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bstract

The electrochemical performance of LaNi5−xAlx (x = 0.1–0.5) hydrogen storage alloys was quickly and systematically evaluated by powder
icroelectrode (PME) technique. X-ray diffraction (XRD) and X-ray photo-electron spectroscopy (XPS) studies were also carried out for a better

nderstanding of the effect of Al partial substitution for Ni on the alloy’s performance. PME study results show that Al partial substitution for
i improves both the cycling performance and the anti-electro-oxidation ability of the alloys; however, it prolongs the alloy activation process,
ecreases the maximum discharge ability and enhances the polarization of the alloy electrode. The alloy decay mainly behaves as the capacity

eduction with the time, but the maximum discharge ability almost keeps constant during the service life. The changes of both the physical and the
hemical properties of the alloys resulted from Al partial substitution for Ni are the main factors which lead to the changes of the electrochemical
erformance of the alloys.

2006 Elsevier B.V. All rights reserved.
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. Introduction

LaNi5 and its B-site substituted derivatives, used as anode
aterials of “green” Ni–MH batteries, have been studied by
any scientific researchers [1–16]. Among the elements for B-

ite substitution, Al is an effective one to improve the overall
erformance of the alloy [2–7,13–16]. Most of the previous
orks concerning the effect of Al partial substitution were car-

ied out on composite electrodes prepared by mixing powdery
lloy with electric conducting additive and polymer binder.
lthough composite electrodes were widely used in battery

esearch and manufacture, the great difference in properties
etween the alloys and the additives makes it impossible to study

he intrinsic electrochemical behavior of the alloy. Additionally,
he high double layer capacitance of the composite electrodes
revents the rapid evaluation of the electrochemical performance
f the alloy materials; and so the alloy composite electrodes

∗ Corresponding author. Tel.: +86 27 8721 8624; fax: +86 27 68754067.
E-mail address: yang-y-f1@vip.sina.com (Y. Yang).

L
b
e
h
i
b
f
N
s

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.05.037
der microelectrode (MPE)

lways suffer from the calendar corrosion which could seri-
usly distort the genuine electrochemical performance of the
lloy.

In order to circumvent the difficulties stated above, powder
icroelectrode (PME) technique which avoids the use of addi-

ives was developed by Cha et al. [17]. PME has been proved to
e an effective way for the straightforward study of the properties
f electroactive materials [17–21], including the hydrogen stor-
ge alloys [17,20,21]. One outstanding advantage of the tech-
ique is that even the cycle life testing time is fantastically short.
hus, the material studied by this technique can escape the influ-
nce of calendar corrosion. Recently, Merzouki et al. [20] inves-
igated several hydrogen storage alloys (LaNi5, LaNi4.7Al0.3,
aNi4.6Mn0.4, LaNi4.25Co0.75 and LaNi3.55Co0.75Mn0.4Al0.3)
y PME (nominated as “CME” in Ref. [20]) technique. How-
ver, systematical study of LaNi5−xAlx series by PME technique
as not been reported yet. In this work, the overall electrochem-
cal performance of LaNi5−xAlx (x = 0.1–0.5) was characterized

y PME technique. XRD and XPS studies were also carried out
or better understanding the effect of Al partial substitution for
i on the electrochemical performance of the alloy. The rea-

ons causing the difference of the properties between the alloys

mailto:yang-y-f1@vip.sina.com
dx.doi.org/10.1016/j.jpowsour.2006.05.037
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Fig. 1. SEM view of the alloy particles.

ubstituted by different amount of Al were also discussed in the
nal part of this paper.

. Experimental

LaNi5−xAlx (x = 0.1–0.5) were prepared by magnetic levi-
ation melting method. The crystal structures of the hydrogen
torage alloys were identified by an X-ray diffractometer (XRD-
000, Shimadzu, Japan) with Cu K� radiation (λ = 1.54056 Å).

