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Abstract

Lag 67Mgo.33Ni» sCy s alloys were prepared by induction melting followed by different annealing treatments (1023, 1073, 1123 and 1173 K)
for 24 h. Alloy structure and electrochemical properties of different annealed alloys have been studied systematically by X-ray diffraction
(XRD), scanning electron microscope (SEM) and electrochemical experiments. Alloy structure analyses show that all of the alloys consisted of
complex phases such as (La, Mg)(Ni, €phase (PuNkype, SG: R-3 m), (La, Mg)Ni, Co); phase (CgNi-type, SG: P§mmc), LaMg(Ni,

Co), phase (MgCuySn-type, SG: F-4 3 m) and La(Ni, Gophase (CaGitype, SG:P6/mmm). One thousand one hundred and twenty-three
kelvin benefited formation of (La, Mg)(Ni, Ce)phase best. Main phase in alloy became (La, #¢j) Co); phase at 1173 K annealing
treatment. Electrochemical experiments show that absorption/desorption plateau became flatter and wider after annealing treatment, that all
of the alloy electrodes exhibited good activation characteristics, that annealing treatment improved discharge capacities of alloy electrodes
from 315mAhg? (as-cast) to 402.5 mAhg (1173 K). At the same time, cyclic stability of alloy electrodes was also improved with rise

of annealing temperature, especially for alloy electrodg£92.9%) with main phase (La, MgNi, Co); at 1173 K. As (La, Mg)(Ni, Co)

phase in alloys increased, high rate dischargeability characteristics were deteriorated. However, alloy electrode with main phag@l{La, Mg)

Co); exhibited the best kinetic characteristics. All experiments imply that alloy electrode with main phase (LE&\iIM@p); possessed

excellent overall electrochemical properties.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction toits higher discharge capacity and excellent activation prop-
erties[6—9]. But the cycle stability of alloy electrodes is poor
Hydrogen storage alloys have been attached more andbecause of big ratio of cell volume expansion and corrosion
more importance to application and research with “Hydro- of La element and Mg element in charge/discharge process
gen Energy” put forwardil]. Rare-earth-based ARype al- [10]. Moreover, the cyclic stability has not been improved ef-
loy and Zr-based laves phase alloy have been commercial-fectively until now by alloying with different transition fam-
ized successfully as Ni/MH secondary cell negative materials ily elements[11-16] In contrast, annealing treatment gives
[2,3], but low capacity of AB-type alloy electrodes and diffi-  rise to more important influence on cycle stability of alloy
cult activation characteristics of laves phase alloy electrodeselectrodes. For example, Pan et [4l7] found that the cy-
limit the extensive applicatiof4,5]. Recently, La—Mg—Ni cle stability of Lay g7Mgo.33Ni2.sCop 5 alloy electrodes was
ternary PuNi-type alloys have been studied extensively due improved obviously by annealing treatment at 1223 K, but
the investigation in more details about the annealed alloy
* Corresponding author. Tel.: +86 931 280 8140; fax: +86 931 280 6962. Structure and electrochemical properties was not reported
E-mail addressluoyc@Iut.cn (Y. Luo). later. On the other hand, Kohno et §l8] once investi-
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gated the hydrogen storage properties of ternary system alwhere the equilibrium potentiaE¢y) was determined by al-
loys: LaoMgNig, LasMg2Ni23, LagMgNi14, and found that  ternately performing the following operation: (1) a pulse dis-
Lag.7Mgo.3Ni» gCop s alloy electrode exhibited perfectcyclic  charge of 10 mAhg! with 50 mA g1 current density. (2) A
stability during 30 times charge/discharge cycles when com- rest period (about 20 min) for the potential to become con-
pared to MmNj oMng 3Alp 3C0p 4 alloy electrode. But it is stant. The high rate dischargeablity (HRD) was determined
very regretful that the principle was not reported detailedly. by examining the discharge capacity at various discharge cur-
In view of the research status of La—Mg—Ni ternary P4#Ni  rent density and defined as the following equation:

type alloy, we designed the bg/Mgo.33Ni2.sCay s alloy and

studied the structure and electrochemical properties of differ- HRD =
ent annealing treatment alloys systematically.

