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Abstract

Effect of La/Mg ratio on the structure and electrochemical properties dflog (Nig (x = 1.6-2.2) ternary alloys was investigated.
All alloys are consisted of a main phase with hexagonal Bajie structure and a few impurity phases (mainly Laadhd MgNp). The
increase of La/Mg ratio in the alloys leads to an increase in both the cell volume and the hydride stability. The discharge capacity of the
alloys at 100 mA/g increases with the increase of La/Mg ratio and passes though a maximum of 397.5 mAh/8.@t As the La/Mg
ratio increases, the high-rate dischargeability of the alloy electrodes at 1200 mA/gptpRIBcreases from 66.7% & 1.6) to 26.5%
(x = 2.2). The slower decrease of HREo (from 66.7 to 52.7%) of the alloys with = 1.6-2.0 is mainly attributed to the decrease of
electrocatalytic activity of the alloys for charge-transfer reaction, the more rapid decrease pfghl&he alloys withx > 2.0 is mainly
attributed to the lowering of the hydrogen diffusion rate in the bulk of alloy. The cycling capacity degradation of the alloys is rather fast
for practical application due to the corrosion of La and Mg and the ldfgim the hydride phase.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tion, fast passivation and/or high rate of cycling degradation
[7].

In recent years, nickel-metal hydride (Ni/MH) secondary ~ Recently, Kadir et al[8-10] reported the discovery of
batteries have been widely adopted in various portable a new type of ternary alloys with the general formula of
electronic devices, electric hand tools and electric vehicles RMgzNig (R: rare earth, Ca, Y) and PuiNiype structure. It
because of their good electrochemical performance andwas found that some of the R—Mg—Ni based quaternary al-
environment compatibility. To date, almost all commercial loys could absorb—desorb 1.8—-1.87 wt.% &hd were thus
Ni/MH batteries are employing ABtype alloys as negative  regarded as promising candidates for reversible gaseous hy-
electrode materials due to their good overall electrode prop-drogen storagfL1,12]. As to their electrochemical hydrogen
erties[1]. However, due to the limited electrochemical ca- storage, Chen et dJ13] reported that the discharge capac-
pacity (300-320 mAh/g) of the ABtype alloys, the energy ity of LaCaMgNig alloy reached 356 mAh/g, and almost at
density of the Ni/MH batteries are not competing favorably the same time, Kohno et glL4] reported that the discharge
with some other advanced secondary batteries. Recently, acapacity of La 7Mgo.3Ni2gCaoy 5 alloy reached 410 mAh/g,
large number of research and development on higher en-with fairly good cycling stability within 30 cycles. Further-
ergy density MH electrode alloys such as ABpe Laves more, Pan et a[15] studied the structure and electrochem-
phase alloy$2,3], Mg—Ni based amorphous alloj#,5] and ical properties of La7Mgo.3(Nig.gsCp.15): (x = 2.5-5.0)
V-Ti—Ni based solid solution alloyi€] have been reported.  alloys, and found that the alloy with= 3.5 had a maximum
However, these alloys are still suffering from slow activa- discharge capacity of 395.6 mAh/g, but its cycling stability

was inferior to that reported by Kohno et El4]. In view of

their higher electrochemical capacity, the La—Mg—Ni based
mpondmg author. Tel+86-571-8795-1152: aIons_ have been consid(_ared as Fhe new ca_ndidates of the
fax: +86-571-8795-1152. negative electrode materials of Ni/MH batteries for further
E-mail address: leiyq@sun.zju.edu.cn (Y.Q. Lei). investigation. However, up to now only very few studies have
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been devoted to the evaluation of the electrochemical prop-method at 25 mA/g, and the equilibrium hydrogen pressure
erties of La—Mg—Ni system ternary alloys to provide useful Peqwas calculated from the measured equilibrium electrode
information for the further development of this new group potentialEcq according to the Nernst equati¢h?]:

of alloys. In a previous pap¢t6], we indicated that the di-

mension of lattice parameters and the electrode properties ofEeq(V versus HgHgO)

