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Abstract 

Lanthanum was added to cubic C15 type Zr(Cr,,4Ni,,,,) 2 to prepare Zr(Cr,,4Nio,)2La,,o~. Metallographical observation and 
microprobe analysis indicate that lanthanum does not dissolve in the Laves phase, but preferentially combines with nickel to 
form the LaNi phase which precipitates dispersively at the grain boundaries of the Laves phase together with ZrTNi,.. It is 
found by X-ray diffraction that the cell parameters of the Laves phase before and after adding lanthanum are the same. 
However. Zr(Cro4Nio,,)~La,,x, , shows much better activation behaviour than Zr(Cr,~aNic~,) 2, both in solid-H 2 reaction and 
alkaline electrolyte, which is believed to result from the presence of the LaNi phase. 
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1. Introduction 

Zr-based Laves phase alloys are among the most 
promising materials for hydrogen energy applications, 
such as hydrogen storage, heat pumps and metal 
hydride batteries. However,  in electrochemical appli- 
cations t hey show a very poor  activation behaviour in 
alkaline electrolyte if exposure to air occurs during the 
preparat:.on of electrodes [1-3]. The reason for this 
has been attributed to the oxidation of elements and 
the formation of dense oxide layers on the surface of 
the powder,  which prohibits the diffusion of hydrogen 
atom into the bulk. Therefore,  many preliminary 
charge-discharge cycles are needed for activation. On 
the contrary, Sawa et al. [4] reported that the activa- 
tion of Z r - T i - V  alloy electrodes was improved by an 
oxidation treatment,  namely by annealing the elec- 
trode under low oxygen pressure (20-100 mmHg)  at a 
temperalure  of 250-300°C. Furthermore,  by means of 
X-ray photoelectron spectroscopy (XPS), Wang et al. 
[2] observed that such treatment resulted in the 
segregation of zirconium and titanium on the surface, 
while metallic nickel and vanadium precipitated in the 
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subsurface. This Ni-rich subsurface probably acts as an 
electrocatalyst and makes activation easier. From the 
above results, we believe that the activation behaviour 
of Zr-based Laves phase alloys is predominantly 
determined by the nature of their surface. Besides 
oxidation treatment, other surface treatments such as 
anodic treatment [1] and immersion in K O H or HF 
solution [3] were also found to modify the activation 
of Zr-based Laves phase alloy electrodes. 

Recently, following the easy activation of La-based 
electrodes, Lee and coworker [5] observed that the 
activation of ZrCrNi electrode was greatly improved 
by adding light rare earth elements. It is well known 
that Laves phase often adopt two types of structure 
the hexagonal C14 (MgZn2) type or the cubic C15 
(MgCu 2) type. In the case of ZrCrNi the Laves phase 
exists as hexagonal C14 structure, but whether the 
addition of lanthanum would have the same positive 
effect on the Zr-based Laves phase alloy with cubic 
C15 structure is still unknown. Moreover,  the metal- 
lurgical state of lanthanum in the Z r - C r - N i  system 
has not been clearly identified so far. 

In the present work, the metallurgical state of 
lanthanum in Zr(Cr0xNi0.6) 2 is examined, and its 
effects on the activation behaviour investigated in 
sol id-H 2 reaction as well as in alkaline electrolyte. 
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2. Experimental procedures 

2.1. Preparation ~[ alloys 

- 0 . 6 V  with respect to a Hg/HgO,  6M KOH refer- 
ence electrode. 

Zr(Cro.4Nio.~,)2 with cubic C15 Laves phase was 
chosen as the parent alloy due to its well known 
hydrogenation properties from previous studies [6,7], 
and a small quantity of lanthanum was added to 
prepare Zr(Cr~.4Ni0(,)2La005. These two alloys were 
synthesized from component elements with 99.9% 
purity by induction-melting in a water cooled copper 
crucible under argon atmosphere. Each sample was 
remelted five times to ensure homogeneity without 
any further heat treatment. 

