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Electrochemical investigations were carried out on electrodes made from both bare and Pd-coated
LaNi4:25Al0:75 particles. Experimental results showed that the Pd-coating signi®cantly decreases the
electrode resistance and increases the electrode discharge capacity. The electrochemical impedance
spectroscopy technique was used to determine various resistive components in the electrodes and
electrolyte by ®tting an equivalent circuit to the experimental data. The results indicated that an
electrode made from the Pd-coated alloy has much less ohmic resistance (particle-to-particle contact
resistance and current collector to electrode pellet contact resistance) compared to the electrodes
made from bare alloy.
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1. Introduction

Pd and its alloys are resistant to corrosion in alkaline
electrolytes and have a high degradation resistance for
the charge±discharge process. Consequently they
should have a high degree of utilization as the negative
electrodes for metal±hydride batteries [1, 2]. However,
in commercially produced battery systems, Pd and Pd
alloy hydride electrodes are unlikely to be used because
of their high cost relative to AB5 type mischemetal
based compounds [3]. Recently, microencapsulation
of alloy particles used to prepare electrodes has been
carried out to prevent oxidation and disintegration of
the alloy, which leads to better performance of the
electrode [4]. An attempt was made in this study to
optimize the performance of the alloy by microen-
capsulating LaNi4:25Al0:75 alloy with palladium. The
performance of the Pd-coated LaNi4:25Al0:75 alloy
electrode was investigated by electrochemical tech-
niques, and the results were compared with those
obtained for the bare alloy electrode.

2. Experimental details

The following procedure was used to prepare a
LaNi4:25Al0:75 pellet electrode. LaNi4:25Al0:75 powder
was passed through a 230 mesh sieve, which gave a
particle size of less than 60 lm. These LaNi4:25Al0:75
alloy particles were microencapsulated with a thin
®lm of palladium by electroless deposition using
hypophosphite as a reducing agent. The alloy powder
was immersed in an electroless plating solution con-
taining 1:7 g dmÿ3 PdCl2, 160 ml dmÿ3 NH4OH (with
28±30% NH3 content), 26 g dmÿ3 NH4Cl and
10 g dmÿ3 NaH2PO2H2.H2O. The electroless palla-
dium plating was carried out by using palladium to
alloy ratio by weight of 1 : 5. The plating process was
continued until the brownish colour of PdCl2 van-
ished in the solution. The concentration of Pd before
(1:7 g dmÿ3) and after the plating (0 g dmÿ3) was
determined by titration [5]. A detailed electroless
palladium coating procedure was described previ-
ously [6].

List of symbols

C capacitance (F)
dPd thickness of palladium layer (cm)
F Faraday's constant �96 487 Cmolÿ1�
i current density per unit of mass (A gÿ1)
io exchange current density per unit

of mass �A gÿ1�
R gas constant 8:3144 J molÿ1 Kÿ1

ÿ �
Rel electrolyte resistance �X�
Rcp current collector to pellet contact

resistance �Xg�
Rp polarization resistance �Xg�

Rpp particle to particle contact resistance �Xg�
Rt�ac� total resistance determined from a.c.

impedance method �Xg�
Rt�p� total resistance determined from linear

polarization curves �Xg�
RT resistance �Xg�
Rw Warburg impedance �Xg�
T temperature (K)

Greek characters
g overpotential (V)
cPd density of palladium 12:02 g cmÿ3

ÿ �
calloy density of the alloy 7:04 g cmÿ3

ÿ �
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The thickness of the palladium layer was estimated
from the weight of palladium plated, the density of
Pd and the alloy total surface area, (TSA) using
Eq. 1:

dPd � weight of Pd (g)

cPd �g cmÿ3� � TSA �cm2� �1�

The density of palladium is 12:02 g cmÿ3. The TSA of
the alloy particles was estimated from the single
particle surface area, pD2, the single volume of the
particle, pD3=6, and the alloy density to be
284 cm2 gÿ1. Both, the particle surface area and the
volume of the particle were estimated by assuming an
average spherical particle size of 30 lm. The alloy
density was estimated to be 7:04 g cmÿ3 from the
stoichiometry formula of the alloy. Using Equation 1,
and assuming that the palladium coating was uni-
formly plated, the thickness of the palladium layer
was estimated to be 0:5 lm. However, the TSA de-
termined by BET was approximately 800 cm2 gÿ1

which gives a thickness of 0:21 lm for the palladium
layer. Thus, we approximated that the thickness of
the deposited palladium layer is in the range from 0.2
to 0:6 lm.