Cy
Cq+ C100

whereCy is the discharge capacity gt current density and
Cioois the residual discharge capacity afp current density
2. Experiment after a alloy electrode is discharged @turrent density.
To investigate the electrocatalytic activity and kinetics
Lag 67Mgo.33Ni2 sCoy 5 hydrogen storage alloy was pre- character of alloy electrodes, linear polarization, anodic po-
pared by induction melting at 0.4 Mpa Ar atmosphere fol- larization and hydrogen diffusion in alloy bulk were per-
lowed by annealing treatment at 1023, 1073, 1123 and formed on CHI600A electrochemical workstation after alloy
1173 K, respectively, for 24 h. Due to the high vapor pressure electrodes were activated. The linear polarization and an-
of Mg element, an appropriate excess of Mg element was odic polarization were measured by scanning the electrode
necessary. The purity of all elements was above 99wt.%. potential at a rate of 0.1 mVv4 from —5 to 5mV (versus
The annealed alloys were crushed mechanically into pow- open circuit potential) and 5mV$ from open circuit po-
der (<38um) for X-ray diffraction (XRD) measurements and tential to—0.45V (versus Hg/HgO reference electrode), re-
powder from 54 to 6Jum for electrode test. XRD measure- spectively, at 50% depth of discharge (DOD). The hydro-
ments were performed on a Rigaku D/max-2400 diffractome- gen diffusion was measured using the constant potential-step
ter with Cu radiation and a power of 40 k100 mA. The discharge technique. The full-charged electrodes were dis-
patterns were recorded over the range froma8110 in 260 charged at a constant potential-step of 0.6V for more than
by step of 0.02. Then the collected data were analyzed by 3000s.
the Rietveld methogil9] using Fullprof 2K softwar¢20] to
get the lattice parameters and phase abundance.
The microscopic structure and the composition for an- 3. Result and discussion
nealed alloys were examined by scanning electron micro-
scope (SEM) with energy dispersive spectroscopy (EDS) on 3.1. Alloy structure
a JSM-5000LV instrument. The Mg content in alloys was
determined by atom absorption spectrum and the examina- Fig. 1shows the XRD patterns for different annealed al-
tion was performed on WFX-1D instrument with specified loys andFig. 2 shows the Rietveld refinement patterns of
wavelength (285.2 nm) and slot (0.1 nm). Lao.67Mgo.33Ni2.5C0p 5 alloy at 1123 and 1173K anneal-
Alloy electrodes were prepared by cold pressing the mix- ing treatment. It can be seen that all of the alloys con-
ture of alloy power and carbonyl nickel power at the weight sisted of complex phases which can be identified as (La,
ratio of 1:3 under 800 MPa pressure to form a pellet of 10 mm
in diameter. Electrochemical measurements were performed

x 100% @)

30000

at 293 K in a standard open tri-electrode electrolysis cell con- ¢ IE'LP:h
sisting of alloy electrode, a sintered Ni(O{)iOOH an- 25000 |- ¢t;:“ph
ode and a Hg/HgO reference electrode immersed in 6 M - ‘* ) by 1173,(‘ o
KOH electrolyte. Each electrode was discharged to cut-off ~ 20000 .t

potential—0.6 V versus Hg/HgO reference electrode. Elec-
trodes were charged/discharged at 100 mA gvhen acti- 15000
vated; Electrodes were charged/discharged at 300Ag

when examined for cyclic stability. Because of low hydrogen 10000 | | : I 1073K

absorption/desorption plateau for La—Mg—Ni alloy system

T T 1123K

Intensity (a.u.

[10], a self-discharge problem can be ignored if the time for | iy ; v} 1023k
testing of electrodes is not very lojgl]. Therefore,P—C 5000 =
isotherms could be determined by electrochemical method r ' }ﬂ -

i i : VSV, S N S v —
according to the Nernst equatifi2?]: 0 - - = - —
Eeq(versus HgHgO) = —0.9305— 0.02955 logPeq) 26 (°)

at293 K Q) Fig. 1. XRD patterns for different annealed alloys.
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Fig. 2. Rietveld refinement patterns at 1123 and 1173 K forgtdslgo.33Ni2 5Cop 5 alloy.

