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Abstract

The RENg (RE=La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Y) series compounds have been prepared by arc melting constituent elements
under Ar atmosphere. X-ray diffraction (XRD) analysis reveals that the as-prepared alloys have different lattice parameters and cell volumes,
depending on different rare earth (RE) element. The electrochemical characteristics, including the electrochemical capacity, P—C isotherms,
high rate chargeability (HRC) and high-rate dischargeability (HRD), of these alloys have been studied through the charge-discharge recycle
testing at different temperatures, charge currents and discharge currents. The results showsthat YN largest cell volume, smallest
density, and moreover, it shows more satisfactory electrochemical characteristics than other alloys, including discharge capacity, HRC, HRD
and low temperature dischargeablity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction normal temperatures and is chemical stable. However, the ca-
pacity of ABs type alloys is almost approaching its technical
Recently, secondary batteries with high energy density limitation nowadays because the repeated improvements to
and long durability are urgently required as a power source increase the capacity have already realized very high utiliza-
for portable appliances and zero emission vehicles. Due totion of the intrinsic capacity of the alloy, and further increases
a high specific energy, a high resistance to overchargingin discharge capacity will be difficult.
and overdischarging, capability of performing high rate The structure of an ABcompound (PuNi3-type) is ob-
charge/discharge, environmental friendliness, and inter-tained by combining the ABwith AB> units [ABs + 2(AB>)
changeability with the nickel-cadmium battery, the nickel- = 3(AB3)] [6]. From the viewpoint of gas-solid reactions,
metal hydride (Ni-MH) battery has been widely investigated Oesterreicher et dl7,8] and Takeshita et g19,10]have stud-
and applied in portable telecommunication equipment, elec- ied the hydriding characteristics of LaNand Rz phases
tric tools and electric vehicld4—3]. The Negative electrodes (R =Dy, Ho, Er, Tb, Gd; T =Fe or Co), respectively. Their
are the most important component in a Ni-MH battery. results showed that the hydrogen storage capacity of the AB
AB; alloys, where A represents a metal that is capable of type alloy exceeds that of the well-known hydrogen storage
reacting exothermically with hydrogen and forming a stable ABs5 type alloy, which indicates that ABalloy is a potential
hydride and B represents another kind of metal which cannot candidate for the negative electrode material. Nevertheless, it
form a stable hydride but can catalyze the hydrogen reaction,was pointed out that ABtype alloy is subject to the problem
are generally employed as the negative electrode material inthat the stored hydrogen in the LaNilloy is released spar-
nickel-metal hydride battery. The ARype alloy has been ingly after absorptiori11]. Although there have been some
studied extensively as the negative electrode material in Ni- studies on AB compounds, the results are still quite incom-
MH battery[4,5], because it can easily react with hydrogen at plete. Moreover, the electrode characteristics of these alloys
have been hardly investigat¢tl?]. This study, as a part of
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storage alloys as the negative electrode material in a Ni-MH potentials have an error of 1-2mV, the calculated pressure
battery. values are accurate to within 10%®6].
To evaluate the high rate dischargeability (HRD) (in the
range of 90-900 mAT), the charging current density was

2. Experimental details kept constant at 60 mAd and the obtained discharge capac-
ity was denoted a€;. On the other hand, when the high rate
2.1. Alloy preparation and X-ray diffraction analysis chargeability (HRC) (90-900 mAd) was investigated, the

discharge current density was held at 60 mA gnd thus we

All alloy samples were prepared by arc-melting the con- got the discharge capacitg;). HRD (or HRC) are generally
stituent elements or master alloy on a water-cooled copperdefined as the ratio of the discharge capaCitfor C;) at the
hearth under an argon atmosphere followed by annealing incut off voltage of—0.6 V to the maximum capacit€max,
vacuum for 20 h at 77€C. The purity of the metals, i.e., La, namely: HRD =Cj/Cpax x 100%, HRC =Cj/Cnax x 100%,
Ce, Pr, Nd, Sm, Gd, Th, Dy, Ho, Er, Y, Ni, is higher than respectively.
99.9 mass%. The samples were all inverted and remelted five  For investigating the electrocatalytic activity of the hydro-
times to ensure good homogeneity. These alloy samples werggen electrode reaction, the linear polarization curves of the
then crushed in mortar into fine powders of 200-300 mesh. electrode were plotted on aEG&G PARC's Model 273 Poten-

