
 

Double-phase hydride forming compounds : a new class of
highly electrocatalytic materials
Citation for published version (APA):
Notten, P. H. L., & Hokkeling, P. (1991). Double-phase hydride forming compounds : a new class of highly
electrocatalytic materials. Journal of the Electrochemical Society, 138(7), 1877-1885.
https://doi.org/10.1149/1.2085893

DOI:
10.1149/1.2085893

Document status and date:
Published: 01/01/1991

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023

https://doi.org/10.1149/1.2085893
https://doi.org/10.1149/1.2085893
https://research.tue.nl/en/publications/7a072694-d71c-4ccf-ad55-45b45cb08b5b


J. Electrochem. Soc., Vol. 138, No. 7, July 1991 �9 The Electrochemical Society, Inc. 1877 

17. R. Barnard, C. F. Randell, and F. L. Tye, J. Appl. Elec- 
trochem., 11, 517 (1981). 

18. G. Davolio and E. Soragni, Electrochim. Acta, 28, 335 
(1985). 

19. D. L. Britton, in "Nickel Hydroxide Electrodes," D. A. 
Corrigan and A. H. Zimmerman,  Editors, PV 90-4, 
p. 233, The Electrochemical Society Softbound Pro- 
ceedings Series, Pennington,  New Jersey (1990). 

Double-Phase Hydride Forming Compounds: A New Class of 
Highly Electrocatalytic Materials 

P. H . / .  Notten and P. Hokkeling 

Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 

ABSTRACT 

A new class of materials is proposed to improve the electrocatalytic activity of hydride forming intermetallic com- 
pounds of the ABs-type without making use of highly electrocatalytic precious metals like Pd or Pt. These materials, de- 
noted as ABe.5, consist of two different crystallographic phases: the bulk phase, still responsible for hydrogen storage, is 
formed by the corrosion-resistant mul t icomponent  "standard alloy" based on LaNis; and a second phase, homogeneously 
decorating the surface of the bulk-phase particles, provides for the extremely fast electrochemical hydrogen reaction. The 
composition of the second-phase alloy is such that synergism in the electrocatalysis occurs. A simple metallurgical 
method of producing double-phase materials is described. Various analytical techniques such as EPMA and x-ray diffrac- 
tion are employed to characterize the solids produced. It is shown that the kinetics of the charge-transfer reaction can be 
characterized electrochemically by the overall exchange current. In  accordance with the Brewer-Engel theory, MoCo3 pre- 
cipitates are found to be highly electrocatalytic, which is reflected in an increase of the overall exchange current from 
190 mA.  g-1 for the single-phase AB5 compound to 588 mA.  g-L As a consequence very high discharge efficiencies are ac- 
complished with these MoCo3-based powder electrodes, even under  extreme conditions: at 0~ the efficiency is improved 
from 34 to 90%. 

The absorption of large amounts  of hydrogen gas by bi- 
nary intermetallic compounds was first observed on 
SmCo5 by Zijlstra and Westendorp about two decades ago 
(1). Since then, other intermetallic compounds such as 
LaNis, generally denoted as AB5 compounds, were also 
found to absorb and release hydrogen gas in large quanti- 
ties (2-4). Similarly, electrolytically made hydrogen can be 
stored in electrodes made of these materials. The reverse 
reaction, i.e., the oxidation of atomic hydrogen, is also pos- 
sible. This reversible behavior in combination with the 
large storage capacity makes these electrodes, in principle, 
very attractive as negative electrodes in a new generation 
of rechargeable batteries (5, 6). In  particular the nontoxic 
properties of the chemical elements from which these hy- 
dride forming materials are composed are a great environ- 
mental  advantage in comparison with cadmium, now- 
adays commonly employed as negative electrode material 
in secondary Ni/Cd cells. 