LayMgs_xNig (x = 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) alloys were = —0.9305— 0.029547 log Peg), 25°C (1)
noticeably influenced by the La/Mg ratio in the alloys, but

the Study on a"oy Composition was not Systematic enough For investigating the electrocatalytic aCtiVity of the hydro-
and the kinetic properties of the alloy electrodes were ne- 9en electrode reaction, the linear polarization curves of the
g|ected_ In this Work, we have reexamined the structure and electrode were plotted with a Solartron S| 1287 potentiostat
electrochemical properties of the Mgs_Nig (x = 1.6, by scanning the electrode potential at the rate of 0.1 mV/s
1.7, 1.8, 1.9, 2.0, 2.1, 2.2) alloys. The optimum amount of from —5 to 5mV (versus open circuit potential) at 50%
Mg substitution with La, the crystallographic structure, the depth of discharge (DOD). The exchange current density
electrochemical and kinetic behaviors of these alloy with (lo), which is a measure of the catalytic activity of elec-

different La/Mg ratios have been systematically studied. ~ trode, was calculated from the slopes of polarization curves
by the following equatiori18],

- o= (%) () @
2. Experimental 0=\TF n) 0

La,Mgs_,Nig (x = 1.6-2.2) alloy samples were prepared whereR is the gas constanT, the absolute temperaturk,
by sintering the mixtures of Lalj MgNi,> and Ni powders the Faraday constani,the over-potential antdthe applied
in different proportions as described in a previous pgpél: current. The potentiostatic discharge technique was used
These samples were mechanically pulverized to 300 meshito evaluate the coefficient of diffusion within the bulk of
Crystallographic characterization of the alloys was carried the alloy electrodes. After being fully charged followed by
out with XRD analysis on a Rigaku RINT 2550/PC X-ray a 30min open-circuit lay-aside, the test electrodes were
diffractometer with Cu l& radiation at room temperature. discharged with+300mV potential-step for 3000s on a
These analyses were also made for the hydride samplesSolartron S11287 potentiostat, using the CorrWare electro-
of alloys under investigation. To avoid the desorption of chemical/corrosion software.
hydrogen during the measurement, the electrochemically
hydrided samples were coated with a glue as described by
Chen et al[13]. Pellet type alloy electrodeg (= 10 mm) 3. Results and discussion
were prepared by cold pressing the mixtures of different al-
loy powders and carbonyl nickel powder in the weight ratio 3.1. Crystal structure
of 1:3. Each alloy pellet was then interposed between two
Ni foamed plates, the outer rims of which were then tightly ~ From XRD analysis and metallographic examination, it
spot-welded to keep a good contact between the pelletis found that all the sintered samples contain a main phase
and Ni foamed plates. Electrochemical measurements wereand a few impurity phases including LaNand MgNp,
conducted at 25C in a conventional three-compartments which were probably resulted from incomplete sintering.
electrochemical cell consisting of a working electrode The crystal structures have been identified and refined by
(MH electrode), a Hg/HgO reference electrode, and a means of X-ray powder diffraction data. For all samples, the
NiOOH/Ni(OH)2 counter electrode, and the electrolyte of main phase can be identified as the hexagonal Putie
the cell was the 6 M KOH solution. The discharge capac- structure belonging to the-3mspace group4 = 3). Fig. 1
ity was determined galvanostatically by using an auto- shows the typical XRD pattern of the MgNig alloy,
matic charge—discharge unit. Each electrode was chargedand the final Rietveld structural parameters are tabulated in
at 300 mA/g for 2h followed by a 10min rest, and then Table 1 The crystallographic results reveal that La atoms in
discharged at 100 mA/g to the cut-off potential 0.6 V LaoMgNig are located not only at the 3a site (the Pul atom
versus Hg/HgO. In evaluating the rate capability, discharge position of PuNg structure), but also at the 6c¢ sites (the Pu2
capacities of the alloy electrode at different discharge cur- atom position of PuNji structure), while Mg atoms in the
rent densities were measured. The high rate dischargeabilityalloy exhibit a strong preference for the 6c¢ site, indicating
HRD (%) defined a€’,, x 100/(C, + Csp), was determined  that the alloy is a ordered ternary compound with the same
from the ratio of the discharge capaci®y, (with » = 400, structure as the previously reported RMijs (R: La, Ca,
800, 1200 mA/g, respectively) to the total discharge capacity Y) alloys [8-10,12]
defined as the sum &, andCsg, which was the additional Fig. 2shows the relation of lattice parameters and unit cell
capacity measured subsequently at 50 mA/g aftgrwas volume of the LaMgs_,Nig alloys with x (x = 1.6-2.2).
measured. The electrochemical potential composition (EC) It can be seen that the increasing of La content causes a
isotherms were plotted by using the pulse charge—dischargdinear increase in lattice parameters and the cell volume.
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Fig. 1. Rietveld profile refinement of XRD patterns ofaMgNig alloy.