Crystallographic characteristics of the hydrogen storage tiostat/Galvanostat station by scanning the electrode potential
alloys were investigated by X-ray diffraction (XRD) us- atthe rate of 0.1 mV/s from5 to 5 mV (versus open circuit
ing a Rigaku D/Max 2500PC X-ray diffractometer (Cu Ka, potential) at 50% depth of discharge (DOD) at 293 K. The
graphite monochromator) and JADES softwHr®]. The lat- polarization resistandg, can be obtained from the slope of
tice constants and cell volume were calculated by the cell the linear polarization curves. Moreover, the exchange cur-
program[14] after internal theta calibration using silicon as rent density Ip), which is a measure of the catalytic activity

the standard reference material. of electrode, was calculated from the slopes of polarization
curves by the following equatigi7]
2.2. Electrochemical measurements RT
Io= —
FRp

The well-mixed alloy powder and carbonyl nickel pow-
der in a weight ratio of 1:5 were pressed into tablets for the ~ whereR is the gas constant, the absolute temperature;
metal hydride electrode, with dimensions of 13 mm diameter, F, the Faraday constant; afRd, the polarization resistance.
thickness of 1.5 mm. The weight of each electrode was aboutThe potentiostatic discharge technique was used to evalu-
0.9g. 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-electrode with +500 mV potential-step for 500 s on a EG&G PARC's
(NiOOH/NIi(OH), electrode) and a reference electrode Model 273 Potentiostat/Galvanostat station, using the M352
(Hg/HgO). The electrolyte in the cell was 6 M KOH aqueous CorrWare electrochemical/corrosion software.
solution. Charge and discharge tests were carried out on a The hydride electrodes were charged at different temper-
DC-5 battery testing instrument controlled by computer. The atures T=233, 253, 293, 333K) (the charged capacity was
emphasis of these charge/discharge tests was on the electroepresented b@c) and then discharged at 293 K to determine
chemical capacity and stability of the negative electrode, thusthe dependence of charge efficiency on temperature (the ob-
the capacity of the positive electrode plate was designed totained discharge capacity was denotedCgs The charge
be much higher than that of the negative electrode. These ex-efficiency was defined as the ratio of the discharge capacity
perimental cells were first charged at 293K at a current of Cq atthe cutoff voltage 0f-0.6 v to the charge capaciB. In
60mAg 1 for 5.5 h, then rested for 30 min before discharg- contrast if they were charged at 293 K and discharged at var-
ing at the same discharge current density to the cut off voltageious temperatures, the discharge efficiency can be evaluated.
of —0.60V versus Hg/HgO.

P—C-T curves were electrochemically obtained by con-
verting the equilibrium potential of the metal hydride to the 3. Results and discussion
equilibrium pressure of hydrogen on the basis of Nernst equa-
tion using electrochemical dafh5] as reported in reference  3.1. Structure characteristics
[16]. The equilibrium potential curves were obtained by alter-
nating the following two processes: (1) a pulse discharge of  Fig. 1shows the XRD patterns of the alloys with different
(25mAg! x 0.25h) and (2) a rest period until the potential chemical compositions. The results indicate that these alloys
became almost constant. The equilibrium potential change ofall are homogenous with a single phase corresponding to a
approximately 30 mV corresponds to the equilibrium pres- hexagonal PuNitype structure. Careful examination of the
sure change by one order of magnitude. Since the measuredliffraction angle reveals a peak shift upon changing the com-
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Fig. 1. X-ray diffraction patterns of RERjlalloys (1: LaNg, 2: CeNg, 3: PrNi, 4: NdNiz, 5: SmNg, 6: GdNBi, 7: TbNiz, 8: DyNisz, 9:HoNiz, 10: ErNi, 11:
YNi3z).

position. The lattice parameters, cell volumes, and density of pressure and a large hysteresis for the absorption—desorption
these alloys are listed ifable 1 It was found that both the  pressure. YNj, however, shows an upper and flatter pressure
lattice parameter and the cell volume change with the atomic plateau. This means that the substitution of Y for La favors
radius of the rare earth (RE) elements in REMIloys. To the formation of a wider plateau and thus improves the elec-
demonstrate, further, the effect of atomic radius on the cell trochemical characteristics of the metal hydride electrode.
volume, density and discharge capacity, those parameters are

plotted as a function of the atomic radius of rare earth element3.3. Activation and maximum discharge capacity

in Fig. 2 It can be clearly seen that both the cell volume and o

the density do not vary monotonically with increasing atomic  Whenthe hydrogen storage alloy electrode is first charged,

radius of RE elements. Yihas the largest cell volume and the stored hydrogen in the alloy is released sparingly after
the smallest density among these alloys. absorption. The process in which the freshly formed hydride