The corrosion stability (S) of the above-mentioned bi- 
nary compounds in contact with aqueous solutions is, 
however, rather poor. For example, when a LaNi5 elec- 
trode is successively charged and discharged 400 times, 
more than 80% of the hydride forming material has be- 
come inactive. The stability after this cycle number  [S(400)] 
has been expressed in terms of a capacity ratio according 
to 

Ct(400) 
S(400)-  • 100% [1] 

Ct(0) 

where Ct(0) and Ct(400) represent the initial total storage 
capacity, determined from extrapolation to the zeroth 
cycle, and the remaining total storage capacity after 400 cy- 
cles, respectively (7). A value of 12% for S(400) was meas- 
ured on LaNi5 electrodes. Willems et al. (7, 8) have shown 
by x-ray diffraction analyses and electron microscopy that 
corrosion products such as La(OH)3 are increasingly 
formed during prolonged cycling. They also showed that 
the stability of LaNi5 can be significantly improved when 
part of the Ni and/or La in the solid is replaced by other 
elements. The reported Ni-substituted ternary systems are 
listed in Table I. A further improvement  was achieved by 
the addition of small amounts  of either Si or A1. The results 

of the Si-based quaternary systems are also listed in this 
table. The increase of the corrosion stability up to 96% with 
decreasing Ni content was attributed to a reduction of the 
crystal lattice expansion during hydrogen cycling (7, 8). 

Though essential, the corrosion resistivity is not the only 
aspect which has to be taken into account with regard to 
the good functioning of hydride forming electrodes. Other 
important  properties are, for example, the initial storage 
capacity, the attainable charge and discharge rate, and the 
rate at which freshly prepared electrodes can be activated. 
It was found that these important  electrode characteristics 
also strongly depend on the composition of the interme- 
tallic compound (7-9). On the basis of the above considera- 
tions it was concluded that a pentary AB5 system with 
composition La0.sNd0.2Ni2.sCo2.4Si0.1 (see Table I) was most 
suitable for the application in rechargeable batteries (7, 8). 
In  this work we will therefore consider this single-phase 
compound as "the standard alloy." 

A disadvantage of the substi tuted materials is, however, 
that this simultaneously results in a substantial decrease 
of the kinetics of the electrochemical hydrogen reaction. 
In  recent work we have shown that the catalytic activity 
can be restored by replacing small amounts  of Co by more 
electrocatalytic elements such as Pd or Pt (9). A simple ad- 
ditional model was shown to be valid which takes the elec- 
trocatalytic activity of the individual elements into ac- 
count. One important  drawback of this procedure is that 

Table I. The corrosion stability [5(400)] of various multicomponent 
hydride forming ABs systems [from Ref. (7)]. 

S(400) 
AB~ compound (%) 

Binary system 
Ternary systems 

Quaternary systems 

Pentary system (standard alloy) 

LaNi5 12 
LaNi4Col 25 
LaNi3C02 30 
LaNi2.sCo2.5 45 
LaNi2Co3 61 
LaNi4ColSi0.1 33 
LaNi3Co2Si0.1 65 
LaNi2.5Co2.sSi0.1 81 
LaNi2Co3Si0.1 96 
Lao.sNdo.2Ni2.sC 02.4Sio. 1 86 
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by solidifying a homogeneous melt the precious metals are 
distributed throughout the solid, whereas the metals as- 
sert their advantageous influence at the surface of the pow- 
dered solid only. 

Another elegant approach was adopted by Jak~id and 
co-workers (10-13). They have extensively described that 
the kinetics of the hydrogen evolution reaction can also be 
remarkably improved when the appropriate combinations 
of transition metals are employed. Referring to the 
Brewer-Engel valence bond theory they pointed out that 
so-called synergistic effects in the electrocatalysis might 
be theoretically expected when transition metals having 
vacant d-orbitals are alloyed with metals having internally 
paired d-electrons. As a result of the interaction of both 
metals an opt imum electron configuration for the hydro- 
gen reaction to occur can  be adjusted which exceeds the 
electrocatalytic activity of the individual elements and, in 
some cases, might even exceed that of precious metals. It 
was argued that binary compounds such as MoCo3, MoNi3, 
and WNi3 are the most promising alloys (11-13). After gal- 
vanic codeposition of small amounts of Mo and Co onto 
various substrates, La~njevac et aI. (10, 12) indeed found in 
their experiments that the overpotentials for the hydrogen 
evolution reaction were dramatically reduced over the en- 
tire current density range and were even lower than those 
found at Pt  electrodes. Synergistic effects were also re- 
ported for binary alloys of nickel and cobalt (14). 