It is found that the progressive substitution of Mg by La
in the alloys (fromx = 1.6-2.2) leads to an increase of
both a parameter{0.87%) ancc parameter+1.09%) and

a subsequent expansion of the unit cell volume.87%)
owing to the larger atomic radius of La (2.74 A) than that
of Mg (1.72A). Besides, the value afa remains almost
constant, around 4.82—4.83 when the unit cell volum?) (A
expands from 523.1x(= 1.6) to 538.1 ¢ = 2.2). It means
that the structure of these alloys is kept isotropic during
expansion.

From the XRD analysis performed for the electrochem-
ically hydrided LaMgs_(Nig (x = 1.6-2.2) samples, it
is also found that all the hydrided alloys still preserve the
hexagonal PuNktype structure, which was also observed in
some RMg@Nig type alloys[9—11], but has a noticeably cell

the molar volume of hydrogen/y, in the hydride phases
are listed inTable 2 Vy is defined as the volume expansion
of the unit cell per H atom absorbed and was calculated via
Vu = AV/n, wheren is the number of H atoms charged
into the unit cell and subsequently dischardiéd It can be
seen that the increasing of La content in the alloys (from
x = 1.6-2.2) leads to an increase of b&t/V (from 19.5 to
25.9%) andvy (from 3.27 to 3.77 & per H atom). This re-
sult reveals that the values alV/V andVy of the La—Mg—Ni
system ternary alloys with Puidtype structure are close
to LaCaMgNp quaternary alloy with the same structure
(AV/V = 26.3%, V4 = 3.44) as observed by Chen et al.
[12,13] Itis interesting to note that they are much larger than
that of the commercialized MmRlssCaog 75sMng.4Al g 3 elec-
trode alloy AV/V = 14.3%, Vy = 3.23) with CaCu-type

volume expansion due to hydriding. The data on the volume structure as reported by Reil[y].

expansion rate of the unit cell during hydridingV/V and

Table 1
Crystallographic parameters for 2gNig in a space groug-3m(Z = 3)

Atom Site Metal atom position Occupy
X y z

Lal 3a 0 0 0 1

La2 6c 0 0 0.14753 (13)  0.485

Mgl 6C 0 0 0.14753 (13)  0.515

Nil 6C 0 0 0.32581 (23) 1

Ni2 3b 0 0 0.5 1

Ni3 18h 0.4941 (4) 0.5059 (4)  0.08276 (15) 1

The Rietveld refinement program Rietica was used.

3.2. Thermodynamic characteristics

The electrochemical pressure-composition isotherms
measured at 25C for hydrogen desorption in the Lslgs_,
Nig—H system are shown iRig. 3. It can be seen that the
desorption plateau pressure reduces noticeably as the La/Mg
ratio of the alloys increases, decreasing from 0.379 atm for
the alloy ofx = 1.6 to a much lower value of 0.042 atm for
the alloy ofx = 2.2. This means that the hydrides of La-rich
alloys are more stable than the hydrides of La-poor alloys
because of the larger unit cell volume of the alloy with
increasing La/Mg ratioFig. 4 shows the relationship be-
tween the unit cell volumes of L&gs_ Nig (x = 1.6-2.2)
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Fig. 2. Variations of the cell parameters and volume as the functioniofLa,Mgs_,Ni alloys (x = 1.6-2.2).

alloys and the plateau pressures of their hydrides &C25  attributable to the high stability of the hydrides of the al-
A linear correlation between |d@pjateau and the cell unit loy with x beyond 2.0, too stable to desorb hydrogen readily
volume is observed for these alloys. The linear degradation during testing.

of the logarithm of plateau pressure with increasing cell

unit volume observed here is consistent with those reported3.3. Charge—discharge characteristics

previously for AB; alloys[12] and most AB alloys|[7].

