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Abstract

The effect of La/Ce ratio on the structure and electrochemical characteristics ofgtheCaMgo3Ni»gCos (x=0.1, 0.2, 0.3, 0.4, 0.5)
alloys has been studied systematically. The result of the Rietveld analyses shows that, except for small amount of impurity phases including
LaNi and LaN, all these alloys mainly consist of two phases: the La(La,Mg)phase with the rhombohedral PyMNype structure and the
LaNis phase with the hexagonal Cagtype structure. The abundance of the La(La, MNjy phase decreases with increasing cerium content
whereas the LaNiphase increases with increasing Ce content, moreover, bothahd cell volumes of the two phases decrease with the
increase of Ce content. The maximum discharge capacity decreases from 367.5"(&h@.1) to 68.3 mAh g* (x=0.5) but the cycling
life gradually improve. As the discharge current density is 1200 mAiine HRD increases from 55.4%% 0.1) to 67.5%x%=0.3) and then
decreases to 52.1% £ 0.5). The cell volume reduction with increasirgs detrimental to hydrogen diffusidb and accordingly decreases
the low temperature dischargeability of theyka,CeMgo sNi, gCay 5 (x=0.1-0.5) alloy electrodes.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction thermal storage system, as catalysts, fuel cells, nickel-metal
hydride (Ni-MH) rechargeable batteries and so on.
According to the problem induced by the shortage of fos-  In recent years, Ni-MH secondary batteries, in which hy-

sil energy and global warming, hydrogen is expected to be adrogen storage alloy is employed as negative electrode, have
promising energy vector for near future. In order for hydrogen been widely adopted in various portable electronic devices,
to become a viable solution to the energy crisis and the en-electric hand tools and electric vehicles because of their high
vironmental problems, storage processes must be improvedeversible energy storage density, fast electrochemical acti-
in terms of specific capacity and security. Among different vation, long cyclic stability, good charge/discharge kinetics
ways to store hydrogen, absorption in solid is very attractive and environmental compatibilitiz—7]. To date, almost all
since it allows safe storage at pressure and temperature closeommercial Ni-MH batteries are employing ABype al-
to ambient condition§l]. There are many kinds of metals loys as negative electrode materials because of their good
and alloys which are able to absorb large amount of hydro- overall electrode propertid8]. However, the electrochemi-
gen and they are used in many fields, such as heat pumpgcal capacity of the AB-type alloys is limited by the single
CaCu-type hexagonal structuf®], the energy densities of
the Ni-MH batteries are not competing favorably with some
* Corresponding author. Tel.: +86 431 5262365; fax: +86 431 5685653, Other advanced secondary batteries. Therefore, new type al-
E-mail addresszhaoms@ciac.jl.cn (M.S. Zhao). loys with higher energy density, faster activation, better rate
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dischargeability and lower cost are urgently needed to replace(NiOOH/Ni(OH), electrode) and a reference electrode

the conventional rare earth-basedAgpe alloys[10].
Recently, Kadir et a[11-13]have reported the discovery

of a new type of ternary alloys with the general formula of

RMgzNig (R: rare earth, Ca, Y) with Publitype structure.

It is found that some of the R—Mg—Ni-based ternary alloys

can absorb/desorb 1.8-1.87 wt.%&hd are thus regarded as

(Hg/HgO electrode). The electrolyte in the cellwas 6 M KOH
aqueous solution. Charge and discharge tests were carried out
on an automatic galvanostatic system (DC-5). The emphasis
of these charge/discharge tests was on the electrochemical
capacity and stability of the negative electrode, thus the ca-
pacity of the positive electrode plate was designed to be much

promising candidates for reversible gaseous hydrogen stor-higher than that of the negative electrode. At 298 K, these ex-

age[14,15] As to their electrochemical hydrogen storage,

perimental cells were firstly charged at current of 60 mA g

Chen et al[7] have studied the structure and electrochemical for 7 h followed a rest for 30 min and were discharged at

characteristics of LaCaMg(Ni, MM = Al, Mn) alloys, and
almost at the same time, Kohno et[dl6] have reported that
the discharge capacity of baMgo.3Ni2.sCop 5 alloy reached
410 mAh g 1. However, up to now, the La-Mg—Ni—Co sys-

the same discharge current density to the cut-off voltage of
—0.60V versus Hg/HgO.