The aim of the work described in this paper was to im- 
prove the kinetics of the electrochemical hydrogen reac- 
tion at the substituted AB5 alloys, in particular the corro- 
sion-resistant standard alloy (see Table I), by making use 
of the reported "synergistic compounds." Since these 
compounds only need to be available at the surface of the 
hydride forming powder, i n  s i t u  galvanic codeposition 
also seems to be attractive'in the present case. However, as 
a homogeneous distribution of the highly catalytic precipi- 
tates over the entire powder surface is far more difficult to 
achieve with porous electrode systems than on flat sur- 
faces we adopted a different, but  even simpler, approach. 
We tried to modify the composition of the melt in such a 
way that during the solidification process a double-phase 
system is formed which consists of the hydride forming 
standard alloy and a second catalytic phase, decorating the 
powder surface. In  the following Theoretical section we 
will show how this can easily be achieved. 

The kinetics of the electrochemical hydrogen reaction 
are generally characterized by the exchange current den- 
sity (15-17). In order to judge the electrocatalytic activity of 
the various intermetallic compounds we similarly deter- 
mined this parameter. The processes occurring at the dou- 
ble-phase electrodes are also considered in the Theoretical 
section together with the factors affecting the exchange 
current. 

Two different systems, both based on the standard alloy 
as hydride forming compound, were investigated. The sec- 
ond phase was formed either by aNi/Co alloy or a Mo/Co 
alloy. Preceding the electrochemical measurements on 
powder electrodes, i.e., determination of the exchange cur- 
rent, discharge efficiency at low temperature and cycle 
life, the phase distribution, and their composition in the 
solid samples were analyzed both qualitatively and quanti- 
tatively using optical microscopy, scanning electron mi- 
croscopy in combination with electron probe microanaly- 
sis, and x-ray diffraction. 

Theoretical Considerations 
On the basis of the well-known phase diagram of the 

La/Ni system, which is partly shown in Fig. 1, we will dem- 
onstrate how in principle double-phase structured solids 
can be formed during the solidification process. It was 
shown by Buschow et al. (18) that a relatively large homo- 
geneity region exists for the LaNi5 compound. Thus single- 
phase ABs-related solids are obtained when the Ni content  
ranges from 4.8 to 5.4 (see shaded region in Fig. 1). When a 
homogeneous melt with higher Ni content (>5.4) is cooled 
down, the initially formed AB5 compound is in contact 
with a Ni-enriched liquid. Approaching the eutectic tem- 
perature (Te) the grown AB5 crystaltites are in equil ibrium 
with the surrounding liquid having the eutectic compost- 

f ~ LaNis ~ ~ ~ (AB5) 
_J J . J  

1500 

5O 

Te 

1000 

500 
50 60 70 80 90 100 

at. % Ni 

Fig. 1. Phase diagram of the Ni-rich part of the binary La/Ni system. 
The homogeneity region of LaNi s is indicated (lightly shaded). T e rep- 
resents the eutectic temperature. From Ref. (18). 

tion. A further temperature decrease completes the solidi- 
fication process and ultimately results in AB5 crystallites 
which are decorated with pure Ni precipitates at the grain 
boundaries. Obviously, with regard to the hydrogen stor- 
age capacity it is desirable that the ratio between the 
amount  of hydride forming AB5 compound and that of the 
precipitates should be as large as possible. We therefore 
suggest the use of an overall melt composition of ABs.5, a 
composition just  outside the homogeneity region. Al- 
though the phase diagrams for more complicated systems 
are unknown,  we employed this principle in the present 
study to decorate the standard alloy crystallites with a sec- 
ond, highly electrocatalytic, phase. Which alloy composi- 
tion will be formed from the mult icomponent  containing 
melt depends, of course, on the thermodynamic stability 
of the second phase. Advantageously, it was argued that 
there exists a direct correlation between the thermody- 
namic stability of these alloys and their electrocatalytic ac- 
tivity, which would imply that "formation of the desired 
alloy may be expected (13). Furthermore, it is well known 
that grain boundaries are, in general, the weak pathways 
within a solid. It seems therefore likely that when the as- 
produced double-phase solids are pulverized, either by hy- 
drogen gas absorption or by mechanical grinding, the pre- 
cipitates are located at the exterior of the powder particles. 