The pellet electrodes were prepared by mixing the
LaNi4:25Al0:75 alloy powder with 2.5% of PTFE
powder followed by hot-pressing the material be-
tween two nickel meshes in a cylindrical press. A
pellet with a diameter of 0:8 cm was formed at ap-
proximately 300 �C using a pressure of 5 t cmÿ2. The
thickness of the pellet was 0:9 mm. The pellet was
then inserted between two pieces of Plexiglass holders
with small holes on each side. The electrode was
immersed in the test cell which was ®lled with a 6 M

KOH electrolyte solution. Pieces of Pt gauze were
placed on both sides of the electrode and served as
counter electrodes. A sketch of the cell is presented in
Fig. 1.

The experiments were carried out using a Hg/HgO
reference electrode and using the model 342C Soft-
Corr System with the EG&G PAR potentiostat/gal-
vanostat model 273 at 25 �C.

3. Results and discussion

Linear polarization curves for the bare alloy electrode
at di�erent states of charge are given in Fig. 2. The

curves in Fig. 2 show that the slope of the linear
polarization curves decrease with a decrease of the
state of charge (hydrogen content in the alloy). The
total resistance of the electrode may be determined
from the slopes of the curves by using Rt�p� � g=i,
where Rt�p� is the total resistance from linear polar-
ization curve, g is the overpotential (mV) and i the
current density (mA gÿ1). The corresponding linear
polarization curves for the Pd-coated LaNi4:25Al0:75
alloy electrode are plotted in Fig. 3. The curves in
Fig. 3 show similar behaviour as a function of state of
charge to those in Fig. 2. The resistances determined
from the slopes of the curves in Figs 2 and 3 are
plotted as a function of state of charge in Fig. 4.
From Fig. 4 it can be seen that the electrode made
from Pd-coated alloy particles has much less resis-

Fig. 1. Sketch of the M±H cell.

Fig. 2. Linear polarization curves at di�erent state-of-charge for
the bare alloy. SOC: � � 100%, �� � � �� 75%, �- - -� 50%, �ÿ � ÿ��
38% and � � 25%.

Fig. 3. Linear polarization curves at di�erent state-of-charge for
the Pd-coated alloy. SOC: � � 100%, �� � � �� 88%, �- - -� 76%,
�ÿ � ÿ�� 52% and � � 29%.
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tance than the one made from the bare alloy at the
same state of charge.

It was shown previously [6±8] that the total resis-
tance determined from the linear polarization curve
�Rt�p�� is equal to the polarization resistance �Rp� if
the ohmic resistance in the electrode is negligible.
Thus, the exchange current density of the electrode
may be determined by

Rp � RT
Fio
� g

i
�2�

However, when the ohmic resistance is not negligible,
Rp in Equation 2 will consist of a sum of the polariza-
tion resistance and ohmic resistance. Consequently,
the exchange current density will be underestimated.
In the present case, the total resistance determined
from the linear polarization curve was not equal to
the polarization resistance.

Electrochemical impedance spectroscopy (EIS)
enables the determination of the polarization resis-
tance and the evaluation of the exchange current
density without the interference of any of the ohmic
resistance related to alloy particle to particle contact
resistance and current collector to pellet contact re-
sistance. EIS experiments were carried out at di�erent
states of charge. The impedance data generally cov-
ered the frequency range from 0:002 Hz to 100 kHz
with an a.c. voltage signal varying by �5 mV, which
ensured the electrode system to be under minimum
perturbation. According to Kuriyama et al. [9±11] the
total resistance is the sum of the following resistances:
(i) the electrolyte resistance �Rel�, (ii) the resistance
between the current collector and the electrode pellet
�Rcp�, (iii) the alloy particle to particle contact resis-
tance �Rpp� and (iv) the polarization resistance �Rp�
which is related to the electrode reaction on the alloy
surface and is inversely proportional to the active
surface area. The corresponding equivalent circuit is
given in Fig. 5, where Rw is the Warburg resistance,

the Cs are the capacitances and Qcpe1 and Qcpe2 are
the constant phase elements (CPE) [12].

