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Abstract

The effect of partial substitution of Al and Mo for Ni on the structure and electrochemical properties oftiddeaNis _ x(AlosM0g 5)x
(x=0-0.4) hydrogen storage alloys have been investigated systematically. The result of X-ray powder diffraction (XRD) and Rietveld analysis
show that all the alloys consist of the La(La, M) phase and the Lallphase. Meanwhile, the lattice parameter and the cell volume of both
the La(La, Mg}Nig phase and the LaNphase increase with increasing Al and Mo contents in the alloys. The pressure composition isotherms
curves indicate that the hydrogen storage capacity first increases and then decreases with ixcrBasiatpctrochemical measurements
show that the maximum discharge capacity of the alloy electrodes first increases fromx34@).8(377.6 mAh/gX=0.3) and then decreases
to 350.4 mAh/g x=0.4). Moreover, the high rate dischargeability (HRD) and the exchange current density of the alloy electrodes decrease
first and then increases with the increase of the alloys. The hydrogen diffusion coefficient increases with increasing Al and Mo content
and thus increases the low temperature dischargeability (LTD) of the alloy electrodes.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction adopted in various portable electronic devices, electric hand
tools and hybrid electric vehicld2—6]. To date, almost all
Hydrogen is expected to be a promising new energy sourcecommercial Ni-MH batteries are employing ABype alloys
to replace conventional fossil for solving shortage of fossil as the negative electrode materials However, the electro-
energy resources and global warming in near future. In order chemical capacity of the ABtype alloys is limited by the
for hydrogen to become a viable solution to the energy cri- single CaCy-type hexagonal structuf8], the energy den-
sis and the environmental problem the hydrogen storage issities of the Ni-MH batteries are not competing favorably
one of many important processes. Among different ways to with some other advanced secondary batteries. Therefore, it
store hydrogen, absorption in solid to form hydride is very is necessary to search for new type alloys with much high
attractive since it allows safe storage at pressure and temperenergy density, better rate dischargeability and lower cost,
ature close to ambient conditiofl§. Itis the most successful ~ which perhaps may be alternative for the conventional rare
for the metal hydrides to be applied as a negative electrodeearth-based ABtype alloys or another choid8].
material in many application fields of metal hydrides. Nickel Recently, R-Mg—Ni (R=rare earth element, Ca or Y)
metal hydride (Ni-MH) secondary battery has been widely system hydrogen storage electrode for Ni-MH batteries
have attracted considerable attention because of their higher
* Corresponding author. Tel.: +86 431 5262365; fax: +86 431 5685653. hydrogen storage capacities (absorb—desorb 1.8-1.87wt.%
E-mail addresszhaoms@ciac.jl.cn (M.S. Zhao). H) than of the LaNj alloy (absorb—desorb 1.4 wt.%oH
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[10-14] As to their electrochemical hydrogen storage, Chen 28000

et al. [6] found that the maximum discharge capacity of 24000

LaCaMgNp alloy reached 356 mAh/g. Kohno et 5] have

studied the structure and electrochemical characteristics of

La—Mg—(NiCo) (x=3-3.5) system alloys and found that

Lag 7Mgo.3Ni2 gCop 5 alloy reached 410 mAh/g. Although

the La—Mg—Ni—Co alloy has high hydrogen storage capacity,

the cyclic stability is too low to be used as negative material 4000 -

of the Ni-MH secondary batterig4 6], and hence their cy- o]

cling stability has to be upgraded for practical applications. 10 20 30 40 30 0 70 80 90 100

In commercial AB-type alloys the presence of 10 wt.% of (degree)

Co has indeed improved the cycling life of Ni-MH batteries.