A schematic representation of an electrode composed of 
a double-phase ABs.~ powder in contact with an alkaline 
solution is shown in Fig. 2. The hydride forming AB5 com- 
pound is denoted as phase I, whereas the second syner- 
gistic compound (lightly shaded) is indicated by phase II. 
For simplicity it is aasumed that the porous electrode con- 
sists of spherical particles. Furthermore, it is assumed that 
all particles make contact with neighboring particles, so 
that the electrical resistance within the electrode is negligi- 
bly low and, consequently, electron transport can undis- 
turbedly proceed. The various processes which must  be 
considered during the electrochemical hydrogen reaction 
are also indicated in Fig. 2. When we restrict ourselves, for 
the moment,  to processes occurring at phase I, the follow- 
ing steps can be successively distinguished during the re- 
duction reaction 

1. The supply of reactants by means of (convective) dif- 
fusion from the bulk of the electrolyte to the solid/solution 
interface I, indicated by the subscripts (b) and s(I), respec- 
tively 

I"]20b ~- H20~(,~ [2] 

2. The charge-transfer reaction occurring at the inter- 
face, which can be represented in alkaline solution by 
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k~ 
H2Os(I) + e- ~ H~da) + OH~) [3] 

k~ 

where kc and/ca are the reaction rate constants for the re- 
duction and oxidation reaction, respectively. As a result of 
the reduction reaction, atomic hydrogen (H~d) is chemi- 
cally adsorbed on the surface of phase I. 

3. The removal of the electrochemically formed reaction 
products from the interface by means of diffusion. This in- 
cludes the absorption of the adsorbed hydrogen by the 
AB5 compound (H~b~) through which a hydride is formed 

kl 
Had(1) ~<~- Habs [4] 

k2 

and transport  of OH- into the bulk of the electrolyte 

OH~I ~ ~ OH~ [5] 

4. Depending on the hydrogen concentration in the solid 
either an a phase or a ~ hydride phase in equil ibrium with 
the ~ phase is formed (3) 

Habs(c0 ~ Habs(~) [6] 

5. Finally, recombination of two H~d atoms has to be 
taken into account. This leads to the formation of H2 which 
is released from the surface as a gas 

2Had(I) -o H2 I' [7] 

Whether this side-reaction (Eq. [7]) takes place after the ab- 
sorption process (Eq. [4]) is completed or both reactions 
occur simultaneously, depends on the thermodynamic 
properties of the hydride forming intermetallic compound 
(7). 

Evidently, the reverse reactions take place with the ex- 
ception of Eq. [7], when the oxidation reaction is con- 
sidered instead of the reduction process. In  order to re- 
duce the complexity of characterizing the kinetics of the 

hydride forming reaction we consider, for the moment,  
only the a phase. Furthermore, the hydrogen evolution re- 
action can be easily avoided under  certain conditions. We 
will come back to this point in the Experimental  section. 
The reactions represented by Eq. [6] and [7] are therefore 
omitted in the following mathematical derivation. 