The metallurgical states were checked by metallo- 
graphical observation and microprobe analysis. X-ray 
diffraction (XRD) experiments were performed on a 
Phillips PWl710 diffractometer using Cu Kc~ radiation, 
and the diffraction patterns were refined to obtain 
structural parameters using the FULLPROF program [8] 
based on the Rietveld method. 

2.2. Activation behaviour in solid-H~ reaction 

Samples were mechanically crushed into particles of 
less than 36~zm in air, and then put into hydro- 
genation reactors which were maintained at 25 °C 
throughout the experiments. After they had been 
outgassed, hydrogen was introduced into the reactors 
up to a pressure of 20 bar. The decrease in hydrogen 
pressure with time was recorded, and the absorbed 
hydrogen capacity of the alloy was subsequently calcu- 
lated by the volumetric method. The relation between 
absorbed hydrogen capacity and time was used to 
compare the activation behaviour of Zr(Cro.4Ni~.~,) 2 
and Zr(Cro4Ni,6)2La~.o s in sol id-H 2 reaction. Sub- 
sequently the pressure-composition (P -C)  isotherm 
was measured in the same apparatus. 

3. Results 

3.1. Metallographical observation 

Zr(Cro.4Ni0.6)2La0.05 was found to easily form holes 
on the polishing surface (see Fig. 1); using the same 
procedures for preparing metallographical samples no 
hole was observed on the surface of Zr(Cr,.4Ni0.~,)2. 
Fig. l also indicates that there is a second phase which 
precipitates dispersively in the matrix after addition of 
lanthanum. This second phase was subsequently iden- 
tified by microprobe analysis as LaNi. 

After etching with 3% HF solution, both 
Zr(Cr,~4Ni~,)2 and Zr(Cr04Ni¢~,)2Lao.05 showed the 
same metallographical features, see Figs. 2(a) and 
2(b). The white areas in Figs. 2(a) and 2(b) belong to 
the Laves phase, and the black one which distributes 
between the grain boundaries of the Laves phase is 
attributed to the second phase. 

3.2. Microprobe analysis and XRD 

Microprobe analysis and XRD were employed 
to determine the metallurgical phases and their 
cell parameters in Zr(Cro 4Nio ~)2 and 
Zr( Cr~.4 Ni o ~, ) 2 Lao o~. 

For both alloys, microprobe analysis shows that the 
major phase is the Laves phase with a few of 
chromium segregation in its centre. The second phase 
which corresponds to the black area in Fig. 2(a) is 
Zr7Nilo, as already reported in Ref. [6]. However, 
comparing with Zr(Cro4Ni0,) 2, the black area of 

2.3. Activation behaviour in alkaline electrolyte 

The dependence of electrochemical capacity on 
charging-discharging cycles was determined in order 
to compare the effect of lanthanum on the activation 
of Zr(Cro4Ni0,,) 2 in alkaline electrolyte. The elec- 
trodes were prepared by mixing the crushed samples 
with nickel powder and polytetrafluoethylene in am- 
monia solution in a weight ratio of 25:70:5 and then 
cold pressed onto a nickel grid current collector. The 
electrochemical cell was built by sandwiching the 
metal hydride between two NiOOH/Ni(OH)2 counter 
electrodes. The electrodes were galvanostatically 
charged at 4 0 m A g  ~ and then discharged at 
5 0 m A g  ~ in a 6M KOH solution at ambient tem- 
perature. The discharging cut-off potential was fixed at 

Fig. 1. Metallographic pho tograph  of Zr(Cr,  4Ni~ ~ ) ,La , ~, no etch- 
ing. 
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It is interesting to note that Tables 1 and 2 that 
lanthanum does not dissolve into the Laves phase, and 
the cell parameters of the Laves phase in the two 
alloys are the same. 

3.3. Activation behaviour in sol id-H,  reaction 

The relation between the absorbed hydrogen capaci- 
ty and time in the sol id-H,  reaction for 
Zr(Cro.~Nio6) 2 and Zr(Cro4Nio~,)2Laoo5 is shown in 
Fig. 3. It indicates that Zr(Cr ,  aNio ~,) 2 does not absorb 
hydrogen when the reaction time is less than 6 h, and 
takes about 88h to be well activated; while 
Zr(Cr~4Nio.6)2Laoos takes only about 0.66 h (40 min) 
to appreciably absorb hydrogen under the same con- 
ditions. Therefore it can be concluded that hydrogen 
absorption is greatly enhanced by the addition of 
lanthanum to cubic Zr(Cr0aNio~,)~. 