However, it influences negatively the discharge capacity asFig. 1. XRD patterns of the lggzMgo.sNiz— x (Alo.sM0o.s)x hydrogen stor-

well as initial activation and it constitutes about 40% of the 29¢ alloy.

material cosf17]. Much effort has been devoted to search for 2.2. Electrochemical measurement

cheaper substitute element with high reliability to improve the

cycling life of Ni-MH batteries. Itis believed that Al is one of The preparation of the disk-type electrodes, the set-up

the best candidates for cobalt substitutjp8]. However, Al of the electrochemical cell and the measurement of electro-

addition is detrimental to hydrogen diffusion from electrode chemical properties were similar as described in our previous

surface to alloy bulk and thus inevitably decrease the high papef23]. Pressure—composition isotherms (P—C—T) curves,

rate dischargeability (HRD) of alloy electroffe9]. It is re- HRD, linear polarization curves and coefficient of diffusion

ported that Mo addition can remarkably increase the kinetic of the alloy electrodes were measured according to our pre-

property[20] as well as the electrochemical capacity of alloy vious papef24].

electrodg21]. Therefore, it can be expected that the overall

electrochemical properties of the La—Mg—Ni type hydrogen

storage alloys could be improved by substitution of Al and 3. Results and discussion

Mo for Ni in the alloys.

In present study, the structure and electrochemical char-3.1. Crystal structure

acteristics of the La7Mgo.3Niz — x(Alg.sM0g 5)x (x=0-0.4)

hydrogen storage alloys has been investigated systemati- The X-ray diffraction patterns of the baMgo sNiz_x

cally. (Alg.sMog 5)x (x=0-0.4) hydrogen storage alloys are shown
in Fig. 1 It can be seen that all alloys have similar diffrac-
tion patterns, which indicates that the structure of the alloys
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2. Experimental details almost unchanged with increasing Al and Mo content in the
alloys. Moreover, careful examination of the diffraction an-
2.1. Alloy preparation and X-ray diffraction analysis gle reveals that the diffraction peaks shift to lower angles as

a function of the increase of Al and Mo content in the alloys.
All alloys were prepared by arc-melting carefully the con-  Fig. 2shows the XRD pattern and Rietveld analysis pattern of
stituent elements with the purity all above 99.9% on a water- the Lay 7Mgo.aNi2.o(Al 0.sM0g 5)0.1 hydrogen storage alloy as
cooled copper hearth under argon atmosphere. A slight ex-a representative example of d.aigo.sNiz_ x(Al 0.sM0g.5)x
cess of Mg over composition was needed to compensate for
evaporative loss of Mg under preparation conditions. The al- ¢,
loys were turned over and remelted five times to ensure the 7,000 J

good homogeneity. The weight loss of the alloys is less than 6000
1 mass% during melting. Therefore, no chemical analyses‘é :883

were carried out. Thereafter, the alloy samples were crushedg 3000
in mortar into fine powders of -300 meshes powder. ' 2,000 1!
Crystallographic characteristics of the hydrogen storage § "% b sl id

= 1 \l‘ ] : ]

e

|

0
alloys were investigated by X-ray diffraction on Rigaku =_j a0 |

D/Max 2500PC X-ray diffractometer (Cu K radiation, -2,000,
Bragg-Brentano geometryy2ange 10—-10Q step size 0.02 240 - I
4s per step, backscattered rear graphite monochromator) 10 20 3 40 50 6 70 8 9% 100

The lattice constants and cell volume were calculated by Mbeve(degres)

Rlet|cg prograrﬂ22]. Slllco_n is used as standard reference Fig. 2. Rietveld refinement pattern of the XRD profiles for the
material to calibrate the instrument before we obtain the | 5 ,Mgo 3Nis.e (AlosMoos)os hydrogen storage alloy (phase 1: La (La,
XRD data. Mg)2Nig; phase 2: LaNj; phase 3: LaNi).