Table 1

Characteristics of phases for different annealed alloys

Temperature (K) Phase Space group  Lattice const&)ts ( Phase abundance (wt.%) Main phase real composition

a c \ da

As-cast (La, Mg)(Ni, Coy R-3m 5.046 2845 536812 482 4910 Lay 67Mgo.33(Ni, Co)s
La(Ni, Co)k P6/mmm 5.039 391 87758 Q79 2282
LaMg(Ni, Coy F-43m 7.186 7186 371075 1 2808

1023 (La, Mg)(Ni, Co} R-3m 5.049 2847 537495 482 5500 Lay.67Mgo.33(Ni, Co)s
(La, Mg)(Ni, Co); P&/mmc 5.047 24206 533959 480 894
LaMg(Ni, Coy F-43m 7.176 7176 369528 1 2690
La(Ni, Cok P6/mmm 5.036 o1 87654 Q79 916

1073 (La, Mg)(Ni, Co} R-3m 5.048 2840 537127 482 6865 Lay.67Mgo.33(Ni, Co)s
(La, Mg)(Ni, Co)y; P&/mmc 5.041 2#£25 533108 481 1278
LaMg(Ni, Coy F-43m 7.175 7175 369370 1 1453
La(Ni, Cok P6/mmm 5.035 393 87663 Q79 404

1123 (La, Mg)(Ni, Coy R-3m 5.048 2490 538231 483 7321 Lay.66Mgo.34(Ni, Co)z
(La, Mg)2(Ni, Co)y  P6/mmc 5.051 2437 535490 480 2224
La(Ni, Co)k P6/mmm 5.034 386 87475 Q79 455

1173 (La, Mg}(Ni, Co);  P6&/mmc 5.046 2#£52 534761 481 9250 L& 50Mgo.50(Ni, Co)z
LaMg(Ni, Coy F-43m 7.174 774 369220 1 246
(La, Mg)(Ni, Cox R-3m 5.046 2#£53 534783 4381 504

Mg)(Ni, Co)z phase (PuNktype, SG: R-3m), (La, M@)Ni,
Co); phase (CgNi7-type, SG: Pe/mmc), LaMg(Ni, Co)
phase (MgCuSn-type, SG: F-4 3 m) and La(Ni, Gpphase

(CaCuw-type, SG:P6/mmm), respectively, by Rietveld analy-
sis. Structure characteristics of different annealed alloys are
tabulated inTable 1and the evolution of phase abundance

versus the annealing temperature are pictureBign 3. It
can be found that abundance of (La, M@i, Co); phase

increased with rise of annealing temperature. What's more,
(La, Mg)2(Ni, Co); phase became main phase (92.5wt.%)

at 1173 K. While abundance of (La, Mg)(Ni, Gg)hase in-

firstly and then decreased to 5.04wt.% dramatically at 0

A/\
A Y La(Ni,Co), 420
creased from 49.10wt.% (as-cast) to 73.21wt.% (1123 K) 10-o><v5

v © Zg(

1173 K. On the other hand, abundance of La(Ni,{Ju)ase
decreased from 22.82wt.% (as-cast) to 4.04 wt.% (1123 K) Temperature (K)
with rise of annealing temperature and disappeared after

1123 K. At the same time, abundance of LaMg(Ni, £0)
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Fig. 3. Phase abundance variation curves for different annealed alloys.
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Fig. 4. Scattered electron images for different annealed alloys. No. 1 at 1023 K; No. 2 at 1173 K. A, B, C and D represent LgfiNaseo)La, MgNi7
phase, (La, Mg)(Ni, Ce@)phase and LaMg(Ni, Ca)phase, respectively.