As also shown irFig. 3and Table 2 the hydrogen stor- The activation property and maximum discharge capacity
age capacity (H/M) increases from 0.751 to 1.03 when the ofthe La.Mg3_,Nig (x = 1.6-2.2) alloy electrodes are listed
La content increases from = 1.6 to 2.0. However, ag in Table 2 It can be seen that all these alloys can be easily
increases further, the H/M decreases to 0.932 wreach- activated to reach the maximum capacity within three cycles.

ing 2.2. It is generally accepted that hydrogen storage al- For the alloys with composition range of= 1.6-2.2, the
loys with larger unit cell volumes would result in more sites maximum discharge capacit$max improves significantly
available for hydrogen storage. For the present alloys, thewith the increase ix and reaches a maximum at= 2.0,
rule is obeyed in the composition rangexo& 1.6-2.0. In and then decreases asncreases further. The variation of
the case of the alloys with composition o= 2.1-2.2, the maximum discharge capacity of the alloys is basically con-
H/M value becomes lower than that for the alloyxof 2.0 sistent with the variation of the H/M with the La/Mg ratio
in spite of the increased unit cell volume. This is believed in the alloys. The LaMgNig alloy shows a maximum dis-

Table 2

Summary of the electrode performances ofMas_,Nig alloys (x = 1.6-2.2)

Alloys H/IM Cmax (MAh/g) Na? HRD120¢? (%) Si00 (%) AVIV (%) Vi (A3 per H atom)
1.6 0.751 309.5 3 66.7 63.2 19.5 3.27

1.7 0.869 348.5 3 62.3 63.6 23.6 343

1.8 0.921 381.7 2 53.2 61.9 23.3 341

1.9 0.993 393.8 2 56.7 62.9 243 3.49

2.0 1.030 397.5 2 52.7 60.6 24.8 3.69

2.1 1.015 384.7 2 35.2 60.4 25.3 3.71

2.2 0.932 349.1 2 26.5 55.7 25.9 3.77

aThe cycle numbers needed to activate the electrodes.
bThe high rate dischargeability at the discharge current density of 1200 mA/g.
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charge capacity of 397.5 mAh/g, which is noticeably higher 1.6 to 2.2, in agreement with the reduction of desorption

than that of the commercialized ABRype alloys. plateau pressure with increasing La/Mg ratio in the alloys.
Fig. 5 shows the discharge curves (fourth cycle) of the

La,Mgs_«Nig (x = 1.6-2.2) alloy electrodes at 100mA/g 3.4. High-rate dischargeability and electrochemical

and 25°C. Obviously, each curve has a wide discharge po- kinetics

tential plateau based on the oxidation of desorbed hydrogen

from the hydride. Besides, the discharge plateau shifts to- The HRDs of the alloy electrodes for the discharge cur-

ward a more positive potential as La content increases in therent density of 1200 mA/g are also listed Table 2 It can

alloys. As shown irFig. 5, the mid-discharge potential de- be seen that as the La content increases, the HiRDf the

creases from-0.8859 t0—0.8464 V wherx increases from  alloy electrodes decreases from 66.786= 1.6) to 52.7%
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Fig. 4. Variation of the desorption pressure as a function of the cell volume dfiga ,Nig alloys (x = 1.6-2.2).
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(x = 2.0) except for the LagMg12Nig alloy electrode, electrodes are calculated and showrkig. 6 as a function
the HRDy 200 of which is lower than that of LeggMgs 1 Nig. of x value. It can be seen that the polarization resistance
As the La content increases further, the HR§) decreases R, of the alloy electrodes increases with increasingc-
sharply to 26.5% at = 2.2. It is known that the high-rate  cordingly, the exchange current dendigyof the alloy elec-
dischargeability of a metal-hydride electrode is mainly deter- trodes decreases from 135.4 to 69.5 mA/g wRémncreases
mined by the charge-transfer process occurring at the metalfrom 1.6 to 2.2. Now let us look at the variation lgfvalue
electrolyte interface and the hydrogen diffusion process in with the high-rate dischargeability (HREyg) of the alloy