The Nyquist plots of both bare and Pd-coated
electrodes at di�erent states of charge are given in
Figs 6 and 7. As shown in these Figures, the total
impedance decreases with the decrease of the state of
charge, which is consistent with linear polarization
results. Further, two semicircles are observed in some
of the curves presented in Figs 6 and 7. The semicircle
at the low frequency region represents the polariza-
tion resistance, while the semicircle at the high fre-
quency region represents the contact resistance
between the current collector and the electrode pellet.
A third circle exists between these two semicircles and
it represents the alloy particle to particle contact re-
sistance. However, at low states of charge �<20%�,
the two semicircles are not distinguishable due to the
overlap of the semicircles. The resistive components
may be determined from the EIS data by applying the
equivalent circuit shown in Fig. 5. The experimental
results shown in Figs 6 and 7 were ®tted by using
ZViewâ (a trademark of Scribner and Associates,
Inc.). For comparison with the experimental results,
the ®tted curves were plotted as solid curves.

The various resistive components (polarization
resistance, particle to particle contact resistance and
current collector to pellet contact resistance) were
estimated by ®tting the experimental data and are
plotted in Figs 8 and 9 as a function of state of
charge. Note that the total resistance from a.c.
impedance �Rt�ac�� is the sum of Rp, Rpp and Rcp.
As shown in Figs 8 and 9, the total resistances

Fig. 4. Total resistances determined from linear polarization curves
as a function of the state-of-charge for bare (j) and Pd-coated (h)
alloy.

Fig. 5. An equivalent circuit for the metal±hydride electrode.

Fig. 6. Nyquist plots at di�erent states-of-charge of bare alloy.
SOC: (s) 100%, (h) 75%, (d) 50%, (j) 38% and (n) 25%. Solid
lines represent the ®tted results.
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determined from linear polarization curves �Rt�p�� at a
high state of charge agree with the total resistances
obtained from a.c. impedance �Rt�ac�� measurements.
However, with a decrease of the state of charge, the
in¯uence of the signi®cant overlaps of the semicircles
and the interference of Warburg impedance contrib-
ute to the uncertainty of the ®tting calculations.
Thus, the ®ttings were not carried out at a state of
charge less than 20%.

Figure 8 shows that for the bare alloy current
collector to pellet contact resistance Rcp has the same
magnitude with particle to particle contact resistance
Rpp. As shown in Fig. 9, for the palladium-coated
alloy, the particle to particle contact resistance is
much smaller than current collector to pellet resis-
tance. The total ohmic resistance (the sum of Rcp and
Rpp) for the Pd-coated alloy is smaller than that of
bare alloy indicating that Pd-coating decreases the
contact resistances between the particles.

The polarization resistance estimated for the bare
alloy shows a signi®cant increase with a decrease of
the state of charge. As shown in Fig. 8, the polar-
ization resistance increases more than 20 times when
the SOC decreases from 100% to 25% , indicating
that the hydrogen reaction occurs much more easily
on LaNi4:25Al0:75 hydride surface than on bare
LaNi4:25Al0:75 alloy surface. As shown in Fig. 9 for
Pd-coated alloy, the polarization resistance does not
show a strong dependence on the state of charge,
indicating that the hydrogen reaction reactivity on
both Pd hydride and Pd is the same. The exchange
current densities (io) for both bare alloy and Pd-
coated alloy were calculated from polarization resis-
tance data using Equation 2 and are plotted in Fig. 10
as a function of state of charge. The polarization
resistances used to calculate the exchange current
densities in Fig. 10 were estimated by ®tting the a.c.-
impedance results presented in Figs 6 and 7. The

Fig. 7. Nyquist plots at di�erent states-of-charge of Pd-coated
alloy. SOC: (s) 100%, (h) 88%, (d) 76%, (j) 52% and (n) 29%.
The solid lines are the ®tting results.