phase also decreased with rise of annealing temperature an 540 540
disappeared at 1123 K. However, at 1173 K, a little LaMg(Ni, z
Co) phase appeared at 1173 K again. These experiment re-< 5aq
sults show that annealing treatment at 1123 K benefited the §
formation of (La, Mg)(Ni, Coj phase best. Below 1123 K, 3
the composition of alloys was not very homogeneous just
as shown inFig. 4(No. 1) in which there are some La(Ni,
Co) phase, (La, Mg)Ni, Co); phase, (La, Mg)(Ni, Ca)
phase and LaMg(Ni, Cg@phase. Presence of LaMg(Ni, Go)
phase and La(Ni, Cg)phase indicate that the peritectic reac-
tion was not complete. However, at a higher temperature, the =
composition of alloys became homogeneous, except for small §
impurities, such as LaMg(Ni, Cg)phase and (La, Mg)(Ni, 530 L~ s ' L L ' 530
Co); phase just like irFFig. 4No. 2). It is worth noting that 1020 1050 %:g%eraﬂr%o(m a0 170
content of Mg element in alloys decreased with rise of an-
nealing temperature due to volatilization of Mg element as Fig. 6. Cell volume variation curves for different annealed alloys.
shown inFig. 5. FromFig. 5, it can be found that content
of Mg at 1123 K was very similar to that of nominal alloy phase became main phase at1173 Kwhich could be attributed
Lag.67Mgo.33Ni2 5C0p 5, at the same time, the main phase in to volatilization of Mg element to some extent. But another
alloy was (La, Mg)(Ni, Co3. However, (La, Mg)(Ni, Co); detail is that content (2.48 wt.%) of Mg element in annealed
alloy at 1173 K was much higher than that (1.92 wt.%) of

538

536

534F o 4534

532+ 1532

536

'olume of (La,Mg)(Ni
Cell Volume of (La,Mg),(Ni,Co), /(A%)

35 Laz.sMgo.5(Ni, Co); alloy, which implies that high temper-

g';: T tart Value: 345w, % ature is in favor of formation of (La, MgjNi, Co); phase.

0] —_— \ FromTable 1 it can be also found that Mg content of main

3.1 " As cast alloy: 3.25wt % phase in annealed alloys did not change obviously with the
B \ variation of annealing temperature, except for the annealed
S :'g' _ \ ‘ alloy at 1173 K. Small variation of cell volume supplied the
S o e proof from another aspect for above experiment result just as
£ 261 \ shown inFig. 6. FromFig. 6, it can be noticed that cell vol-
£ 2.5 ume of (La, Mg)(Ni, Co} phase decreased and cell volume of
Q Experiment Value 9 P
O 247 , _forannealed alloys Lag sMgo.s(Ni, Co); phase increased with rise of annealing
D 2,34 Norminal Mg Content of La, Mg, .Ni.alloy: A . . ..
= 5] 1.92wt. % temperature, but just a little. This result may be originated

2.9.] from the distribution of Co element in every phase of alloy

2.0 / with rise of annealing temperature.

1.94

b a4 5 i .1 [ | B 1. 1 . ..
1020 1040 1060 1080 1100 1120 1140 1160 1180 3.2. Thermodynamic characteristics

Annealing Temperature (K)
Fig. 7shows the electrochemical desorpt®C isotherm
Fig. 5. Mg content variation curves for different annealed alloys. for different annealed alloys, arithble 2summarizes the
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Fig. 7. Electrochemical desorptid?-C isotherms for different annealed  Fig. 8. Activation curves of different annealed alloy electrodes with
alloy electrodes at 293K. 100mAg ! charge—discharge current density at 293 K.

absorption/desorption characteristics of different alloys. It

can be seen that the desorption plateau became flatter an@ 3. Charge/discharge characteristics

wider little by little with rise of annealing temperature, which

could be related with homogenization of alloy composition. Fig. 8shows the activation curves of different alloy elec-
From Table 2 it is obvious that the hysteresis factor was trodes, andable 3summarizes electrochemical performance
small and ranged between 0.187 and 0.332, that the plateawf different alloy electrodes. It can be found that all of the
slope decreased from 1.434 (as-cast) to 0.755 (1173 K) withalloy electrodes exhibited good activation properties; three
rise of annealing temperature. In addition, the hydrogen con-times of charge/discharge cycles were enough to activate
tent (H/M) also increased with rise of annealing temperature electrodes. The maximal discharge capacity increased from
and reached maximum (1.06 H/M) at 1173 K, which could 315.64 mAhg?! (as-cast) to 402.50 mAhg (1173 K) with

be attributed to the decrease of LaMg(Ni, @phase and  rise of annealing temperature, which may be due to the de-
(LaNi, Co) phase. It should be noticed that the hydrogen crease of LaMg(Ni, Ca)and La(Ni, Coy phase, LaMgNi
content between 1123 and 1173 K annealed alloy was verya|loy electrode exhibited low discharge capacity and poor

near, which means that hydrogen content of $Mgo s(Ni, cyclic stability[23].