The alloy powder microelectrode was prepared following the
rocedure described in Ref. [17] except that the graphite powder
electronic connector between the Pt wire and the Cu leader) was
eplaced by tin; this improvement reduces the whole electronic
esistance of the electrode from ca. 10 � [18] to ca. 0.5 �. The
epth of the microcavity (l) was approximately two times of the
t wire radius (r = 30 �m). The SEM view of the alloy particles

s shown in Fig. 1, the particles have an irregular shape (which
s similar to that reported in Ref. [21]) and their size is in the
ange of ca. 25–40 �m. After being packed with the alloy par-
icles/powder, the microcavity of the PME was checked with a
tereoscope (SM, Tech. Instrument Ltd., Beijing) to ensure that
t had been fully filled. The powder in the microcavity can be
nloaded by ultrasonication after experiment.

Electrochemical experiments were carried out in a classi-
al three-electrode cell with an electrochemistry work station
CHI660A, Chenhua instrument Ltd., Shanghai). The working
lectrode was an alloy PME, the counter electrode was a Pt foil

nd the reference electrode was a home-made Hg/HgO electrode
lled with 6 mol L−1 KOH solution. All potentials reported in

his paper are referred to this reference electrode. The electrolyte
as a degassed 6 mol L−1 KOH solution.

i
t

able 1
attice parameters and cell volume of LaNi5−xAlx

LaNi4.9Al0.1 LaNi4.8Al0.2

(Å) 5.0201 5.0227
(Å) 3.9831 3.9946
ell volume (Å3) 86.9326 87.2720
Fig. 2. XRD patterns of LaNi5−xAlx (x = 0.1–0.5).

Before and after the electrochemical cycling of LaNi4.7Al0.3
typical sample of LaNi5−xAlx), the relative concentration and
he chemical states of Al on the alloy surface were analyzed by a
PS instrument (XSAM800, KRATOS) with the Mg K� target

t 1253.6 eV and 16 mA.

. Results

.1. XRD patterns and cell parameters of LaNi5−xAlx

X-ray diffraction (XRD) was used to characterize the
icrostructure and to measure the cell parameters of the

ydrogen storage alloys. Fig. 2 shows the XRD patterns of
aNi5−xAlx. The patterns depict that all the alloys crystallize

n the CaCu5-type hexagonal structure. Table 1 lists the lattice
arameters and the cell volume of the alloys. It can be seen
hat both the lattice parameters (a, c) and the cell volume of
aNi5−xAlx increase with increasing Al content, which can be
scribed to the larger atomic radius of Al (1.43 Å) than that of
i (1.24 Å). By further plotting the cell volume against x in
aNi5−xAlx, it is found that the cell volume increases linearly
ith increasing the amount of Al in the alloy (shown in Fig. 3).
he result agrees very well with that reported by Zhang et al.

16].

.2. Voltammograms recorded with PME
Careful experiment showed that upper potential limit exceed-
ng −0.2 V in cyclic voltammetry will cause irreversible loss of
he hydrogen storage capacity of the alloys, so CV was carried

LaNi4.7Al0.3 LaNi4.6Al0.4 LaNi4.5Al0.5

5.0270 5.0301 5.0336
4.0041 4.0133 4.0208

87.6301 87.9398 88.2268
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Fig. 3. The variation of cell volume with x in LaNi5−xAlx (x = 0.1–0.5).

ut on PME in the potential range of −1.15 to −0.3 V. The scan
ate of the potential was set as 50 mV s−1, same as in the previous
tudy [20,21].

Fig. 4 shows the typical voltammogram of LaNi5-type PME,
he cathodic current peak C and the anodic current peak A reflect
he details of the alloy charge/discharge process, respectively. It
s also shown in Fig. 4 that the current response of Pt current
ollector as the background (dotted line) is negligible when com-
ared with that of the alloy material (solid line). The part of the
olid curve with the condition of I > 0 in Fig. 4 represents the
ischarge process of the alloy, so the discharge capacity (Qd)
an be calculated according to Eq. (1):

d = Sa + 2Sb (1)

v

here Sa + 2Sb, schematically shown in the inset of Fig. 4, is the
ntegrating area of I > 0 part of the current curve; v is the scan
ate of the potential.

ig. 4. Typical cyclic voltammogram of LaNi5-type hydrogen storage alloy
ME. Potential range: −1.15 to −0.3 V; scan rate: 50 mV s−1; solid line: the
oltammogram of the alloy powder; dotted line: the voltammogram of the Pt
urrent collector; dashed line: the base line in the inset is for the integration of
he anodic current peak.
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Multi-cycle voltammograms of LaNi5−xAlx (x = 0.1–0.5) are
hown in Fig. 5. Plenty of information (such as peak current,
eak potential, etc.) can be obtained from this figure.

