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Abstract

The effect of replacing part of Ni by Al in L#gNig alloy on the structure and electrochemical properties of the thus formed
La,Mg(Ni;_,Al,)q (x = 0-0.05) quaternary alloys was investigated. All alloys consisted of a main phase with hexagonatypeNitructure
and a small quantity of an impurity phase §MN;). The increase of Al content in the alloys leads to an increase in both the cell volume and
the hydride stability, and leads to a noticeable decrease in cell volume expansiahWAt€) on hydriding. The increase of Al content leads
to some decrease in both the discharge capacity and the high-rate dischargeability (HRD) but leads to a significant improvement in cycling
stability of the alloys. The decrease of HRD of the alloys is ascribed to the decrease of electrocatalytic activity for the hydrogen electrode
reaction and the lower diffusion rate of hydrogen in the bulk of the alloys, while the improvement in cycling stability is mainly attributed to
the decrease dfy of the hydride phase.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the hydrogen storage alloy8,7]. In our previous study on
the LeoMg(Nig.9sMo.05)9 (M = Co, Al, Cu, Fe, Mn) alloys,
Recently, based on the discovery of a new type of R-Mg— we also found that the partial substitution of Al for Ni in
Ni (R = rare earth, Ca, Y) system alloys with PyNype LapMgNig alloy greatly improved the cycling stability of the
structure and a high hydrogen storage capd@iy], some alloy, but it led to a large reduction in both discharge capac-
of the R—Mg—Ni based alloys have been found to have a muchity and the high-rate dischargeabilif§]. It is expected that
higher discharge capacity (356—-410 mAh/g)thanthatafAB  an optimized amount of Al substitution for Ni in kiIgNig
type alloyg2,3]. In our previous papers, we also reported that alloy may lead to an alloy with high discharge capacity and
the LeMgNigternary alloy with PuNj type structure showed  good cycling stability, and hence is worthy to be determined.
a high discharge capacity around 400 mAMg]. In view In the present work, LaMg(Ni1—,Al )9 (x = 0.01-005)
of their higher electro-chemical capacities and low costs, the alloy samples were prepared. The effect of Al substitution for
La—Mg—Ni based alloys have been considered as new candi-Ni on the crystal structure and the electrochemical properties
dates for the negative electrode materials of Ni/MH batteries. of the alloys with different Al content were systematically
However, for commercial applications the rather poor cycling investigated.
stability of the La—Mg—Ni system alloys has to be further im-
proved. It is well known that element substitution is one of

the effective methods for improving the overall properties of 2. Experimental details
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MgNi> and Ni powders as described in previous papers © Main phase o
[4,5]. These samples were mechanically pulverized to w La;Niy
300mesh. The crystal structure of the alloys and their x
hydride samples was characterized with XRD analysis on
a Rigaku D/Max 2550/PC X-ray diffractometer with Cu

Ka radiation[5]. For electrochemical test, pellet type alloy

electrodesd = 10 mm) were prepared by cold pressing the
mixtures of the alloy powder and the carbonyl nickel powder
in the weight ratio of 1:3, and the electrochemical tests were

conducted at 25C in a conventional three-compartments K x=0.01
- . . L J
electrochemical cell as reported in our previous papeH.
/\_,/"i

The discharge capacity was determined galvanostatically by \

using an automatic charge/discharge unit. Each electrode was
Fig. 1. XRD patterns of LeMg(Ni1—_ Al )9 (x = 0-0.05) alloys.

Intensity (a.u.)

charged at 200 mA/g for 2.5 h followed by a 10 min rest, and 25 30
then discharged at 50 mA/g to the cutoff potential-@f.6 V
versus Hg/HgO. For cycling tests, the activated electrode
was charged each time at 200 mA/g for 2.5 h and discharged
at 100 mA/g to—0.6V versus Hg/HgO, and the discharge . . I
capacity at 50 mA/g was measured after every 10 cycles Incan be seen that the progressively increased substitution of
evaluating the rate capacity, discharge capacity of the alloy Alfor Ni in tohe alloys leads to an mcroease of batlparam-
electrode at 800 mA/g was measured. The high-rate dis- eter (+0.89%) and parameter (+1.4%), and a subsequent
- : ) i f the unit cell volume (+3.2%) owing to the larger
chargeability (HRIoo), defined as 100 Cgoo/(Csoo + Cso), €xpansion o o . o
was determined from the ratio of the discharge capacity ?ﬁom;%rDadlu?tof Al (1];?5\) tr?adn.;hat OffN' (1'6l\|2.A)' zom
measured at 800 mA/@goo) to the total capacity defined as e_ 0-0 0F5)a elzns 0 i © fy r detshot %:Ig(h 'éifj X)9t_”
the sum ofCgop and Csp, which was the additional capacity (x = 0-005) alloys, it is oun at the hydrides st
measured subsequently at 50 mA/g affego was measured. preserve the hexagonal ngNype structur.e. Thg unit cell
The electrochemical pressure—compositiAT) desorption dimensions for these hydrides are also listedale 1 It