L Mt L -
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Table 1 560
Crystallographic parameters for 4/gNig by using X-ray diffraction Cu 2464 —4A—a el
Kaz (A =1.540598M) at 298 K in a space groug-3mandz=3* g | =R / i 1555 ,;
Atom  Site  Metal atom position Occupancy ”E —8TY Tz
244 4550 E
g 41 / . =
X y z = s
Z 2432 {545 =
Lal 3a 0 0 0 1 g / El
la2 6 0 0 0.14669 (11)  0.487 & 2l / 540 2
Mgl 6¢c O 0 0.14669 (11)  0.513 E .o / =]
Nil 6¢c O 0 0.3281 (7) 1 = e /A/A 1535
Ni2 3 0 0 0.5 1 S G
Ni3 18h  0.4987(3) 0.4988(6) 0.08327 (16) 1 o 5 0 5 = 530
@ Structure was refined by using_the Rietveld refinement program Rietica. X in La Mg, ‘Ni (Al Mo, )
The pattern factoR, =6.7, the weighted pattern fact®&, =9.0 and the (a) LA L
goodness of fis=2.5.
5.06 / 90.0
—A— a
(x=0-0.4) hydrogen storage alloys. It can be seen that the cal- wne] ey /4 lsgis o
culated pattern by Rietveld method is in good agreement with = o /‘ e kS
. . v
the observed patterns. Besides small amount of LaNi phase, = 04 /t/ / 1890 E
all alloys consist of a LeMgNig phase Wi_th a PuNitype % 03 ,,‘ / Less 3
rhombohedral structure anc_i a Laslr_bhase with a CaGtype S 404l v 3
hexagonal structure. The final Rietveld structure parameter 2 Gt 1880 2
: ; i _ £ 4021 N =
of the LaMgNig phase is tabulated |mablt_a 1 Thg crys 3 i |..
tallographic results re\_/eal that La atomg |n2NaJN|9 can 4'00_-“—/1/
locate both at the 3a site and at the 6c¢ site, while Mg atoms , ; . ‘ — 870
can only locate the 6c¢ site, indicating that the alloy is a or- 00 ol 02 03 04
dered compound with the same structure as the previously  (b) Xin La, Mg, Ni, (Al, Mo, ),

reported RMgNig (R =La, Ca, Y) alloys. So the final forum

of La,MgNig phase can be designated as La(La, Mbyg.

The lattice parameter, cell volume, and phase abundance o
various phases of the hydrogen storage alloys are listed in

Table 2 Variations of the cell parameters and volumes as a that of Ni (1.246&). TheFig. 4shows the abundances of the
function ofx in the alloys are shown iRig. 3. It can be seen  La(La, MgpNig phase and the Laiphase as a function of
thata andc parameters of both the La(La, Mdig phase xin the alloys. It can be seen that the La(La, Wiy phase

and the LaNg phase in the alloys increase linearly with the abundance decrease from 79.56% to 60.16% with increas-
increase ofx, which is mainly ascribed to the fact that the ing ofx, however the LaNjphase abundance increases from
atomic radius of Al (1.4323\) and Mo (1.363&) is larger than 16.64% to 30.64%. These results will influence the hydro-

Fig. 3. Variations of the cell parameters and volumes as the functirmof
f_aOJMgo,gNig_X (Alg.sMog 5)x hydrogen storage alloys € 0-0.4).

Table 2
Characteristics of alloy phases ind.aMgo 3Niz — x(Alp.5M0g 5)x (x=0-0.4) alloys

Sample Phase Phase abundance (wt.%) Lattice paramgter ( Cell volume @)
a b c

x=0.0 La(La, Mg}»Nig 79.56 5.037 5037 24331 53461
LaNis 16.64 5.035 5035 3997 8775
LaNi 3.8 3.821 11002 4454 18724

x=0.1 La(La, Mg}Nig 74.82 5.052 5052 24455 54054
LaNis 20.68 5.041 5041 4012 8829
LaNi 45 3.823 11004 4457 1875

x=0.2 La(La, Mg}Nig 69.98 5.068 5068 24530 54563
LaNis 23.62 5.047 5047 4024 8877
LaNi 6.4 3.827 11009 4459 18786

x=0.3 La(La, Mg}»Nig 66.77 5.086 5086 24568 55037
LaNis 2543 5.053 5053 4035 8922
LaNi 7.8 3.831 11013 4461 18821

x=0.4 La(La, Mg}»Nig 60.16 5.113 5113 24606 55709
LaNis 30.64 5.058 5058 4042 8955
LaNi 9.2 3.836 11021 4464 18872

2 The Rietveld refinement program RIETICA was used.
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0.0 0.1 0.2 03 0.4 Table 3
) ' " ! J Summary of the electrode performance ob i1go.3Niz— x(Alo.sM0g 5)x