For a one-electron transfer reaction like that given by 
Eq. [3] the kinetics of the partial oxidation and partial re- 
duction reaction can be represented by 

~ a F E ~  
I a  = F A k a O = a ~ ) H  - " exp [ R T  J [8] 

and 

-(1 - ~_)FE~ 
Ic = - F A k e ( 1  - O)a~2 o �9 exp - R T  J [9] 

where F is the Faraday constant; the surface coverage 0 is a 
measure for the amount  of the chemically adsorbed hydro- 
gen: aoH- and as2o are the activities of the indicated elec- 
troactive species at the solid/solution interface; x, y, and z 
are the reaction orders of H~d, OH-, and H~O, respectively; 
a is the charge-transfer coefficient, in general, a constant 
having a value between 0 and 1; R is the gas constant; T is 
the absolute temperature, and E is the electrode potential. 
As in the case of the electrode charge capacity, it is more 
relevant for energy storage applications to refer to currents 
normalized per uni t  of weight instead of current densities. 
The specific surface of the powder electrode, A (cm 2 �9 g-~), 
was therefore introduced in Eq. [8] and [9] and both the 
partial anodic (I~) and cathodic (Ic) currents are then ex- 
pressed in mA - g-L The exchange current Io is defined at 
the equil ibrium potential, Ee, where the external current is 
zero, i.e., when I, is equal to -I~. From Eq. [8] and [9] it fol- 
lows that under  this condition Io can be represented by 

[ aFE~ 
I o = r A k a O X a ~ ) H  - -exp [--~-; [10] 

Solid 

AB5.5 compound 

I I  

Electrolyte 

6M KOH in H20 

~ e - ~ ,  / ~. ' [  Had H20 
H abs 

.~. OH- 

i 
i 

-~ H2~ 

Fig. 2. Configuration of o double-phase ABs.s powder electrode in 
contact with an electrolyte of 6M KOH in water. The double-phase 
solid consists of a hydride forming intermetallic phase I of the ABs type 
and of a highly electrocatalytic phase II (lightly shaded) decorating the 
exterior of the powder surface, which provides for a fast electrochemi- 
cal charge-transfer reaction. The various processes described in the 
text are indicated. 

= F A k e ( 1  0) a~2 o �9 exp . . . .  [11] 

An expression for E~ can be obtained from Eq. [10] and [11] 

R T  In ~kc(1 - O)a~2o ~ 
E e -~ ~ - .  [ ~-a~-a-~H - -j [12] 

Eliminating Ee in Eq. [10], using Eq. [12], ultimately leads to 
a general expression for Io according to 

Io = FAk~-~)k~O=(1-~)(1 - 0)~aS(~:~)a~o [13] 

Similar concentrat ion-dependent  expressions for simple 
charge-transfer reactions were reported by Erdey-Grfiz 
[page 53 of (19)] and Yayama et  al.  (20). They did not con- 
sider, however, the influence of electrode b lockingon Io by 
chemically adsorbed species involved in the electrochemi- 
cal reaction. It is evident that in contrast to the Had activity, 
the H20 and OH- activities at the interface hardly change 
during the charge-transfer reaction as very strong alkaline 
(KOH) solutions are used in the present study. These sur- 
face concentrations remain equal to their bulk concentra- 
tions and, for a given electrolyte composition, can there- 
fore be regarded as a constant. When, in addition, the 
reaction rate constants are combined, Eq. [13] can be sim- 
plified to 

Io = KAkO~I-~)(1 - 0) ~ [14] 

where K = Fa~(~--~)a~Z2o and the combined rate constant k is 
given by k(~-~)k~. From the potential- independent relation 
of Eq. [14] it is obvious that Io depends not only on the 
specific surface area and the reaction rate constant but  also 
on the surface coverage by atomic hydrogen. 

According to Eq. [4] a chemical equil ibrium exists be- 
tween the hydrogen stored in the solid and that adsorbed 
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on the electrode interface under  the equil ibrium condi- 
tions where Io is defined. Assuming first-order kinetics for 
both the adsorption and desorption reaction and assuming 
that hydrogen adsorption takes place at discrete sites and 
that lateral interaction between the adsorbed species is ab- 
sent, using the reaction rate constants given in Eq. [4], the 
relation between Had and Habs is of the following form 