isotherms of the alloy at 258C were determined as reported ::r?n.be seen t;:al‘t 'g tk;e compl;o_smondrangec@i_O—t(r)l.OS, |
in a previous papef4]. The exchange current densify € Increase ok ieads 1o an obvious decrease in the value

of alloy electrode was evaluated by a linear polarization _Of AV/V (irom 24.8 to 21.4%), while the value afV/V

method. The diffusion coefficied® of hydrogen in the bulk Increases to 23.4% at= 0'.05' The result reveals -that the
of the alloys was examined by the potential-step method. unit cell volume expansion mduceq by hydroger?atlon.can be
The experimental details have been reported previouslyﬁlrg;;y reduced by a proper substitution of Ni with Alin the
[5]. '

3.2. Thermodynamic characteristics
3. Results and discussion
The electrochemicat—C desorption isotherms measured

3.1. Crystal structures at 25°C in the LgMg(Ni1—,Al)o—H system are shown in
Fig. 2 It can be seen that the desorption plateau pressure
Fig. 1 shows the XRD patterns of bMg(Nii_,Al,)g reduces noticeably as the Al content of the alloys increases,

alloys. It is found that all the alloy samples contain a main decreasing from 0.093 atm & 0) to 0.041 atm at = 0.03.
phase with hexagonal PuiNiype structure and a small quan- However, the slope of the desorption curve for the hydride
tity of the impurity phase (LgNi7), which probably resulted  with x = 0.05 becomes very steep with no clear plateau
from the incomplete reaction during sinterifigible 1shows and a big portion of hydrogen absorbed remained undes-
the lattice parameters and unit cell volumes of the alloys. It orbed atPeq = 0.001 atm. We believe that this feature and

Table 1

Lattice parameters of lLdig(Ni;—,Al )9 alloys and LaMg(Ni1_ Al ;)gH, hydrides

x Alloys Hydrides AV/ V(%)

a(A) c(A) V(A3 c/a a(A) c(A) Vv (A3) c/a

0 5.0336 24.2759 532.7 4.82 5.3809 26.5379 665.4 4.93 24.8
0.01 5.0503 24.3072 536.9 4.81 5.3801 26.3057 659.4 4.89 22.8
0.02 5.0537 24.3160 537.8 4.81 5.3725 26.1489 653.7 4.87 21.6
0.03 5.0579 24.3257 538.9 4.81 5.3795 26.1145 654.5 4.85 21.4

0.05 5.0783 24.6198 549.9 4.85 5.3180 27.7038 678.5 5.21 234




B. Liao et al. / Journal of Alloys and Compounds 404—406 (2005) 665-668 667

Table 2

The electrochemical properties of the,Mg(Nii—,Al )9 (x = 0—0.05) alloys

x H/M Crmax (MAh/g) Na? HRDgop (%) Io (MA/Q) D(x10"0cm? st Vi® (A3/H atom) S150 (%)
0 1.03 400.2 2 72.8 88.5 7.10 3.61 57.9
0.01 1.01 385.8 3 24.1 65.4 3.90 3.37 68.8
0.02 0.987 3745 3 13.8 62.8 3.63 3.22 73.8
0.03 0.925 353.1 3 28.3 66.7 3.13 3.57 60.3
0.05 0.889 221.5 5 33.6 75.6 1.18 3.89 63.5

2 The cycle numbers needed to activate the electrodes.
b The volume expansion of the unit cell per H atom absorbed which is calculated according 8] Ref.

10 mainly influenced by the electrochemical reaction kinetics on
—3—x=0 the alloy surface and the diffusion rate of hydrogenin the alloy
- ):;(())(())12 bulk[9]. As shown inTable 2 the measured exchange current
'F e xe0.03 densityIp of the alloy electrodes decreases from 88.5 mA/g
—e— x=0.05 (x =0) to 62.8mA/g £ = 0.02), and then increases to the
2 range of 66.7—75.6 mA/g whenincreases further. This in-
g O01F dicated that the poor HRdgy of the Al-substituted alloy
& electrodes is obviously related to their decreased electrocat-
Y alytic activity for the hydrogen electrode reaction. Also from
0.01 E A o - Table 2 it can be seen that the diffusion coefficief) (of
/ 74 hydrogen in the bulk of the alloys decreases with increasing
/b /f Al content, which agrees with the increased hydride stability
IE-3 L b ofthe alloys. Therefore, itis believed that the lower hydrogen
0.0 0.2 . . . . . . . .
WM diffusion rate in the Al-substituted alloys is another cause for
their poor high-rate dischargeability.
Fig. 2. The electrochemical desorpti®a-C isotherms for LaMg(Niy_, Fig. 3shows the discharge capacity of the alloys as a func-
Aly)e (x = 0-005) alloys at 25C. tion of cycle number. The capacity retention rate after 150