80 J
g _ (x=0-0.4) alloy electrodes
B 1 =
# | < Samples HM  Cpa(MAD/G) N2  HRDyzod (%)  Sro (%)
< 75 Z
£ |LaLa Mg)Ni, g x=0.0 0.899  343.3 2 61.3 493
= _5 x=0.1 0.926 3535 3 59.2 55.7
£ 704 £ x=0.2 0.944 359.8 3 69.8 60.5
4 . = x=0.3 0991 377.6 2 77.6 64.4
g / EN 2 x=04 0921 3504 2 81.2 68.8
£ 651 120 & @ The cycle numbers needed to activate the electrodes.
) b The high rate dischargeability at the discharge current density of
1200 mA/g.
60 -"'1\ T T T f
0.0 0.1 0.2 0.3 0.4

and Mo content in the alloy, the hydrogen storage capacity
Xin La, Mg, Ni, (Al, Mo, ), increases from 0.899 to 0.991. This is mainly attributed to
the decrease in plateau pressure which enhances the intrinsic
hydrogen storage capacity of alloys. However, wkmther
increase to 0.4, the hydrogen storage capacity decreases to
. - 0.921, which can be attributed to the change in the relative
gen storage and electrochemical characteristics of the alloys . . ;
studied. amounts of La(Lg, I\_/Igy\llg phasg and LaNiphase owing to
Al and Mo substitution. According to the work of Oesterre-
icher et al[25], the hydrogen storage capacity of the LaNi
phase is larger than that of the LaNihase. Therefore, with
the decrease of the La(La, Mdig phase in the alloys, the

~ Fig. 5 shows the hydrogen desorption electrochem- hyqrogen storage capacity would decrease accordingly.
ical pressure—composition isotherms (P-C-T) of the

Lag.7Mgo.aNiz_x(AlpsMog 5)x (x=0, 0.1, 0.2, 0.3, 0.4) al-
loy electrodes at 298 K. It can be seen that the desorption
pressure reduces continually as the Al and Mo additions in- 1o cycle numbers needed for activation and maximum
crease. This means that the stability of the hydrides of alloys discharge capacity of the baMgo.sNis_ x(Alg.sMog.g)x
increases with the increasing Al and Mo content in the alloys. (x=0,0.1,0.2,0.3,0.4) alloy electrodes are listetshle 3 It

This is because of the unit cell volume of the alloys increases ca pe seen that all these alloys can be easily activated to reach

with increasing Al and Mo additions in the alloys. Moreover, - yhe maximum capacity within three cycles, which means that
Oesterreicher et a_I. pointed .out that the unit cell of thg;AB activation of La—Mg—Ni—Al-Mo alloy electrodes is easy. The
compounds contains one-third ABtructure and two-thirds  ayimum discharge capacities of the alloy electrodes first

AB; structurg10]. Therefore, we can assume thatthe plateau j,creases from 343.3 mAh/g £ 0) to 377.6 mAh/gX=0.3)
pressure of the La(La, MgNig phase is similar to that ofthe ;14 then decreases to 350.4 mAhig 0.4) when Al and
LaNis phase or the difference between their plateau pressure§y, content increases from 0 to 0.4, which is basically con-
of AB3 and AB; compounds is too small to be observed. The gistent with the results of the P—C—T measurement men-

plateau characteristic of the P-C—T curve showifrig. 5 tioned aboveFig. 6 shows the discharge curves of the 4th
gives evidence of our supposition. With the increase of Al

Fig. 4. Phase abundance of the La(La, Mdjp phase and the Ladphase
existing in the Lg 7Mgo.3Niz_ x(Alp.sM0g 5)x (x=0-0.4) alloys.