- [15] 
[Habs] + kl/k2 

This equation is very similar to the Langmuir  adsorption 
isotherm [page 155 of (21)]. Obviously, the amount  of ad- 
sorbed hydrogen which is expressed by 0 depends on the 
rate constants for the absorption process. This shows that 
the kinetics of the charge-transfer reaction which is repre- 
sented by Io in Eq. [14], is related to the kinetics of the hy- 
dride forming process. Furthermore, Eq. [15] reveals that 0 
depends on the concentration of hydrogen within the 
solid. Although it is not definitely clear whether the above 
assumptions, and thus the above relationship is operative, 
other adsorption isotherms might be more successfully ap- 
plied (21); they all show, however, a concentration depend- 
ence of 0. In  order to eliminate this influence on Io the hy- 
drogen content  stored in the AB5 compound must  be kept 
at a constant value in the experiments. 

So far, the characterization of the kinetics was restricted 
to the hydride forming phase I. An equation similar to 
Eq. [14] can also be applied for phase II. Assuming that 
both phases do not influence each other, it is evident that 
both compounds contribute to the overall electrocatalytic 
activity of the double-phase material and consequently to 
the overall exchange current. A simple additional model 
leads to the following relationship for Io 

Io = KIAIkIO~(1-">(1 - 0 i )  a q- KnAnkiiO~l-~')(1 - 0II)  a [16] 

where the subscripts I and II refer to the two phases con- 
sidered above (see Fig. 2). It should be noted that the 
values for the constants x and a might be different for the 
two crystallographic phases. Clearly, the overall Io de- 
pends on the relative magnitude of the surface areas of 
both phases and on their electrocatalytic activities. 

It should be emphasized that when the hydrogen con- 
tent within the solid is increased the [~ modification of the 
phase I compound is formed having its own characteristic 
rate constants. In  that case a third additional term, taking 
this ~ phase into account, has to be added to Eq. [16]. Here- 
with it is assumed that the crystallographic-phase transi- 
tion (Eq. [6]) is not rate determining. It has long been rec- 
ognized that the ~ phase is in equil ibrium with the a phase 
in a broad ~ to ~ conversion region which is characteristic 
for AB5 hydride-forming materials (3). When the amount  of 
absorbed hydrogen in the solid is increased in this conver- 
sion region the concentration of hydrogen in each phase 
remains essentially, constant. This implies that under  equi- 
l ibrium conditions when both the ~ and ~ phase are pres- 
ent at the electrode surface the corresponding thetas 
should remain constant as well. What is actually changing 
is the relative amounts  of each hydride phase. As a conse- 
quence, the relative magnitude of the surface areas of both 
hydride phases determines the phase I contribution to Io in 
this conversion region, It has been argued that the surface 
composition under  nonequi l ibr ium conditions is depend- 
ent on whether the electrode is charged or discharged: 
during charging the electrode surface consists mainly of 
the ~ phase while it consists mainly of the ~ phase during 
discharging (7). According to the above reasoning this 
would obviously affect the electrode kinetics. 

With regard to phase II it should be noted that this solid 
does not necessarily have to absorb the electrochemically 
formed hydrogen. It can be calculated, using Miedema's 
model (4), that hydride formation under  moderate condi- 
tions is thermodynamically unfavorable for the phase II al- 
loys considered in this work. This implies, for example, for 
the reduction reaction that the eleetrogenerated H,d atoms 
must  be transported along the phase II surface in order to 
form a hydride at phase I. This process is also indicated in 
Fig. 2. Such a mechanism, in which lateral diffusion of Had 

is essential under  nonequi l ibr ium conditions, was sug- 
gested to occur at "LaNis" by Wallace et al. (22). On the 
basis of their experiments they concluded that due to the 
very high lateral mobilities along the Ni precipitates 
formed outside the LaNi5 powder particles, the surface re- 
action is rate determining. Similar results are reported for 
other hydride forming compounds (23). We therefore as- 
sume that lateral diffusion along the phase II alloys is not 
rate determining in the present model and proceeds infi- 
nitely fast. 