the hydride bulj19,20] From the linear polarization curves electrode as shown iRig. 7. The high-rate dischargeabil-
of the LaMgs_,Nig alloy electrodes, the polarization re- ity shows a linear relationship with the exchange density
sistanceR, and exchange current density of the alloy for the alloy electrodes withh = 1.6-2.0, suggesting that
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Fig. 6. The polarization resistance and the exchange current density,bfgka,Nig alloy (x = 1.6-2.2) electrodes as a function of La content.
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Fig. 7. High-rate dischargeability (HRD) at 1200 mA/g as a function of exchange current ddgkity (

the high-rate dischargeability of the alloy electrodes is es- (x = 1.6-2.2) alloy electrodes from the test. It can be seen
sentially controlled by the charge-transfer reaction of the that the current—time responses can be divided into two time
hydrogen at the discharge rate of 1200 mA/g. But the lin- domains[21], in the first time region, the oxidation current
ear relationship no longer holds far= 2.1-2.2 with the of hydrogen rapidly declines due to the rapid consumption
curve bending downwards sharply. It implies another factor, of hydrogen on the surface. However, in the second time
namely the hydrogen diffusion in alloy probably becomes region followed, the current declines more slowly and drops
the rate-determining factor for high-rate dischargeability.  linearly with time. Since hydrogen is supplied from the bulk
The diffusion coefficient of hydrogen in the bulk of of the alloy at a rate proportional to the concentration gradi-
the alloys was determined by means of the potential-stepent of hydrogen, hence the electrode current is controlled by
method. Fig. 8 shows the semi-logarithmic plots of the the diffusion of hydrogen in the second time region. Zheng
anodic current versus time responses of theMgs ,Nig et al.[21] reported that in a large anodic potential-step test,

log (i/A)

0 1000 2000 3000
Time (s)

Fig. 8. Anodic current—time responses for,Mgs_,Nig (x = 1.6-2.2) alloys electrodes after300 mV potential-step.
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Table 3
The ratio of D/a? and the hydrogen diffusion coefficient in the bulk of
La,Mgs_,Nig alloys

Alloys D/a? (x10~4s™1) D (x10 %¢cnPs1)
1.6 5.34 9.03
1.7 5.15 8.71
1.8 4.75 8.03
1.9 4.93 8.33
2.0 4.2 7.10
2.1 1.88 3.17
2.2 1.42 2.40

after a long discharge time, the diffusion current varies with

time according to the following equation:

6FD(Cp — Cs)
da?

2 D
) (2.303) <a2>t
whereD is the hydrogen diffusion coefficient (&fs), a the
radius of the spherical particle (cm)the diffusion current
density (A/g),Co the initial hydrogen concentration in the
bulk of the alloy (mol/cr), Cs the hydrogen concentration
in the surface of the alloy particles (mol/énd the density
of the hydrogen storage alloy (g/éjnandt the discharge
time (s). Thus, from the slope of a plot of logersust,
according toEq. (3) D/a? can be obtained, and can be
estimated if the radius of the partickeis known. From
the slope of the linear portion of the corresponding plot
in Fig. 1Q the ratio of D/a2 value is estimated by using
Eqg. (3)and listed inTable 3 It can be seen that the value
of D/a? decreases drastically when La content in the alloys
increases to 2.1 and over. Assuming all theg Mgs_,Nig
(x = 1.6-2.2) alloys have a similar particle distribution with
the average particle radius of {181, the hydrogen diffusion

©)

logi = Iog(

365

coefficientD of the alloy electrodes is calculated and listed
in Table 3 It can be seen that th# of these alloy electrodes
trends to decrease with increasing La content in the alloys
rather mildly in the first region = 2.0), which agrees with
the increased hydride stability of the La-rich alloys. The
value of the alloys witlr = 1.6—2.0 shows a small change of
(7.10-9.03)x 10 19¢cn? s, indicating that their HRD is
controlled by the electrocatalytic activity for charge-transfer
reaction. For the alloys withk > 2.0, the D value drops
sharply to nearly only one-third of that of the alloys with
x < 2.0. It is believed that the low hydrogen diffusion rate
in these alloy electrodes become the cause for their poor
high-rate dischargeability.