Co); alloy is very similar to that of (La, Mg)(Ni, Ce) Fig. 9 shows the cyclic stability curves of different an-
alloy. nealed alloy electrodes. It can be found that cyclic stabil-
Table 2

Hydrogen absorption/desorption characteristics for different annealed alloys

Temperature (K) H/M P, (atm) Pq (atm) Hysteresis factor lodP4/Pq) Plateau slope
As-cast 0.85 0.101 0.053 0.280 1.434

1023 1.00 0.054 0.026 0.317 1.263

1073 1.01 0.020 0.013 0.187 1.048

1123 1.05 0.043 0.020 0.332 0.795

1173 1.06 0.027 0.015 0.255 0.755

P, is the pressure at midpoint of absorption hydrogen proégsis; the pressure at midpoint of desorption hydrogen process.
@ Plateau slope =log(x(H)/x(M) = 0.75P|x(H)/x(M) = 0.25).

Table 3

Summary of electrochemical performance for different annealed alloy electrodes at 293 K

Temperature (K) N Cmax (MAhg™) HRDgqo (%) Sr0 (%) lo (mAg™1) IL (mAg™1) D (x10 ¢cmPsl)
As-cast 2 315.64 68.73 69.8 143.08 1400 3.49

1023 2 374.60 73.62 66.5 181.59 1440 3.54

1073 3 380.84 71.98 67.7 176.45 1410 3.15

1123 2 401.78 61.03 717 211.46 1750 2.02

1173 3 402.50 87.72 92.9 226.87 2170 3.62
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Fig. 10. High rate dischargeability (HRD) curves of different annealed alloy
electrodes at 293 K.

Fig. 9. Cyclic stability curves of different annealed alloy electrodes with ] ) ) ) ]
300mA g! charge—discharge current density at 293 K. Co) phase in alloys increased with the rise of annealing tem-

perature. However, it was excited that HRypat 1173 K in-
ity was improved obviously from 69.8% (as-cast) to 92.9% creased to 87.72% suddenly, which could be attributed to the
(1173K) by annealing treatment, which could be attributed @PP€arance of main phase (La, M®i, Co);. The experi-
to the phase evolution in alloys. It should be noticed that the Ment result shows thatkinetic characteristic of (La, M),

cycle stability was improved dramatically at 1173 K. At the Coy phage is much better than that .of.(La, Mg)(Ni, €0)
same time, the main phase was; ki¥go s(Ni, Co); phase phase. It is known that HRD characteristic stands for overall

(92.9Wt.%) at 1173K. The experiment phenomenon indi- kinetic properties, HRD can be influenced mainly by pharge
cates that cyclic stability of (La, MgjNi, Co); phase is much _transfer on surface of alloy elfectrodes a_md _hydrogen dn_‘fu_5|on
better than that of (La, Mg)(Ni, Cg)phase. FronFig. 3, it in alloy bulk. Table 3summarized the k|net|q characteristics
can be concluded that decrease of LaMg(Ni Apjase abun- of alloy electro<_jes. Exchange c_urrent de.nsh@y ¢an be cal-
dance and increase of LaVigo s(Ni, Co); phase abundance ~ culated according to the following equatifsi4]:

are important factors to improve cycle stability of anneal- RTI4

ing alloy electrodes. It is well known that the degradation fo = —— 3)