Fig. 8. Resistive components as a function of the state-of-charge
for bare alloy. Key: (d) Rt�p�, (j) Rt�ac�, (s) Rcp, (h) Rpp and (m) Rp.

Fig. 9. Resistive components as a function of state-of-charge for
Pd-coated alloy. Key: as for Fig. 8.

Fig. 10. Exchange current density as a function of state-of-charge
for bare (d) and Pd-coated (j) alloy.
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exchange current densities on Pd-coated alloy are in
the range of 70 to 100 mA gÿ1. The surface area of the
alloy particle determined by BET was approximately
800 cm2 gÿ1, which converts the exchange current
density into 0:875� 10ÿ4 to 1:25 � 10ÿ4 A cmÿ2.
This value agrees with the exchange current density
value reported in the literature of 10ÿ4 A cmÿ2 on Pd
surface in 1 M KOH solution [13].

The average experimental discharge capacities
(obtained from three di�erent electrodes) of the bare
and Pd-coated alloys were estimated to be
125 mA h gÿ1 and 290 mA h gÿ1, respectively. The
theoretical capacity of the alloy was calculated based
on the formula of LaNi4:25Al0:75H6 and is
391:8 mA h gÿ1. Thus, the bare and Pd coated alloy
capacities correspond to about 32% and 74% of the
theoretical capacity, respectively. Iwakura et al. [14]
carrying out experiments under hydrogen pressure of
1 atm at 25 �C found that the experimental capacity
of bare LaNi4:25Al0:75 is 175 mA h gÿ1 at 20 �C. The
fact that our experiments were performed under open
cell conditions, may explain why the experimental
capacity of LaNi4:25Al0:75 determined in this study
was lower when compared with the value of Iwakura
et al. [14]. The observed increase of the capacity for
Pd-coated alloy may be partly due to the formation
of Pd-hydride. Assuming one Pd atom absorbs one
hydrogen atom, then Pd will contribute about
50 mA h gÿ1 alloy (Pd to alloy ratio is 1 : 5). The
observed increase of the capacity of palladium coated
alloy may result from the fact that Pd-coating serves
as a barrier which protects the alloy surface from
oxidation [14, 15] and active dissolution of alumini-
um [16]. However, this explanation may justify the
observed di�erence in capacity only if the oxidation
of the alloy and the aluminium dissolution reaction
occurred during the ®rst charging process. The in-
crease of the capacity of palladium plated alloy may
also result from the fact that the hydrogen entry ef-
®ciency in the bare alloy (de®ned as the ratio of the
amount of hydrogen entering in bulk of the alloy to
form hydride against the amount of hydrogen pro-
duced) is much smaller compared with the hydrogen
entry e�ciency of palladium coated alloy. In other
words, the hydrogen atoms on the bare surface tend
to recombine and to form hydrogen molecules rather
than to di�use into the alloy and form hydrides.

4. Conclusion

Linear polarization and electrochemical impedance
spectroscopy techniques were used to investigate the
bare and Pd-coated LaNi4:25Al0:75 alloy. The dis-
charge experiments indicated that Pd coating in-
creases the discharge capacity of the bare alloy from
125 to 290 mA h gÿ1. The results also indicated that

Pd-coated alloy decreases the particle to particle
contact resistance as well as current collector to pellet
contact resistance. The polarization resistance esti-
mated for the bare alloy shows a signi®cant increase
with a decrease of the state of charge, indicating that
the hydrogen reaction occurs much more easily on a
LaNi4:25Al0:75 hydride surface than on a pure
LaNi4:25Al0:75 alloy surface. The exchange current
densities �io� were calculated from polarization re-
sistance for both the bare alloy and the Pd-coated
alloy. The exchange current densities estimated for
the Pd-coated alloy were estimated to be
1:25� 10ÿ4 A cmÿ2 which is in agreement with the
exchange current density value reported in the lit-
erature of 10)4A cm)2 on Pd surface in 1 M KOH
solution [13].
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