.3. Activation cycle

The appearance of the maximum discharge capacity (Qd-max)
enotes the accomplishment of the activation of the hydrogen
torage alloy. The number of cycles needed for Qd to reach
d-max characterizes the activation cycle of the alloy. Fig. 6

hows that the activation cycle of LaNi5−xAlx increases with
ncreasing x from 0.1 to 0.5. The result indicates that Al partial
ubstitution for Ni prolongs the activation process of the alloy.

.4. Cycling performance

After activation, long cycle life test was carried out on
aNi5−xAlx alloy electrode. Since it is difficult to determine the
xact amount of material packed into the microcavity, normal-
zed charge (defined as Qnorm = Qd/Qd-max) was used to describe
he relative discharge capacity and Qnorm versus cycle number
urves was used to illustrate the decay process of the alloy mate-
ial [20,21]. Fig. 7 shows Qnorm versus cycle number curves
f LaNi5−xAlx. It is obvious that the decay rate of Qnorm of
aNi5−xAlx decreases with increasing the x value. The result

mplies that Al partial substitution for Ni helps to improve the
ycling performance of the alloy.

.5. Maximum discharge ability

Maximum discharge ability is an important index for the eval-
ation of hydrogen storage alloy performance. In cyclic voltam-
ograms, the anodic peak current (Ip) represents the maximum

hange of the electric charge in unit time in the discharge pro-
ess, thus the maximum discharge ability can be featured by
p/Qd (%), which represents the maximum percentage of the dis-
harged capacity in unit time (% s−1). After the alloys were fully
ctivated, the data of Ip/Qd of LaNi5−xAlx was plotted against
ycle number as shown in Fig. 8. The figure depicts that Ip/Qd
f the alloys holds constant when increasing the cycle number,
ut it decreases with increasing the amount of Al substitution.
he results manifest that: (1) the maximum discharge ability of
ll the alloys does not degrade during the capacity decay pro-
ess; (2) Al partial substitution for Ni decreases the maximum
ischarge ability of the alloy.

.6. Anodic peak potential (Ep)

The anodic peak potential (Ep) characterizes the polarization
ehavior of the alloy electrode during the discharge process.
he polarization of an electrode includes three components,

.e., the ohmic polarization (ηohm), the electrochemical polar-
zation (also named as charge transfer polarization, ηct) and the

oncentration polarization (ηconc). According to Ref. [22], ηohm
ncreases with increasing the product of Ip and Rohm (the sum
f the electric resistance of the electrode and the solution); ηct
s proportional to ln Ip, and ηconc varies with the variation of
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Fig. 5. Cyclic voltammograms of LaNi5−xAlx (x = 0.1–

n(iL/(iL − ip)), where ip = 2.69 × 105 n3/2v1/2D
1/2
H C0

H is the
nodic peak current density [23] (n is the number of the elec-
rons transferred during the electrochemical reaction, v is the
can rate of the potential, DH is the diffusion coefficient of

atom and C0
H is the concentration of H in the alloy bulk);

L = 4nFDHC0
H/(πr + 4l) is the limiting diffusion current den-

ity based on PME model [22]. Therefore, ln[iL/(iL − ip)] =

n[1/1 − 0.7(πr + 4l)v1/2D

−1/2
H ] is a constant. This indicates

hat ηconc keeps unchanged during the electrochemical cycling
f the alloy. Thus, Ep is only governed by ηct and ηohm. Fig. 9
llustrates the relation of Ep of LaNi5−xAlx alloy electrodes and

i
T
N
a

otential range: −1.15 to −0.3 V; scan rate: 50 mV s−1.

he cycle number. One can see that during the first tens of cycles
corresponding to activation stage), Ep of all LaNi5−xAlx alloy
lectrodes shifts positively with increasing the cycle number.
his should be ascribed to the increase of Ip which results

n the increase of both ηct and ηohm at the activation stage.
hile after the initial tens of cycles (corresponding to the decay

tage of Ip), Ep of the alloy electrodes shifts positively with

ncreasing the cycle number and with increasing the x value.
he above results imply that: (1) Al partial substitution for
i enhances the polarization of the alloy electrode during the

nodic process; (2) some other reaction mechanism may be
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Fig. 6. Activation cycles vs. x in LaNi5−xAlx (x = 0.1–0.5).