3.5. Cycle stahility

Fig. 9 shows the discharge capacity of the alloy elec-
trode as a function of cycle number. The cycling capacity
retention rate, expressed 8$y0(%) = C100/ Cmax x 100
(whereCmax is the maximum discharge capaciGog is the
discharge capacity at the 100th cycles), after 100 cycles at
100 mA/g is also listed iTable 2 It is found that the capac-
ity retention rate $100) of the alloy electrodes with compo-
sition ranged fromx = 1.6 to 2.1 remains almost constant
(S100 = 60.4—63.6%), while the5 gp of the alloy electrode
of x = 2.2 drops to 55.7%. It is well known that the cycling
capacity decay of the hydrogen storage electrode is influ-
enced mainly by two factors: the surface passivation due to
the oxidation of active components to form oxides or hy-
droxides and the molar volume of hydrogéfy, in the hy-
dride phasd7]. From the XRD analysis performed for the
alloy electrode before and after 50 charge—discharge cycles
(seeFig. 10, it is found that the PuNitype structure of the

400 %

350

300

250

200

Discharge capacity (mAh/g)

150 1 | 1 |

40

60 80 100

Cycle number

Fig. 9. Cycling stability of LaMgs_,Nig (x = 1.6-2.2) alloys electrodes (discharge at 100 mA/g).
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Fig. 10. The XRD patterns of L#gNig alloy electrode before cycling and after 50 cycles (the peaks of Ni are from the carbonyl nickel powder in
pressed alloy electrode).

alloy is preserved during the charge—discharge cycling pro- of a main phase with hexagonal PyNype structure and a
cess, and the diffraction peaks of La(Qtnd Mg(OH» are few impurity phases including Ladliand MgNp. Both the
clearly shown after cycling, as La and Mg on the surface of unit cell volume and the hydride stability of the alloys in-
the alloy particles are oxidized to La(OHand Mg(OH), crease with the increase in La/Mg ratio, but the discharge
respectively. As reported previoud2,23], the formation capacity of the alloys shows a maximum of 397.5 mAh/g at
of passive layers of La(OH)and Mg(OH)» on the alloy x = 2.0. The HRD 200 decrease with the increase of La/Mg
surface is ascribed as the main cause of cycling capacityratio. The slower decrease of HR{3o of the alloys withx <
degradation, because such a layer not only weakens the sur2.0 is mainly attributed to the decrease of electrocatalytic
face electrocatalytic activity and prevents the diffusion of activity of the alloys of the charge-transfer reaction, and the
hydrogen into/or from the alloy bulk, but also decreases the more rapid decrease of the alloys with> 2.0 is mainly
content of hydrogen absorption elements La and Mg in the attributed to the lower hydrogen diffusion rate in the bulk
alloys and thus reduces hydrogen storage capacity of the al-of alloy. The cycling stability of La—Mg—Ni system ternary
loy. In addition, the corrosion rate of the active components alloys is rather poor, as La and Mg are both corroded easily
during cycling is accelerated due to the large unit cell ex- in KOH electrolyte and the larg€y of the hydride phase.
pansion rate4AV/V) or the largevy of the alloy hydrides as

shown inTable 2 as the MH electrodes with a high¥f

undergoes a larger cell volume expansion and contractionAcknowledgements

during each charge and discharge cycle and a higher degree

of alloy decrepitation upon cycling. This in turn leads to the ~ This work is supported by the National Nature Science
increasing of the rate of contact of the fresh alloy surface Foundation of China (No. 50131040).

with electrolyte and, consequently, a higher rate of corro-
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