The exchange current is obviously a powerful parameter 
as a measure of the kinetics of the electrochemical hydro- 
gen reaction. Although this parameter is defined in the 
equil ibrium situation it cannot be determined directly 
under  these conditions. Io can, however, simply be de- 
duced from nonequi l ibr ium measurements (17). Provided 
that mass transport  of the electroactive species in both the 
solid and electrolyte is not a l imiting factor, Io can be deter- 
mined by measuring the dependence of the current on the 
overpotential (~), where ~ is defined as E-Ee. When ~ is 
changed within a small range (~ < RT/cmF) the Butler-Vol- 
mer equation can be simplified to 

F 
I = Io _~_ ~ [17] 

RT 

Since F/RT is a constant for a given temperature, a linear 
relationship between the current and the overpotential 
should be expected. Io can then be calculated from the 
slope of such a line (9). 

Experimental 
The ABs.~ melts were prepared by mixing the appro- 

priate amounts  of starting materials having a purity of bet- 
ter than 99.9 weight percent (w/o) and arc melting the mix- 
tures under  purified argon. Two solidification procedures 
were employed: the homogeneous melts were cooled 
down as a but ton  in a copper container or poured out as a 
thin slab in a massive copper mold; the temperature de- 
crease in this latter case is significantly faster than in the 
former procedure. The as-produced solid samples were 
split into two parts: one part was used for material charac- 
terization whereas the other part was employed for the 
electrochemical measurements.  

For the material characterization either part was em- 
bedded in epoxy resin (Thermosetting Resin-5 from 
Struers, Denmark) and the surface was subsequently pol- 
ished in various successive steps. The final polishing step 
was performed with an OP-S suspension from Struers. 
The surface morphology was examined qualitatively, 
using scanning electron microscopy (SEM) and optical mi- 
croscopy (bright-field mode). In  order to distinguish the 
various crystallographic phases within the solids optically, 
approximately 250 nm thick Pt-oxide interference layers 
were additionally sputtered onto the polished surfaces 
which had previously been cleaned by ion etching for 
2 min. 

The chemical composition of the polished substrates 
was determined using electron probe microanalysis 
(EPMA) with x-ray emission detection which is specific for 
the chemical elements considered. A qualitative inspec- 
tion of the elemental distribution is obtained in the scan- 
ning mode whereas a more quantitative analysis is ob- 
tained when the electron beam is fixed on a small spot. The 
resolution of this latter method is determined by the pene- 
tration depth of the electron beam and is of the order of 
0.5 ~m at the acceleration voltage used (15 kV). Both meth- 
ods were employed in this work. 

The remaining bulk materials were mechanically 
ground to a powder. After pulverization only the fraction 
that passed through a 50 ~m sieve was used for the electro- 
chemical measurements.  Preceding these measurements,  
x-ray diffraction analyses were performed on these pow- 
ders in order to investigate their crystallographic proper- 
ties. Electrodes were made by mixing the sieved powders 
with fine copper powder (pro analyse from Merck) in the 
weight ratio of 1:4 and pressing these mixtures at a pres- 
sure of 4 • 108 N �9 m -2 to porous pellets having a diameter 
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of 8 mm. The weight of  the pellets was about 150 mg in all 
cases. For the electrochemical measurements  the pellets 
were attached to a copper rod of 8 mm diam by a shrink 
sleeve and were positioned in a double-walled two-com- 
partment cell made of glass, as described in detail by 
Willems et al. (7, 8). As reference a Hg/HgO electrode was 
used. To reduce the ohmic drop between the working elec- 
trode and the reference electrode a Luggin capillary was 
located close to the hydride forming electrode in the work- 
ing electrode compartment.  All potentials are given with 
respect to Hg/HgO. A large area Pt electrode was placed in 
the separate counterelectrode compartment.  A porous 
glass frit provided for the conductivity between the two 
compartments.  The electrolyte was 6M KOH (pro analyse 
from Merck) and was purged of oxygen both before use 
and during the experiments  by bubbling N2 through the 
solution. The electrolyte was thermostated within an ac- 
curacy of  0.5~ by means of a temperature control unit  
HS-60 from Huber. 