Pressure—composition isotherms (P-C-T) curves were
electrochemically obtained by converting the equilibrium

tem hydrogen storage electrode alloys can not used as negapotential of the metal hydride electrode to the equilibrium
tive material of the Ni-MH secondary batteries due to theirs pressure of hydrogen on the basis of Nernst equation us-
serious corrosion in KOH electrolyfé7]. Adzic et al.[18] ing electrochemical dat@1] as reported in referend22].
pointed out that the rate of loss of electrochemical capacity The equilibrium potential curves were obtained by alternat-
per charge/discharge cycle due to electrode corrosion wasing the following two processes: (1) a pulse discharge of
significantly decreased due to the presence of Ce. Sakai e(25 mAg ! x 0.25h); and (2) a rest period until the potential
al. [19] reported that the replacement of lanthanum by large became almost constant. The equilibrium potential change of
amounts of cerium gave the alloy a satisfactory cycle lifetime approximately 30 mV corresponds to the equilibrium pres-
even in the low content range of cobalt. sure change by one order of magnitude. Since the measured

In this work, on the basis of our previous studies and the potentials have an error of 1-2 mV, the calculated pressure
belief that the Ce addition may resultin some noticeable mod- values are accurate to be within 1(22].
ification, the structure and electrochemical characteristics of  To evaluate the high rate dischargeability (HRD) (in the
the Lay 7_xCexMgo.aNi2.gCop 5 (x=0.1-0.5) alloys has been  range of 60—1200 mATQ'), discharge capacities of the al-
investigated systematically. loy electrode at different discharge current densities were
measured. The high rate dischargeability (%) defined as
Ch x 100/(Cy, + Cg0), was determined from the ratio of the
discharge capacite, (with n=60, 240, 480, 720, 960,
1200mA g1, respectively) to the total discharge capacity
defined as the sum @), andCgg which was the additional
capacity measured subsequently at 60 mA gfter C,, was

All alloy samples were prepared by arc-melting carefully measured.
the constituent elements or master alloy on a water-cooled For investigating the electrocatalytic activity of the hydro-
copper hearth under argon atmosphere. The purity of the met-gen electrode reaction, the linear polarization curves of the
als, i.e., La, Ce, Mg, Ni and Co is higher than 99.9 mass%. electrode were plotted on an EG&G PARC’s Model 273 Po-
The samples were all inverted and remelted 5 times to ensuretentiostat/Galvanostat station by scanning the electrode po-
good homogeneity. Thereafter, these alloy samples were me+ential at the rate of 0.1 mVv* from —5 to 5 mV (versus open
chanically crushed into fine powders of 300 mesh in mortar. circuit potential) at 50% depth of discharge (DOD) at 298 K.

Crystallographic characteristics of the hydrogen storage The polarization resistané® can be obtained from the slope
alloys were investigated by X-ray diffraction on Rigaku ofthe linear polarization curves. Moreover, the exchange cur-
D/Max 2500PC X-ray diffractometer (Cudk monochroma- rent density kp), which is a measure of the catalytic activity
tor) using JADES5 softwarf20]. of electrode, was calculated from the slopes of polarization

curves by the following equatidi23],

_RT
FRyp

2. Experimental details

2.1. Alloy preparation and X-ray diffraction analysis

2.2. Electrochemical measurement
Io
The well-mixed alloy powder and carbonyl nickel pow-
der in weight ratio of 1:5 were pressed into the tablets as whereR is the gas constan® the absolute temperature,
metal hydride electrode, which had the diameter of 13mm F the Faraday constant, amty the polarization resistance.
and thickness of 1.5 mm, and the weight of each electrode The potentiostatic discharge technique was used to evalu-
was about 0.9 g. ate the coefficient of diffusion within the bulk of the alloy
The electrochemical properties were then measured inelectrodes. After being fully charged followed by a 30 min
a standard three electrode cell consisting of a working open-circuit lay-aside, the test electrodes were discharged
electrode (metal-hydride electrode), a counter-electrodewith +500 mV potential-step for 500 s on a EG&G PARC'’s
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Fig. 1. Rietveld profiles refinement of XRD patternsyls€e.1Mgo.3Ni2 sCop 5 alloy (Phase 1: La(La, MgNig; Phase 2: LaNi Phase 3: LaNi; Phase 4:

LaNiy).