electrodes are continuously charged and discharged in order
3.2. P—C isotherms

S 240
=
The electrochemical method is very useful for examin- E 200 |
ing the charging and discharging levels of hydrogen in an £ §iit —
anode, although the calculated pressures pertain to a quasi- & .
™ - . D
equilibrium statg17]. The P—C isotherms (PCT) of hydro- ; 120
gen absorption and desorption for hydrogenated sYatid 8 g |
LaNiz compounds at 293K are presentedFig. 3. It should 8
. . [=] —
be noted that LaNialloy shows a low desorption plateau 9 1 ——— .
mg g ] o
Table 1 )
Lattice parameter, cell volume and density for REAlioys }' 2
Alloy Lattice parameter Cell volume Density S
composition TR oA (A%) (g/cr?) O 6
a( ) c ( ) — 564 | Ho 5 . Y
LaNis 5.087 25018 56067 8359 < ¥ Ce
CeNig 5.095 25038 56283 8397 2 s62 Gd
PrNi 5.075 25077 55927 8471 El Er Tb 1 .
NdNi3 5.075 25076 55942 8558 2 s60 //fa
SmNis 5.077 25056 55936 8723 = Sm= Nd B
GdNig 5.094 24979 56144 8873 O 558 ; . : , ; ;
TbNi3 5.07 25227 56155 8916 1.76 1.78 1.80 1.82 1.84 1.86 1.88
DyNis 5.069 25267 56247 8997 Atomic radius (A)
HoNis 5.095 25076 56375 2041
ErNiz 5.072 25223 56154 9138 . - . . . . .
YNis 5074 25293 56338 7023 Fig. 2. Variations of unit cell volume, density and discharge capacity atomic

radius of rare elements in REN¢ompounds.
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Fig. 3. Comparison of P-C-T isotherms for LaNi and YNi anode. Fig. 4. Specific discharge capacity versus number of charge/discharge cycles
of RENiz anodes.

3.4. High rate chargeability and dischargeability

to obtain the maximum electrochemical capacity is called ac- ~ As an important kinetics property of the hydride electrode
tivation. This is important for practical use of Ni-MH battery. in battery, it is very important to minimize the decrease in
Fig. 4shows the activation profiles of the RENilectrodes.  discharge capacity even at the high charge/discharge current
The results show that the activation of all the alloy electrodes density. The HRC and HRD of the alloy electrodes for a dis-
only needs three cycles, which means that Rillby elec- charge current density of 900 mA §have been determined
trodes can easily be activated. and are listed infable 2 For brevity, only typical data for
The maximum discharge capacity of RENielec- the LaNg and YNg are plotted inFig. 5 As expected, the
trodes at 293K are shown ifrigs. 2 and 4 Among discharge capacity (taking the capacity at a discharge rate of
these different alloy electrodes, YNihas the largest
specific capacity (230 mAhd, 293K, discharge current

of 60mAg-1), which is more than 1.77 times than that of 2 i e -
LaNiz (130mAhg?l). To understand why is so, the cell 2 - ‘\A:‘:A‘ﬁ o g
volume and density of the alloy must be considered. It can £ \‘\L_\A\
be seen inTable 1andFig. 2 that cell volume of YN} is o A Lat, i
larger than that of other alloys, therefore it has the largest 10] ®
interstitial positions in the lattice, which will be beneficial & os] .“:\"%I%.‘.__.i
to the hydrogen storage process. Moreover, the density of g os — '\.\:“'\-
YNijz is the smallest of all the alloys. It is well known that = i —-—u.;aa Te—e
the discharge capacity of alloy electrode is increased with 02 ? ; ; ;
0 200 400 600 800 1000

decreasing density of alloy as long as the amount of uptake
hydrogen atoms remains constant. On the other handgErNi

has the smallest discharge capacity because ithas the hlghe%g. 5. The dependence of discharge capacity on the charge/discharge cur-

Charge/Discharge current density(mA/g)

density. rent density.
Table 2
Relationship between the HRC, HRD and cell volume of the RENoys
Alloy composition Cell volumeﬁ\3) HRC (%) HRD (%)

60mAg ! 900mAgt 60mAg ! 900mAgt
PrNis 55927 100 517 100 325
SmNig 55936 100 52 100 33
NdNiz 55942 100 523 100 331
LaNi3 56067 100 5456 100 3496
GdNis 56144 100 571 100 361
ErNis 56154 100 581 100 379
TbNi3 56155 100 58 100 382
DyNiz 56247 100 601 100 401
CeNig 56283 100 651 100 463
HoNi3 56375 100 7645 100 601

YNi3 56388 100 81 100 632
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Table 3