Fig. 7. The capacity decay curves of LaNi5−xAlx (x = 0.1–0.5). Potential range:
−1.15 to −0.3 V; scan rate v = 50 mV s−1.

Fig. 8. Maximum discharge ability Ip/Qd vs. cycle number curves of LaNi5−xAlx
(x = 0.1–0.5).
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ig. 9. The anodic peak potential, Ep vs. cycle number curves of LaNi5−xAlx
x = 0.1–0.5).

nvolved in LaNi5−xAlx decay process, and this will be discussed
ater.

.7. Anti-electro-oxidation ability

When Ni–MH battery used in over-discharge or high rate dis-
harge condition, the potential of the alloy anode would shift
ositively. If this potential shift is too remarkable, the alloy
aterial would be electro-oxidized and the alloy capacity would

ecay irreversibly. So studying the effect of the element substitu-
ion in B-site on the anti-electro-oxidation ability of AB5 alloy is
uite meaningful. However, previous works paid little attention
o this aspect.

The condition for simulating the electro-oxidation of the
lloys can be created by elevating the upper potential limit of the
yclic voltammetry to a proper value. When the upper potential

imit is set as 0 V, the hydrogen storage capacity of LaNi4.9Al0.1
reflected by the discharge capacity Qd which was calculated
ith the same method described in Section 3.2) decreases rapidly
ith increasing the cycle number (see Fig. 10), which indicates

ig. 10. Cyclic voltammogram of LaNi4.9Al0.1. Potential range: −1.15–0 V;
can rate: 50 mV s−1.
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Fig. 12. XPS of LaNi4.7Al0.3: (a) fresh sample; (b) CV for 10 h; (c) CV for a
week. (—) The original curve recorded with XPS, includes all information of
surface Al and Ni; (. . .) the characteristic curve of different chemical states of
ig. 11. The decay curves of LaNi5−xAlx (x = 0.1–0.5). Potential range:
1.15–0 V; scan rate v = 50 mV s−1.

hat the alloy has been seriously oxidized. Similar phenomena
ere also observed on other LaNi5−xAlx PME. Qd versus cycle
umber curves of LaNi5−xAlx are shown in Fig. 11. It depicts
hat Al partial substitution for Ni slows down the decay rate of

d. This fact suggests that the anti-electro-oxidation ability of
he alloys can be improved by partial substitution of Ni with Al.

.8. Chemical states of Al on LaNi4.7Al0.3 surface

Chemical states of the alloy surface elements are crucial
ot only to the electric conductivity but also to the explana-
ion of the corrosion mechanism [25]. Chemical states of sur-
ace La and Ni are unanimously reported as La(OH)3, Ni and
i(OH)2, respectively [10,25], while those of surface Al are

till in debate. Sakai et al. [6,7] deemed that a protective Al
xide layer was formed on LaNi4.5Al0.5 surface during elec-
rochemical cycling and this layer prevented the alloy from fast
ecay. Whereas Maurei et al. [10] reported that neither Al nor Al
xide was observed with EDX on the electrochemically cycled
mNi3.55Co0.75Mn0.4Al0.3 surface. However, the chemical res-

lution of EDX is not high enough for light element (such as Al)
nalysis. Comparably, XPS is more sensitive to the detection of
urface Al. By using XPS, Meli et al. [25] found the existence
f Al on LaNi4.7Al0.3 surface after 30 cycles of galvanostatic
harge-discharge, but they proposed that no passive Al oxide
xisted on the alloy surface. Nevertheless, by careful examining
he XPS data in their paper, it can be found that the XPS curves of
lectrochemically cycled alloy involved the information of both
he metallic Al and Al oxide. In order to identify the chemical
tates of surface Al, XPS study was carried out on the surface of
aNi4.7Al0.3 alloy with different treatments. Fig. 12 shows the
PS curves measured on the surface of LaNi4.7Al0.3 electrode
efore CV, after CV for 10 h and for a week, respectively. In
he measured binding energy scope, the solid line (the original

urve recorded by XPS) involves all the information of surface
l and Ni. The dotted lines are the characteristic curves of the

urface elements with different chemical states. The dashed line,
btained by adding up the dotted lines, is the fitted curve for