Model 273 Potentiostat/Galvanostat station, using the M352
CorrWare electrochemical/corrosion software.

3. Results and discussion
3.1. Structure characteristic

Fig. 1 shows the Rietveld analysis pattern of the
Lag 6Ce.1Mgo.3Ni2.sCag 5 hydrogen storage alloy as an ex-
ample of Lg 7-xCeMgp.3Ni2 sCop 5 (x=0.1-0.5) alloys. It
can be found that, except for small amounts of impurity phase
including LaNiand LaNi, the Lay sCey.1Mgo.3Ni2. sCop s al-
loy mainly consisted of a LaMgNig phase with a PuN#

Table 1
Characteristics of alloy phases ind-a xCeMdgo.3Ni2 gCop 5 (x=0.1-0.5) alloys

type rhombohedral structure and a LgNihase with a
CaCu-type hexagonal structure. Furthermore, it can be de-
rived that the Mg atoms only occupy the 6c¢ sites and
the La atoms can occupy both the 3a and the 6c sites
in the phase with rhombohedral (Space groRfBm 166)
PuNi-type structure by Rietveld refinement. So the final
structure of LaMgNig phase can be designated as La(La,
Mg)2Nig. The lattice parameters, cell volume and phase
abundance of Lgy_xCeMgo.3Ni2 gCoy s (x=0.1-0.5) al-
loys are all presented iffable 1 It can be seen that all
the Lay 7-xCeMgo.3Ni2 sCay 5 (x=0.1-0.5) alloys are com-
posed of the La(La, MgNig phase and LaNiphase besides
some minor impurity phases, LajNor LaNi. Moreover, we
can find that cell volume of the La(La, Mgig phase and

Samples Phases Phase abundance (wt.%) Parametefs of fit  Lattice parameterﬁ() Cell volume (&)
a b [

x=0.1 La(La, Mg}»Nig 76.54 Ry =10.1,Ryp =13.8 5.0672 0672 243851 54224
LaNis 2121 5.0460 30460 39920 8803
LaNi 1.34 3.8761 10r594 43234 18031
LaNiy 091 7.2123 72123 72123 37516

x=0.2 La(La, Mg}»Nig 69.78 Ry=8.7,Ryp=11.4 5.0425 9425 243247 53564
LaNis 27.68 5.0233 3233 40007 8743
LaNi 2.54 3.8343 100465 43229 17813

x=0.3 La(La, Mg}Nig 61.56 Rp=10,Ryp =13.7 5.0035 035 242478 52572
LaNis 37.23 5.0004 3004 40028 8668
LaNi 121 3.8240 100321 42981 17639

x=0.4 La(La, Mg}»Nig 5868 Ry=5.7,Ryp=7.8 4.9691 D691 241138 51565
LaNis 39.35 4.9728 20728 40064 858
LaNi 197 3.7860 107258 42696 17338

x=0.5 La(La, Mg}Nig 53.65 Rp =8.6,Rup =11.2 4.9372 0372 239985 50661
LaNis 4323 4.9512 €512 40097 8513
LaNi 312 3.6762 100023 42506 16723

The Rietveld refinement program RIETICA was used.
2 Ry: the pattern factoiRyp: the weighted pattern factor.
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g %10 oy 3.2. P-C isotherms
© 1 .
> 86.5- Mo . . .
= ] e The electrochemical pressure—composition isotherms
& B ™ method is very useful for examining the charging and dis-
5 855 -\ charging levels of hydrogen in an anode, although the
es.0] i calculated pressures pertain to a quasi-equilibrium state
= . % [23]. The P-C-T curves for hydrogen desorption in the

Fig. 2. Variation of the unit cell volume of the La(La, M@ig and LaNg

with x.

the LaNi phase in the alloys all decrease monotonically
with the increase ok, which can be attributed to the fact
that the atomic radius of Ce (1.8@4 is smaller than that of
La (1.877,&). The unit cell volume of the La(La, M@Nig
and LaNg as a function ok in Lag 7-xCeMgo.3Ni2.sCy s
(x=0.1-0.5) alloys is shown iRig. 2 The cell volume is of

0.1 0:2 0:3 0:4 0.5
X in La[l,?*.\cexMg[l.KNllANCO(J.i

Lag 7-xCeMgo 3Ni2 gCop 5-H system at 298 K are presented
in Fig. 4.