The electrochemical kinetic parameters of REBlioy electrodes at 293 K 801 _f_ :Eg ./. oo
Alloy Exchange current Hydrogen diffusion coefficient, 70 / 70
composition  density,lo (MAg~1) D (x 10~ 10(cré/s)) 9 . / <
PrNis 20871 451 i _o—o—o* (% g
SmNig 20913 526 T 50l o-0—0" / lgg T
NdNis 207.37 627 ;

LaNis 20946 714 40 & | a0
GdNis 21024 79 T :

ErNis 20672 921 Ty e ; . ; —+30
TbNis 21231 11 4 6 8 10 12 14

DyNis 20833 1194 D (- 10-%m?s™)

CeNp 20972 1243

slc\’l’i\lg,ls ;12; ﬁé; Fig. 6. The HRC and HRD as a function of hydrogen diffusion coefficient

(D) of the REN alloy electrodes at 293 K.

60mAg ! as unity) decays with an increase in the charg-

ing current density. However, the YMNalloy shows a better that the discharge capacities are sensitive to temperature.
discharge capacity than the LajNalloy. For example, at a The electrodes reach their maximum discharge capacities at
charge/discharge current of 900 mAlg HRC and HRD of ~ room temperature (293K), and then decrease sharply with
YNi3 are 81, 63.42%, respectively, but the HRC and HRD of both on decrease or increase in temperature. For instance,
LaNiz are only 54.56, 34.96%, respectively. It is well known both LaNg and YNi alloy electrodes can only discharge
that the HRC and HRD of metal hydride electrode are influ- 1€ss than 60% of their maximum capacity at a high tem-
enced mainly by the electrochemical reaction kinetics on the Perature (333K). Actually, all the REMialloy electrodes
alloy powder surface and the diffusion rate of hydrogen in the have poor high temperature discharge capacifigs.6 also

bulk of the alloy[17]. To examine the effect of the different  Shows that the low temperature discharge ability of theaY Ni
rare earth elements on the charge and discharge kinetics, liniS better than that of LaNialloy electrode. The low tem-
ear polarization and potentiostatic discharge technique wereP€rature discharge ability is mainly controlled by hydrogen
performed on these alloy electrodes and values obtained fordiffusion, and hydrogen can diffuse more easily in the bulk
the exchange current densityand hydrogen diffusion coef- of alloys with a larger cell volume. Thus, the larger cell vol-
ficient for the REN alloy electrodes. The exchange current Ume of YNk than that of LaNi doubtlessly results in its
densitylg and hydrogen diffusion coefficient for all REMNI- superior discharge ability at low temperature. However, ow-
loy electrodes are summarizedTiable 3 The exchange cur-  ing to the larger cell volume, hydrogen evolution will be-
rent densitylg is not changed significantlyd=50.2—49.6%) come easier during charging, and the rates of self-discharge
between the different RENalloy electrodes. This is mainly ~ Will become larger during discharge, and the specific capac-
ascribed to the similar chemical properties of the different ity at high temperature will surely decrease with an increase
rare earth elements. The similar exchange current densitief the cell volume. The high temperature discharge ability
of the alloy electrodes implies that surface reaction kinetics Of YNi3 should be improved to meet any extended applica-
might not be as important as diffusion process for REMNi tion.

loys as far as the HRC and HRD are concerned. The HRC

and HRD as a function of hydrogen diffusion coefficieb} (

of RENi3 alloy electrodes are shownlig. 6. Itis found that

the HRC and HRD monotonically increase with an increase

in D. The cell volume of YN is larger than that of LaNj as g 10T

shown inTable 1, which will beneficial to the hydrogen dif- EE

fusion coefficient and thus a reasonable increase in HRC and Z 80

HRD would be expected. The HRC, HRD and cell volume of )

REN:I3 alloys shown ifTable 2confirm the above explanation “g’» 50

and also agree well with the data of Chang ef#8]. £ |
g

3.5. Temperature effects gl

: o . 220 240 260 280 300 320 340
Alloys used as the negative electrode material in a Ni- Teitipersture/K
MH battery should be capable of working at wide temper-

ature rangeFig. 7 shows the discharge abilities of LaNi  Fig. 7. pischarge ability of LaNiand YN as the function of temperature

and YNi at different temperatures. It can be readily seen atthe discharge current of 60 mAY
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4. Conclusions

The structure and electrochemical
RENi3 (RE=La, Ce, Pr, Nd, Sm, Gd, Th, Dy, Ho, Er, Y)

type hydrogen storage alloys have been investigated in detail.

It is found that YN has the largest cell volume, smallest

density, and moreover, shows more satisfactory electrochem-
ical characteristics than the other alloys, including discharge

capacity, HRC, HRD and low temperature discharg-
eablity.
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