3.2. P-C isotherms

3.3. Discharge capacity and discharge potential

0.95
1.0000 5 > 090 i\_
i ?; 1 ."’-"!ﬁ":f_l.;_, —
1 T 0.85 v
0.1000 + = 1 YA
1 " 0.80
0.0100 = "
é_ £ 07 —u—x=0 }'
g =] 1 ;
-9 ] S o —x=0.1 5
< 0.70 :
0.0010 e ] x=02 %Y
1 0.65 - —v—x=03 l}
J x=04 sh
0.0001 4 0.60 4 it
fo o o 06 a3 g 0 50 100 150 200 250 300 350
H/M Discharge capacity (mAh/g)
Fig. 5. The electrochemical desorption P-C—T curves for/A\Mgo sNiz—x Fig. 6. The discharge curves of 4.#Mgo 3Niz_x (AlpsM0g 5)x (x=0-0.4)

(AlgsMog s)x (x=0, 0.1, 0.2, 0.3, 0.4) alloys at 298 K. alloy electrodes at the discharge current density of 60 mA/g and 298 K.



X.B. Zhang et al. / Electrochimica Acta 50 (2005) 3407-3413 3411

cycle for the alloy electrodes at 60 mA/g and 298K. It 100
can be easily seen that each curve has a wide discharge IR

potential plateau based on the oxidation of desorbed hy- _

drogen from the hydride. It should be noted that the dis- %07 \
charge plateau shifts towards a more positive potential as 1

Al and Mo additions increase in the alloys, indicating that 80

High rate dischargeabilty (%)

the partial substitution of Al and Mo leads to an increase {7 u b
in discharge overpotential of the alloy electrode at different o _:_z ”g ] \ -
] | s » '
extent. | x=02 '\.\
—v—x=03
. - 60 x=04 \:
3.4. Cyclic stability

, ) ) 200 400 600 800 1000 1200
The cyclic capacity retention rate after 70 cycles at Discharge current density (mA/g)
60 mA/g, expressed aSyo (%)=C70/Cma x 100 (where
Cmax Is the maximum discharge capaciBo is the discharge  Fig. 7. High rate dischargeability of the $.8Mgo sNiz—x (Alo.sM0g 5)x
capacity at the 70th cycles), is also listedTable 3 It can (x=0,0.1,0.2,0.3, 0.4) alloy electrodes at 298 K.
be seen that th&;g of the alloy electrodes increases notice-
ably from 49.3% to 68.8% witlx increasing from O to 0.4,
indicating that the cyclic stability of the La—Mg—Ni system
alloys is improved markedly along with the increase of Al
and Mo content in the alloys. As reported previougyp],
the formation of passive layer of La(Ofland Mg (OH)»
on the alloy surface is ascribed as the main cause of cycling
capacity degradation, because such a layer decreases the co
tent of hydrogen absorption elements La and Mg in the alloys
and thus reduces hydrogen storage capacity of the alloy. It is

known that Al substitution results in the formation of pro-

creases, the HRD of the alloy electrodes decreases first from
61.3% k=0) t0 59.2% % =0.1), and then increases to 81.2%
(x=0.4). As mentioned above, Al substitution is prone to
form a passive layer on the electrode surface in KOH elec-
trolyte, which inevitably weakens the surface electrochemi-
cal catalytic activity and prevents the diffusion of hydrogen
fhto or from the alloy bulk. Fortunately, it is reported that
the addition of Mo to the alloy leads to the improvement of
the electrocatalytic activity on the alloy surfd@®]. There-
fore, it is reasonable to assume that, with Al and Mo content

tecéwe OX'dte t(hydroxujte) tgf Atl Otﬂ the” all?y sufrfa;%e and a addition of lower than a certain amount, the negative effect
subsequent strong protection to the alloy from IUrtn€r coro- ¢ a1 i qominant and will cause a decrease in the HRD.

sion of Laand Mg[26,27]; 'Fherefore_ results in an abviously However, when Al and Mo content exceed the critical con-
increase of cycling capacity retention rate of the alloy elec-

trodes. Further investigations in this aspect are going on in
our research group.