With the increase ofx, the plateau pressure of the
Lag.7-xCexMgo.3Ni2 gCop s (x=0.1-0.5) alloys increases
monotonously and the plateau region becomes narrower and
steeper, which leads to the decrease of the hydrogen stor-
age capacity (H/M) from 0.952 to 0.177. This result is
in good agreement with that reported by Liu et @2].

The change of the P-C—T characteristics can be mainly at-
tributed to the reduction of the unit cell volume and the rel-
ative change of phase abundance of La(La, Mgy phase
and LaNg phase. The increase of the plateau pressure of

interest because it can be correlated with the stability of the o La.7_xCeMdo sNi2 sCon 5 hydrogen storage alloy can

hydride phase in any homologous alloys sefg. The cell
volume is also a linear function of the Ce content and a useful

1.0000 5
check on the intermetallic compositif22]. The equation for ]
the cell volume of La(La, MgNig phase as a function afs:
cellvolume= (5653959 — 92.39%) A (1) 0.1000 §
and the relationship between the cell volume of Lgphase 5 :
andx can be expressed as: g
i *0.0100 -

cellvolume= (88.843— 7.43¢) A° @ -

TheFig. 3shows the abundances of the La(La, Wip
phase and the Ladliphase as a function ok in the ——
Lag.7-xCeMgo.3Ni2.gCop 5 (x=0.1-0.5) alloys. As can be ) E
seen inFig. 3andTable 1 the La(La, Mg}Nig phase abun- 0.0

dance decreases from 76.54% to 53.65% with increasing
however, the LaNj phase abundance increases from 21.2%

H/M

t0 43.23%. These results may influence the hydrogen storagerig. 4. The electrochemical desorption P=C—T curves

and electrochemical characteristics of the alloys studied.

Mgo.3Ni2 gCop 5 (x=0.1-0.5) alloy electrodes at 298 K.

fop.L2Ce
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be mainly ascribed to two reasons. On the one hand, it Table 2

is well known that unit cell of the AB compounds con- ~ Summary of the electrode performance ofokaCeMgosNizeCoos
tains one-third AB and two-third AB structure[7,10] and (x=0.1-0.5) alloy electrodes

thus the plateau pressure of the La(La, bjp phase is ~ Samples  HM  Crax(mAhg™) Na®  HRD1o00(%)°  Sro (%)

similar to that of LaN§ phase. In fact, the plateau of the x=0.1 0952 365 3 554 56.4
La(La, MgpNig phase is slightly lower than that of the ng-g 8-748 ;gg 3 20-3 62-9
LaNis phase. With the increase of Ce content, as men-§;0'4 0'323 108 13 5;? ;9'2
tioned above, the abundance of La(La, M)k phase de-  ,_o5 0177 6 21 521 873

.Creases Whergas the phas_e abu_ndance of the5 Wse 2 Cycle numbers needed to activate the electrodes.

increases, which thereby slightly increases the plateau pres- » High rate dischargeability at a discharge current density of 1200™A g
sure of the Lg 7—xCeMgo.3Ni2 gCop 5 hydrogen storage al-
loy. On the other hand, the cell volume of both the La(La,
Mg)2Nig phase and the Labliphase decreases with in-
creasing Ce content, as shown Table 1 and Fig. 2,
which will also inevitably increases the plateau pressure

of the Lay.7-xCeMgo.3Ni2.gCoy 5 hydrogen storage alloy. . . :
Precher(?:izexuez(ang%? e[éi] gob?ntgd ogt that thg hydrg/- alloy electrodes are summarizedliable 2 With the increase

gen absorbed in a hydrogen storage alloy enters and stay?f X, the maximum discharge capacity of the alloy eIec}rode
in the atomic state in the interstitial cavities of crystal lat- decreases from 367.5mARY (x=0.1) to 68.3mAhg