Al or Ni; (- - -) the fitted curve, added up by the dotted curves, for the simulation
of the original one.
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Table 2
Relative ratio of surface products of LaNi4.7Al0.3 alloy with different treatments

LaNi4.7Al0.3 (Al + Al2O3):(Ni + Ni(OH)2) Al:Al2O3 Ni:Ni(OH)2

Fresh sample 0.085 2.83 5.07
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V for 10 h 0.187 0.98 2.00
V for a week 0.082 0.38 1.82

imulating the solid line. The fact that the dashed line almost
verlaps the solid line indicates that the original curve can be
isassembled as several different characteristic curves. From
hese characteristic curves, we can obtain both the chemical
nd compositional information of surface Al and Ni. Accord-
ng to the potential-pOH diagram [26,27], Al2O3 and Ni(OH)2
re more stable than Al(OH)3 and NiO in alkaline solution indi-
idually, so dotted lines with peak potential at ca. 72.8, 74.2,
7.5 and 70.6 eV are corresponding to the characteristic curves
f Al (dotted line 3), Al2O3 (dotted line 4), Ni (dotted line 1)
nd Ni(OH)2 (dotted line 2), respectively [28]. Table 2 lists the
elative ratio of surface products of LaNi4.7Al0.3 with different
reatments. The relative ratio of the surface products of Al to Ni
n the fresh LaNi4.7Al0.3 surface increases from 0.085 to 0.187
fter 10 h cyclic voltammety and then decrease to 0.082 after fur-
her cycling the electrode for a week. The result indicates that
he relative concentration of surface Al products experiences a
rstly increasing and then decreasing process during the electro-
hemical cycling of the alloy electrode. The initial enrichment
f surface Al products should be ascribed to the formation of
l2O3 and the following decrease of Al concentration should
e attributed to the calendar corrosion/dissolution of Al product
10,20]. Table 2 also shows that the relative ratio of the metallic
tate to the oxidative state of the surface element (both Al and
i) decreases with increasing the time of the electrochemical

ycling, but the decrease rate of Ni (from 5.07 to 1.82 for a
eek electrochemical cycling) is slower than that of Al (from
.83 to 0.38 for a week electrochemical cycling). The results
ndicate that: (1) the oxidation of both Al and Ni occurs on the
lloy surface during electrochemical cycling; (2) the oxidation
ate of surface Ni is much slower than that of surface Al.

. Discussions

.1. Physical properties

Al partial substitution for Ni leads to the change of the phys-
cal properties of the alloy which play an important role in
eciding the electrochemical performance of the alloy. Firstly,
he substitution lowers the Vickers hardness of the alloy [6].
akai et al. [6] reported that higher Vickers hardness can cause
igher pulverization rate of the alloy. It is known that pulver-
zation can increase the real surface area of the alloy. Thus, the
owered Vickers hardness of the alloy resulted from Al partial
ubstitution for Ni contributes to both the slower activation rate

nd the better cycling performance. Secondly, the substitution
ncreases the cell volume of the alloy. On the one hand, the
ncrease of the cell volume decreases the lattice expansion ratio
f unit cell and further decreases the pulverization rate of the
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lloy [9]. So it also contributes to both the slower activation
ate and the better cycling performance. On the other hand, the
ncrease of the cell volume leads to both the decrease of the
ydrogen plateau pressure [2,3] and the increase of the stability
f the alloy hydride, and so results in the decrease of the hydro-
en diffusion coefficient [29]. Since the diffusion of H is the rate
etermining step (RDS) of the discharge process of the B-site
ono-substituted LaNi5-type alloy [24], the increase of the cell

