrogen diffusion
coefficient

In order to analyze the hydrogen transfer rate in the alloy, and

compare hydrogen diffusion value with that resulted in EIS

phenomenological model, it is assumed a spherical shape to

the laboratory-prepared alloy. The hydrogen diffusion balance

is given by the second Fick's law:
e three electrodes.
2/cm3) ra(cm) ε ar (cm

2/cm3)

0 1 � 10�3 0.14 9.5 � 10�4

0 0.5 � 10�3 0.34 8.6 � 10�4

1 0.9 � 10�3 0.25 5.0 � 10�4
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Fig. 2 e Behavior of the parameters ra and aax io vs [Mo]% w/w.

Fig. 3 e High rate discharge curves expressed as a percentage of maximum capacity and in mAh/g for AB5M0 (D) AB5M1 (C)

and AB5M2 (▫) alloys.

Fig. 4 e . I(t) vs C(t) curve according to equation (17) for

AB5M0 (D) AB5M1 (C) and AB5M2 (▫) alloys. The linear fit is

shown with black lines.
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vðRCHÞ
vt

¼ DH
v2ðRCHÞ
vR2

vðRcÞ
vt

¼ D
v2ðRcÞ
vR2

(17)

where CH is the hydrogen concentration in the alloy, t is

time,DH is an average hydrogen diffusion coefficient, R is the

distance from the centre of the sphere to the bulk of the ma-

terial. Assuming a uniform initial hydrogen concentration in

the bulk of the alloy, constant surface concentration, Chen

et al. [30] stated that for large values of time, equation (16)

reduces to the hydrogen current intensity, IH(t), time depen-

dence expression:

IHðtÞ ¼ F
DHDCH

dR2
� p2DH

R2
CHðtÞ IðtÞ ¼ F

DDC
dR2

� p2D
R2

CðtÞ (18)

Where

CHðtÞ ¼
Z t

0

IHðtÞdt CðtÞ ¼
Z t

0

IðtÞdt (19)
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Table 4 e Diffusion coefficients resulted from the I(t) vs
C(t) plot and EIS fitting data.

AB5M0 AB5M1 AB5M2

DEIS (cm2 s�1) 3.8 � 10�10 2.7 � 10�10 2.7 � 10�10

DFig.4 (cm
2 s�1) 9.3 � 10�10 1.2 � 10�10 4.7 � 10�10

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 6 6 3 9e6 6 4 6 6645
being F the Faraday's constant. Knowing the sphere radius, DH

may be evaluated from the slope of the I(t) vs C(t) plot (Fig. 4).

Table 4 depicts DH values evaluated after taking into ac-

count particle radii. It is worth noticing that although these

values are quiet different, are in the same order of magnitude

to those estimated by the EIS model.
Conclusions

The results show that the concentration of Mo in the AB5 type

alloy influences the EIS response. The fitting procedure

allowed the identification of typical parameters such as total

interfacial area, active area, exchange current density,

hydrogen diffusion coefficient, particle radius and porosity. A

good agreement between measured and calculated data in

terms of this model was observed.

AB5M1 depicts the better performance due to the particles

breaking up yielding a larger active area aa. The trans-

formation of the alloy phase into hydride phase causes the

volume expansion of the particle, which produces a large

stress at the outside and a compressive stress in the inner

part, leading to pulverization of the alloy particles and

increasing the active area. The larger fracture of AB5M1 can be

due to the higher material's fragility as a consequence of Mo

incorporation. XRD results suggest that AB5M1 presents a

higher strain, when comparing to AB5M0 and AB5M1 case.

For this electrode, the changes in (i0aa) exhibit a maximum

value. There is almost no difference on the values of i0 and D

for the three alloy electrodes.
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Glossary

aa: active area per electrode unit volume
ar: interfacial area per unit volume
Ap: electrode geometric area
io: exchange current density
Cdl: double layer capacitance
Cmax: maximum H concentration in the alloy
DH: hydrogen diffusion coefficient in the active material
F: Faraday constant
f: frequency
H: hydrogen
K2: kinetic constant of the Heyrovsky reaction
L: electrode thickness
M: electrode mass
MH: metal hydride
ra: average radius of alloy particles
Rt: charge transfer resistance
R: gas constant
T: temperature
Ve: electrode volume
Zdl: double layer capacitance impedance
ZF: Faradaic reaction impedance
Zf: Faradaic impedance per unit active area
Zi: interfacial impedance per unit volume
Zp: porous impedance function

Greek letters

Κ: effective electrolyte conductivity
U: angular frequency
G: maximum surface concentration of Had
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