tice of the alloy. So the crystal structure of the alloy plays (x=0.5), which is in good agreement_ with the _results O.f
an important role on the hydrogen storage performance, eS_P—C—T curves measurement. The cycling capacity retention
pecially the hydrogen storage capacity. Alloys with bigger "2 expressed 8S70(%) =Cro/Cmax x 100 (where Cmax

cell volumes and hence bigger interstitial cavities generally 'S the maximum discharge capaciyyo is the discharge
have larger hydrogen storage capacity. The cell volumes Ofcapag:lty aF the 70th cycle), .aft'er 70 cycles at.6'0 mA &

both La(La, MgNig phase and LaNiphase decrease with also listed |nTab_Ie2As seen inFig. 5an_dTabIe2 itis found

the increase of the Ce content, which inevitably lowers the th_at t_he cap_amty retention rat&() improves gr?‘d“a”y
hydrogen storage capacity. Those lends credence to our asWith Increasing Ce content. There_ are two major.(.affects
sumption that the change of hydrogen storage capacity forOf La/Ce ratio on the electrochemical cycling stability of
Lag 7_xCeMdo aNi» §Cou 5 alloys results from the relative  =20.7-xC8MJosNi2.6C.5 (x=0.1-0.5) alloy electrodes.

variation ofthe phase abundance of the La(La, My phase Firstis t_he effe(_:t of the unit-cell yolume which dgcreases with
and LaNj phase. increasing cerium contents. It is generally believed that the

volume change of an alloy during hydriding is proportional
to the amount of hydrogen absorbed in alloy or to the electro-
chemical capacity. The increase of the Ce content generally
leads to a smaller lattice cavity and lower hydrogen storage
capacity and smaller changer of unit cell on hydriding and
hence less pulverization and improvement in the cycling life.
The second is the formation of a protective surface film. As
the Cé*ions can be oxidized to G&ionsin the alkaline elec-
trolyte they form a dense and strong GedXxide film on the
alloy surface. The dense oxide film rather effectively inhibits
further oxidation of the alloy and slows down the corrosion
rate and thereby, improves the cyclic stability of the alloy.

their activations become slower with an increase of Ce
content, which is in good agreement with the results reported
by Adzic et al.[25]. The cycles needed to activate the

electrodes and the maximum discharge capacities of the

3.3. Activation, maximum discharge capacity and cycle
stability

Fig. 5 shows the activation profiles of the ¢.a xCe
Mgo.3Ni2.8Cap s (x=0.1-0.5) alloy electrodes. Both the
first cycle and the maximum discharge capacity decrease
with the increases of the Ce content. It can be seen that

400

350 4

300 1

3.4. High rate dischargeability

250

200" Fig. 6 shows the effect of the discharge current den-
sity (60-1200mAg?l) on the discharge capacity of the
Lag 7-xCeMgo 3Ni2 gCop 5 (x=0.1-0.5) alloy electrodes.
100 - Iy : The HRD ofthe alloy electrodes for the discharge currentden-
K BRI S OO sity of 1200mA g ! are also listed ifable 2 It can be seen

—_— —_——y that asxincreases, the HRD of the alloy electrodes increases

0 oo c Cli”num;; @ oo first and then decreases. Taking the discharge current density
Y being 1200 mA g as an example, the HRD of the alloy elec-

Fig. 5. The cycle life curves of the ba xCeMgo sNiz gCop s (x=0.1, 0.2, trodes increases from 55.4%<0.1) to 67.5%X%=0.3) and

0.3, 0.4, 0.5) alloy electrodes at 298 K. then decreases to 52.1%<0.5). This is an indication of the
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resistanceR, and exchange current density of the alloy
electrodes are obtained and listedTable 3 It can be seen
that the polarization resistan&g of the alloy electrodes de-
creases from 94.8fn(x=0.1) to 68.7 M (x=0.5), accord-
ingly the exchange current denslgyof the alloy electrodes
increases from 270.9 to 373.6 mAtwhenxincreases from