olume decreases the maximum discharge ability of the alloy.
hirdly, the substitution changes the affinity of the lattice to H
toms, which is reflected by the interaction between the metals
n the unit cell and H atoms. The interaction between a metal and

atoms can be judged by the magnitude of the formation heat
f the metal hydride and the stronger interaction results in the
maller the diffusion coefficient of hydrogen in the alloy bulk
30]. Since the formation heat of AlH0.5 (−7 kJ mol−1) is larger
han that of NiH0.5 (−3 kJ mol−1) [31], the interaction between
l and H atoms is stronger than that between Ni and H. Thus, the

ffinity of the lattice to H atoms increases when increasing Al
oncentration in the unit cell. As the result, the diffusion coef-
cient of hydrogen and the maximum discharge ability of the
lloy decrease.

.2. Chemical properties

Al partial substitution for Ni also results in the variation
f the chemical properties of the alloy. The chemical proper-
ies affect the electrochemical performance of the alloy always
hrough the surface effect. XPS results show that Al2O3 forms
n the alloy surface during electrochemical cycling. The for-
ation of the surface Al2O3 increases the contact resistance

etween the alloy particles and so enhances the polarization of
he alloy electrode. In addition, the amount of Al2O3 increases
ith increasing the cycle number, and thus it increases the
olarization of the alloy electrode during the decay process.
owever, the better cycling performance of the alloy with Al
artial substitution for Ni can’t be ascribed to the formation of
passive Al2O3 film, because the ratio of Al on alloy surface is

oo small. Since the electronegativity value of Al (χ = 1.61) is
maller than that of Ni (χ = 1.91), it can be considered that Al
anode) and Ni (cathode) forms many microprimary cells on the
lloy surface in the alkaline solution. During the alloy corrosion
rocess, Al anode is oxidized into Al2O3 and Al2O3 slowly dis-
olves into the solution, while oxidative species (such as O2) is
educed on Ni cathode. In this process, electrons flowing from
l anode to Ni cathode protect Ni from oxidation. Since a con-

iderable amount of metallic Al still exists on the alloy surface
fter 10 h electrochemical cycling (see Table 2), the primary
ell effect may contribute to the long cyclic life of LaNi5−xAlx
lloy in this work. It should be mentioned that both Al and
l2O3 suffers the calendar dissolution in the alkaline solu-

ion, so this type of contribution to the cycling performance is
inor when the alloy is tested in galvanostatic charge–discharge

ode (the test time in this mode is very long). The primary

ell effect can also explain the improvement of the anti-electro-
xidation ability of the alloy made by Al partial substitution
or Ni.
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. Conclusions

The electrochemical performance of LaNi5−xAlx (x =
.1–0.5) was rapidly evaluated by means of PME. XRD and
PS studies were also carried out for a better understanding of

he effect of Al partial substitution for Ni on the alloy’s perfor-
ance. According to the results, following conclusions can be

rawn:

. Al partial substitution for Ni improves both the cycling per-
formance and the anti-electro-oxidation ability; but prolongs
the alloy activation process, decreases the maximum dis-
charge ability and enhances the polarization of the alloy
electrode.

. The alloy decay mainly behaves as the capacity reduction
with the time, but the maximum discharge ability almost
keeps constant during the service life.

. Both metallic and oxidative states of Al were detected on
LaNi4.7Al0.3 surface; the formation of surface Al2O3 should
be responsible for the enhanced polarization of LaNi5−xAlx
alloy electrode.

. Al partial substitution for Ni leads to the changes of both
the physical and the chemical properties of the alloy. These
changes are the intrinsic reason resulting in the changes of the
electrochemical performances of the alloy: The decrease of
Vickers hardness, the increase of the cell volume and the pri-
mary cell effect contribute to the better cycling performance
of the alloy. The prolonged activation process of the alloy
should be attributed to the lowered Vickers hardness and the
increased cell volume. The decrease of the maximum dis-
charge ability of the alloy should be ascribed to the increase
of both the cell volume and the affinity of the lattice of H
atoms. The improvement of the alloy’s anti-electro-oxidation
ability should also be attributed to the primary cell effect.
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