tent, the positive effect of Mo will become dominant and will
give rise to increase of HRD. It present study, the critical
content amount of Al and Mo addition is=0.2 from our

work.
3.5. High rate dischargeability and electrochemical It is generally accepted that the HRD of metal hydride
kinetics electrode is determined jointly by the exchange current den-

sity and the diffusion coefficient of hydrogg@8]. To ex-

It is very important to restrain the decrease of the dis- amine the effect of the partial substitution of Al and Mo
charge capacity even at the high charge/discharge currenfor Ni on the discharge kinetics, linear polarization is pre-
density. Fig. 7 shows the relationship between the high formed on these alloy electrodes. Based on the measured
rate dischargeability and discharge current density of the linear polarization curves, values of exchange current den-
Lag 7Mgo.3Niz — x(Alg.sM0og 5)x (x=0-0.4) alloy electrodes.  sity I and polarization resistané® were calculated for the
To make the comparison more exact, the HRD of the alloy alloy electrodes and summarized Table 4 Fig. 8 shows
electrodes for the discharge current density of 1200 mA/g HRD andRp as a function ofg for the hydrogen evolution

are also listed inTable 3 It can be seen that as thein- reaction at the alloy electrodes. The HRD shows a linear re-
Table 4
Electrochemical kinetic parameter of {.#aVigo.sNisz — x(Alp.sM0g 5)x (x=0-0.4) alloy electrodes
Sample Polarization resistand®, (ms2) Exchange current densitlyy (MmA/g) Hydrogen diffusion coefficient) (x10-1%n#/s)
298K 233K 298K 233K 298K 233K
x=0 10242  363.60 22438  55.15 12.3 1.3
x=0.1 10383  359.04 221.33 5585 12.3 2.4
x=0.2 9424  353.54 24385  56.72 12.7 2.9
x=0.3 8995  352.54 255.5 56.88 12.8 3.8

x=0.4 8883 349.65 258.71 57.35 131 4.9
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-10 2
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Fig. 8. High rate dischargeability and polarization resistance as a func-

tion of exchange current density for hydrogen evolution reaction at Fig. 9. The LTD as a function db of the Lay7Mgo.sNiz_ x(Alg.sM0g 5)x
Lag.7Mgo.3Niz - x(Alo.sM0oo 5)x (x=0-0.4) alloy electrodes. (x=0, 0.1, 0.2, 0.3, 0.4) alloy electrodes at 233 K.

lationship with the exchange density for the alloy electrodes. 4. Conclusion

Moreover, we can find that the hydrogen diffusion coefficient

D maintains almost unchanged (12.3-18.10-*°cn¥/s). The structure and electrochemical properties of the
Therefore, in the present study, the HRD is essentially con- [ ay ;Mg aNiz_ x(Al 9.5M0g 5)x (x= 0-0.4) hydrogen storage
trolled by the charge-transfer reaction of hydrogen on the alloys have been investigated systematically. The Rietveld
surface at a discharge current density of 1200 mAh/g. In ad- analysis results show that all these alloys consist mainly of a
dition, it can be seen that thie> decreases with increas- | a(La, Mg),Nig phase and a LaNphase. The P-C—T curves
ing lo while the high rate dischargeability increases re- indicate that the hydrogen storage capacity first increases
versely, implying that thdRr value is closed related to the  and then decreases with increasingrhe electrochemical

HRD. measurements show that the maximum discharge capacity
of the alloy electrode increases first from 343x3-0) to
3.6. Low temperature dischargeability (LTD) 377.6 mAh/g ¥=0.3) and then decreases to 350.4 mAh/g

(x=0.4). For the discharge current density of 1200 mA/g,

Ni-MH battery is expected to be capable of working at the high rate HRD first decreases from 61.3% to 59.2% and
temperature down to 233K in some civil applications at then increases to 81.2%, which is consistent with the results
very cold area§29]. However, the discharge capacity of the of the exchange current density of the alloy electrodes. The
negative electrode in nickel-metal hydride decreases dras-hydrogen diffusion coefficient increases with increasing Al
tically with decreasing temperatuf80]. Sakai et al[19] and Mo content, and thus increases the low temperature dis-
pointed out that the dischargeability of the negative elec- chargeability of the alloy electrodes.
trodes at relative low temperature is mainly influenced by
the hydrogen diffusion and charge-transfer process occur-

ring at the metal electrolyte interface. The hydroderof Acknowledgement
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