Fig. 2. Metallographic features after etching: (a) Zr(Cr ,  aNi,,,,)2, (b) 
Zr(Cr~ 4Nio ~),La,, ,>. 

Zr(Cro.4Nio.¢,)2Lao.o5 in Fig. 2(b) is ZrTNiu~ and LaNi. 
Moreover, XRD reveals that the Laves phase of the 
two alloys has the cubic C15 structure. These final 
results are summarized in Tables 1 and 2. 

3.4. Comparison qf  P - C  isotherms 

The hydrogen absorption isotherms before and after 
addition of lanthanum at 25 °C are compared in Fig. 4. 
It shows that the two curves exhibit a similar tendency 
with no significant difference, and the maximum ca- 
pacities at 10 bar are almost the same. In Fig. 4 the 
curve of Zr(Cro 4Nio.6) 2 taken from our previous work 
[7] indicates a slightly higher pressure than that of 
Zr(Cro.4Nio,,)2Lao.os, which may be caused by the 
higher nickel content (39.1(7) at.%) in the Laves 
phase due to annealing at 1000 °C for one month. 

3.,5. Activation behaviour in alkaline electrolyte 

The dependence of discharge capacities on charg- 
ing-discharging cycles is shown in Fig. 5. It can be 
seen that the discharge capacity of Zr(Cro4Nio.,) 2 
increases slowly with the increment of cycles, and the 
discharge capacity is less than 100 mA h g ~ even after 
10 cycles. However, the initial discharge capacity of 
Zr(Cr~,4Nioo)~La~o 5 reaches 2 3 0 m A g  l which is 

] 'able 1 
Characterislics of Zr(Cr~)4Ni~,,,)j 

Phase Average composition (at.%) 

Zr  Cr Ni 

Structure type Cell parameters (A) 

Laves phase 30.5(4.0) 40.l(6.1 ) 29.4(3.8) 
ZrTNi ~,, 40.2(2.8) 3.6( 1.1 ) 56.2(1.3) 

Cr ~' 1.2(0.9) 96.2(2.0) 2.6(1.3) 

Cubic C15 a 7.059(1) 
Orthorhombic a 9.212(1) 

b - 9.175(1) 
c - 12.353(2) 

" No diffraction peak appears in XRD pattern due to its limited quantity. 
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Table 2 
Characteristics of Zr(Cr. 4Ni~ 6):Lao o ~ 

Phase Average composition (at.%) Structure type 

Zr Cr Ni La 

Cell parameters (A) 

Laves phase 31.5(4.7) 36.3(7.2) 32.2(6.7) 0.0(0.1) Cubic C15 
ZrTNi ~,~ 38.6(2.2) 4.0(1.6) 55.1 (1.3) 2 .3(0.4)  Orthorhombic 

LaNi" 4.4(0.8) 2.0((I.8) 47.4(3.6) 48.3(4.2) 
Cr ~' 0.0(0. l ) 99.3(0.2) 0.7((1.6) 0.0(0.1 ) 

a = 7.058(1) 
a = 9.220(8) 
b = 9.206(8) 
c - 12.318(7) 

~' No diffraction peak appears in XRD pattern due to its limited quantity. 
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Fig. 3, The relation between absorbed hydrogen capacity and time: 
z~, Zr(Cr~.4Ni.~):: O, Zr(Cr ~Ni~,),La ~. 
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Fig. 4. P C curves before and after addition of lanthanum at 25°C: 
G, Zr(Cr,, 4Nio ,,)~ [8]: O, Zr(Cr ~4Nio c,)~La..~. 

nearly close to the measured  m a x i m um  value; that  is, 
no need  of  pre l iminary charg ing-d i scharg ing  cycles for 
its activation. 
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Fig. 5. Dependence of discharge capacities on charging-discharging 
cycles: A. Zr(Cr,,~Ni. ,)~; Q, Zr(Cr,~4N o~)~Laoo~. 