0.1 to 0.5. Paf28] pointed that, for La—Mg—Ni—Co system
alloys, the LaNg phase works not only as a hydrogen reser-
voir, but also as a catalyst to activate the La(La, pNi)
phase to absorb/desorb hydrogen reversibly in the alkaline
electrolyte[24]. The LaNi phase abundance increases with
increasing Ce content, as mentioned above and hence in-
creases the exchange current denkityf the alloy elec-
trodes. The diffusion coefficient of hydrogen in the bulk of
the alloys was determined by means of the potential-step
method and also listed ifable 3 The hydrogen diffusion
coefficient decreases from 15.£710~%cn? —S (x=0.1) to
7.32x 10~ 19¢m? —S (x=0.5), which can be attributed to the
reduction of cell volume of the alloys with increasing Ce con-
tent. With the increase of in Lag 7_xCe&Mgo.3Ni2.gCop 5
(x=0.1-0.5) alloy electrodes, the exchange current density
lp increase monotony, whereas the hydrogen diffusion co-
efficient D decrease linearly. Overall, the combined effect
of the two opposing factors will thereby result in an opti-
mal value ofx for HRD. The optimal value of Ce content
for Lag 7-xCeMgo.3Ni2.gCap 5 (x=0.1-0.5) system hydro-
gen alloy is 0.3 from our work.

3.5. Low temperature dischargeability (LTD)

It has been reported that the discharge capacity of the
negative electrode in nickel-metal hydride decrease dras-
tically with decreasing temperatuf29]. Sakai et al[30]
pointed out that the dischargeability of the negative elec-
trodes at relative low temperature depended on the hydro-
gen diffusion and/or charge-transfer process occurring at the
metal—electrolyte interface. The hydrogen diffusion coeffi-

occurrence of two opposing factors that contribute tothe HRD cient D) of hydrogen in the bulk is evaluated using the
of the alloy electrodes. It is generally accepted that the high method described by Iwakura et @1]. The LTD, expressed
rate dischargeability of a metal-hydride electrode is mainly as LTD,33(%) =Cz33/Cp9s x 100 (whereCp33 and Cpgg are
determined by the charge-transfer process occurring at thethe discharge capacity at 233 K and 298 K, respectively). The
metal electrolyte interface and the hydrogen diffusion process hydrogen diffusion coefficienty) and the exchange current

in the hydride bulj26,27] Fig. 7shows the linear polariza-
tion curves of the La7_xCeMgo.3Ni2.gCop 5 (x=0.1-0.5)
alloy electrodes at 50% DOD and at 298 K. The polarization

Table 3

density (o) of the Lay7—xCeMgp.3Ni2.gCop 5 (x=0.1-0.5)
alloy electrodes at 233K are also listedTiable 3 It can
found that both thdg and theD are smaller than that at

Electrochemical kinetic parameters ofglzaxCeMgo 3Niz 8Cop s (x=0.1-0.5) alloy electrodes.

Samples Polarization resistan&g,(ms2) Exchange current densitlyy (MAg~1) Hydrogen diffusion coefficientd) (x 10~10 cm? —9)
298K 233K 298K 233K 298K 233K
x=0.1 94.8 872 270.9 23.0 i 3.53
x=0.2 90.1 863 285.1 233 B 2.78
x=0.3 85.1 859 301.7 23.4 m1 2.16
x=0.4 77.8 852 330.1 23.6 e’ 1.73
x=0.5 68.7 849 373.6 23.6 32 0.97
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gen diffusion coefficient) of the L& 7-xCeMgo 3Ni2 sCap 5 (x=0.1, 0.2,
0.3, 0.4, 0.5) alloy electrodes at 233 K.

298 K. Moreover, we can find that tHg maintain almost
unchanged (23.0-23.6 mA¢) and, wherea® decreases
remarkably with increasing, which implies that the hydro-
gen diffusion in alloy probably becomes the rate-determining
factor for low temperature dischargeability at 233/Kg. 8
shows LTD as a function d in Lag 7-xCexMgo.3Ni2.gC0p 5
(x=0.1-0.5) alloy electrodes. It can be easily found that
D decreases with the increase ®f which can be at-
tributed to the cell volume reduction with increasir@s
shown inTable 1 The decreasin® accordingly decreases
the LTD of Lay 7-xCeMgo.3Ni2.gCop 5 (x=0.1-0.5) alloy
electrodes.

4. Conclusion

In this paper, the effect of the cerium content on

1963

content and thus decreases the low temperature discharge-
ability of Lag.7-xCeMgo.3Ni2.gCoys (x=0.1-0.5) alloy
electrodes.
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