. . ~ cycles, expressed &350 (%) = C150/ Cmax x 100% (where
the observed broader“ng peakS in the XRD pattern of this C150 is the discharge Capacity at the 150th Cyc'es), is also

alloy hydride reveal that a certain portion of the crystalline |isted inTable 2 It can be seen that tt 50 of the alloys with
alloy with x = 0.05 has been changed to the amorphous state,, — 0—0.02 increase greatly from 57.9% & 0) to a much
upon hydriding. higher value of 73.8% for the alloy with= 0.02, while the
As also shown ifTable 2 the hydrogen storage capacity g, of the alloys withx = 0.03—Q05 drops to 60.3-63.5%.

(H/M) of the alloys decreases from 1.03 to 0.889 when the |t js well known that the cycling capacity decay of a MH elec-
Al content increases from = 0 to 0.05. This is believed  trode is influenced mainly by two factors: the surface passiva-
attributable to the high stability of the hydrides of the Al- tjon due to the oxidation of active components to form oxides
sub_stituted_ alloy, being too stable to desorb hydrogen readily or hydroxides and the molar volume of hydrog#h, in the
during testing. hydride phas§7]. On this basis, the improvement of cycling

stability for the Al substituted alloys can be attributed to the
3.3. Electrochemical properties

450

The electrochemical properties of the tested alloys are 1 —5—x=0
listed in Table 2 It can be seen that all the alloys can be  _ “°7& oo
easily activated to reach their maximum capacity within 5 =2 55, _?ﬁ\@\ —o— %20.03
cycles. For the alloys with composition rangexof 0-0.03, é AN —o— x=0.05
the maximum discharge capacit¢ fax) decreases slightly Z 300 \\Q\D\ﬂ\a\a\o\é
with the increase of (from 400.2 to 353.1 mAh/g), and then & 1 N\v:;\u\m\tfé:é: =654
decreases sharply to 221.5 mAh/gas 0.05. The variation 5 7 \V\V\viézgzgza\u\
of maximum discharge capacity of the alloys agrees basi- £ e, VT
cally with the variation of the H/M measured for alloys with g ] \O\O\O
different Al contents. 150 G e

From Table 2 it can be seen that as the Al content in- 1
creases, the HRf3o of the alloys decreases sharply from o

72.8% ( = 0) to 13.8% § = 0.02), and then slightly in-
creases to the range of 28.3—-33.6%=0.03—-Q05). It is
known that the high-rate dischargeability of a MH electrode is Fig. 3. Cycling stability of LaMg(Ni1_ Al .o (x = 0-0.05) alloys at 25C.

Cycle number
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80 of Al content in the alloys leads to an increase in the cell
volume and a noticeable decrease in cell volume expan-
sion on hydriding and also leads to a higher hydride sta-
bility. With increasing Al content, the discharge capacity of
the alloys at 50 mA/g slightly decreases from 400.2 mAh/g
(x = 0) to 374.5mAh/g £ = 0.02) and then sharply drops
=005 to 221.5mAh/g ak = 0.05. As the Al content increases, the
high-rate dischargeability (HRdgo) of the alloys decreases
from 72.8% § = 0) to 36.5% atx = 0.05. The decrease of
HRDggg of the alloys is mainly attributed to the decrease of
55 their electrocatalytic activity for the hydrogen electrode re-
action and the lower hydrogen diffusion rate in the bulk of
N alloy._ln the composition range af = 0-0.02, .the_ cyclmg
R stability (S150) of the alloys improves greatly with increasing

Vu(A”/ Hatom) of x, increasing from 57.9%(= 0) to 73.8% § = 0.02), and
then drops to the range of 60.3-63.5% whea 0.03—Q05.
The improvement in cycling stability is mainly attributed to
the lowerVy in hydride phase.

75

70 1

65

S50 (%)

60 -

50

Fig. 4. Variation of the cycling capacity retention rafgdp) with the molar
volume of hydrogen¥) for LaxMg(Ni;_,Al,)g (x = 0-0.05) alloys.

smaller Vy compared with that of the L#gNig alloy (as

shown inTable 2. The effect of Al content on the capacity

retention rate{150) and the molar volume of hydrogeninthe Acknowledgement
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