of discharge capacity for alloy electrodes can be influenced K

mainly by two factors: surface passivation of alloy electrodes \whereRis the gas constari the absolute temperatutgthe
because of oxidation of active CompOSition and pulverization app“ed current densitf the Faraday constant amds the
of alloy particles due to cell volume expansion in hydro- total overpotential. It is known that exchange current density
gen absorption/desorption procgs In this paper, the latter (1) and limiting current densityl{) are the other parameters
seems to be more important to influence cyclic stability of al- to describe the kinetic characteristic of alloy electrodgs.
loy electrodes since all alloys contained the same componentcan be used to judge the speed of charge transfer on surface
elements. However, the only difference between different an- of alloy electrodesl, can be influenced by charge trans-
nealed alloys was the different phase structure. Therefore, thefer, hydrogen diffusion and passivation of active composi-
much better cyclic stability of (La, MgfNi, Co); alloy elec-  tjon. As shown iriTable 3 Ig increased from 143.08 mA g
trodes than that of (La, Mg)(Ni, Ceplloy electrodes may be  (as-cast) to 226.87 mAd (1173K) andl, increased from
originated from the crystal structure difference of alloys and 1400 mA g? (as-cast) to 2170 mAd (1173 K); however,
hydrides. An in-depth study is going on in our laboratory.  the order ofg andl, was reverse to that of HRD from 1023 K
to 1123 K, which indicate that hydrogen reaction on surface
3.4. Electrochemical kinetic characteristics of alloy electrodes was not the control process. At the same
time, alloy electrodes with main phase (La, M@i, Co);

Fig. 10 shows the high rate dischargeability curves of €xhibited the largest value &f andl, .
different alloy electrodes. It can be found that annealing  Fig. 11shows the semilograrithmic plots of anodic current
treatment improved the HRD characteristic from 68.73% Versus time responses of different alloy electrodes at full-
(HRDggo, as-cast) to 73.02% (HRjgy, 1023K). How- charged state and 293 K. Hydrogen diffusion coeffici@yt (
ever, with the annealing temperature rise further, QRD  Can be attained according to the following equaf®@i:
decreased gradually from 73.02% (1023K) to 61.03% 6 2
(1123K), which means that HRD characteristic of (La, |og() = Iog< FD(Co — CS)) — ( il ) <D>, (4)
Mg)(Ni, Co)s alloy electrode is not good since (La, Mg)(Ni, da? 2.303/) \a?
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osl Annealing treatment at high temperature could lead to
volatility of Mg element.

(2) With the rise of annealing temperature, hydrogen ab-
sorption/desorption plateau became flatter and wider.
The maximal discharge capacit€{ay) of alloy elec-
trodes increased from 315.64 mAhly (as-cast) to

1073K 473K 402.50 mAh g1 (1173 K). All of the alloy electrodes can

T s be activated easily by three charge/discharge cycles. High

rate dischargeability was deteriorated as (La, Mg)(Ni,

Co); phase increased, alloy electrode with main phase

- = (La, Mg)2(Ni, Co); exhibited the best HRD character-
a2l As-cast istic. Hydrogen reaction on alloy electrodes surface of

log (i) (i(Ag™))

0 1000 2000 3000 (La, Mg)(Ni, Co) alloy was not the control process of
Time (s) electrode reaction, hydrogen diffusion in alloy bulk was

a more important factor influencing kinetic characteris-
tics of alloy electrodes. In addition, alloy electrode with
main phase (La, Mg@]Ni, Co); exhibited largest value

of exchange current density, limiting current density and

Fig. 11. Semilogarithmic plots of anodic current vs. time responses of dif-
ferent alloy electrodes at full-charged state and 293 K.

whereD, Cg, Cs, &, d, t andi are the hydrogen diffusion co- hydrogen diffusion coefficient.

efficient (cn?s~1), the initial hydrogen concentration in the (3) Then a conclusion can be made that (La, M), Co)

bulk of the alloy (mol cnr3) the hydrogen concentration on alloy electrodes possess much better overall electro-
the surface of the alloy particles (mol cd), the alloy par- chemical properties than (La, Mg)(Ni, Goglloy elec-
ticle radius (cm), the density of the hydrogen storage alloy ~ trodes. (La, Mgi(Ni, Co)7 alloy with Ce;Ni7-type struc-

(g cm3), the discharge time (s) and the diffusion current den- tu_re is very potential as new type negative materials of
sity (Ag~1), respectively. So according to the slope of Ipg( Ni/MH secondary cell.

versust, D can be calculated. Value @ is also listed in
Table 3 it can be seen that the order@fvalue is consistent
with that of HRDygp value basically, which implies that hy-
drogen diffusion in alloy bulk is more important factor than This work was supported by the National Nature Science
hydrogen reaction on surface of alloy electrodes. Atthe samer,nqation of China (No. 50171021).

time, the alloy electrode with main phase (La, M@i, Co);

exhibited the best hydrogen diffusion characteristic, however,

the alloy with main phase (La, Mg)tliexhibited the small ~ References
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