4. Di scuss ion  

After  etching with 3% H F  solution, both 
Zr(Cro4Ni0~)  2 and Zr(Cr04Ni..~)2La005 show similar 
metal lographical  features,  as shown in Fig. 2. Micro- 
p robe  analysis and X R D  reveal that  the major  phase 
in the two alloys in the cubic C15 Laves phases, and 
some ch romium segregating in the centre of  the Laves 
phase possibly occurs during cooling f rom melting. 
The  second phase which is distr ibuted be tween the 
grain boundar ies  of  the Laves phase is ZrTNiu~; but 
compar ing  with Zr(Cr04Ni0~)  > a new additional 
phase, LaNi, appears  with Zr7Ni~. in 
Z r (Cra4Nio6)2La .  os. Because lan thanum does not 
dissolve into the Laves phase as shown in Table 2, it 
does not  change the cell pa rameters  of  the Laves 
phase, which is in ag reement  with the refined data 
f rom X R D  using the FULLPROF program.  

The  poore r  activation of  Zr(Cr0.4Ni..~,)2 shown in 
sol id-H~ react ion and alkaline electrolyte can reason-  
ably be at t r ibuted to the oxidat ion of  zirconium, 
ch romium and the surface oxide layers fo rmed in air 
[9,10]. However ,  Zr(Cro.4Nio~)2Laoo5 shows much  
bet ter  activation behaviour  than Zr(Cro4Ni,~,)  2. A1- 
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though Zr7Ni~o was also reported to have a good 
electrocatalytic effect on the activation of Zr-based 
Laves phase alloys [7], this positive effect is not 
observed in the present study of Zr(Cro4Nio6) 2 be- 
cause there is not sufficient ZrvNiH~ present as the 
second phase, see Fig. 5. Therefore, the addition of 
lanthanum to Zr(Cro4Nio~,)2 with cubic C15 Laves 
phase is 3elieved to improve the activation behaviour 
in the alkaline electrolyte, just as in the case of ZrCrNi 
with hexagonal C14 Laves phase structure [5]. Consid- 
ering the results of microprobe analysis, we are sure 
that this improvement results from the appearance of 
the LaNi phase after addition of lanthanum. This is 
because not only can LaNi readily absorb large 
amounts of hydrogen at room temperature [11], but 
lanthanum oxide formed in air would also make the 
activation process easier [9]. Therefore, the existence 
of LaNi ~s a second phase in Zr(Cr0.4Ni~.~)2La0.05 may 
be regarded as "active sites", which allow hydrogen 
atoms to penetrate easily through the oxide layers and 
make the activation of the alloy faster. This is proba- 
bly the reason for the different activation behaviour 
shown by Zr(Cro4Nio~)2 and Zr(Cro4Nio~)2Lao.05. 

5. Conclusions 

Within the range of present study it is found that 
lanthanum does not dissolve into the Laves phase of 
Zr(Cro4Ni06)2 but will preferentially combine with 
nickel to form LaNi which precipitates dispersively 
between the grain boundaries of the Laves phase 
together with Zr7Ni~o. Owing to the zero solubility of 
lanthanum, the cell parameters of the Laves phase in 
Zr(Cro 4Nio ~)2 and Zr(Cro 4Nio ~)2Lao.05 are the same. 

In comparison, Zr(Cro.4Nio.~)zLaoo5 shows much 
better activation behaviour than Zr(Cro4Ni0.6)2, both 
in solid-H 2 reactions and in alkaline electrolyte. This 
is believed to result from the presence of the LaNi 
phase after addition of lanthanum. In addition, our 
further experiments have confirmed the same positive 
effect of lanthanum on other kinds of Zr-based Laves 
phase alloy with cubic C15 structure. Therefore it can 
be concluded that the addition of lanthanum will 
improve the activation behaviour of Zr-based Laves 
phase alloys with cubic C15 structure. 
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