As was pointed out in the theoretical section, it is essen- 
tial for an appropriate comparison of the exchange cur- 
rents that the hydrogen content stored in the various elec- 
trodes should have a constant value. A constant cathodic 
current was therefore applied to the previously discharged 
electrodes until the hydrogen concentration in the solid 
was 15% of the storage capacity in all cases. Care was taken 
to ensure that hydrogen gas evolution did not take place 
during this initial reduction process. After a resting period 
in which the equil ibrium potential was established, I o was 
determined at 25~ by changing potentiodynamically 
(1 mV �9 s -1) the overpotential  within a small range (n = 
-+ 10 mV) and measuring the current with a Wenking Po- 
tentioscan POS73. It is well known that freshly prepared 
hydride forming electrodes must  be activated for longer 
times before the opt imum electrocatalytic activity is at- 
tained. It  has been shown that this can easily be achieved 
by repeatedly charging and discharging the electrodes 
(7, 28). To exclude these activation phenomena the Io 
values were determined at electrodes which were charged 
and discharged for 180 t imes at 25~ in all cases. 

The galvanostatic charge and discharge experiments 
were carried out with an automated cycling apparatus. The 
resulting working electrode potential was continuously re- 
corded. Referring to the nominal  storage capacity of the 
standard alloy [280 mAh �9 g-1 (7, 8)], the following cycle re- 
gime was applied to the electrodes at 25~ charging for 1 h 
with a constant cathodic current of 350 mA �9 g-1 through 
which hydride formation is initiated; resting for 30 s; dis- 
charging with a constant anodic current of 350 mA . g-1 
until the final potential of -550 mV is reached. This poten- 
tial is chosen so that oxidation of the Cu matrix is amply 
prevented. After the discharge procedure has been com- 
pleted, a resting period of 15 rain is allowed for the system 
before the above cycle regime is repeated. The storage ca- 
pacity [C(n)] of the electrodes was determined by integrat- 
ing the anodic current. The total storage capacity (Ct(n)] 
was measured every thirty cycles by additionally discharg- 
ing the electrodes with a relatively low oxidation current 
of 35 mA-  g-1. The discharge efficiency, which we define as 

C(n) 
Deft - • 100% [18] 

Ct(n) 

was also determined under extreme conditions at 0~ after 
the 180th cycle, using the same cycle regime as described 
above except  that the oxidation current was considerably 
increased to 840 mA - g-1. 

Results and Discussion 
The surface morphology of two pentary AB55 com- 

pounds is shown in the optical photomicrographs in Fig. 3. 
The solids were formed from a homogeneous melt  having 
the overall composit ion of La0.sNd0.2Ni3.0Co2.4Si0.~ during 
the two solidification procedures described above. Full 
color optical inspection revealed that a double-phase 
structure is obtained in both cases. The temperature de- 
crease at which the solidification process was performed 
has a considerable influence on the size of the crystallites. 

Fig. 3. Optical photomicrographs revealing the surface morphology 
of two double-phase ABs.s materials formed during the solidification 
process from a melt with composition Lao,sNdo2Ni3.0Coz4Sio.1. Both a 
low (A) and a high (B) solidification rate were used (see Experimental 
section). 

In the case of a moderate  temperature decrease (Fig. 3A) 
the crystallites are in the range of 50-100 ~m, whereas 
much smaller crystallites, in the range of 10-30 ~m, are 
formed when the melt  is cooled down more rapidly 
(Fig. 3B). Clearly, in both preparations a second crystallo- 
graphic phase decorates the crystallite boundaries. Al- 
though this system is much more complex than that of the 
binary La/Ni system, these results are in agreement with 
the metallurgical considerations given in the Theoretical 
section (see Fig. 1). An example of a qualitative EPMA 
analysis is shown in Fig. 4. This analysis refers to the same 
material as that investigated in Fig. 3B. The elemental dis- 
tributions of La, Ni, and Co are shown in Fig. 4B-D, respec- 
tively, and were determined by measuring the intensity of 
their characteristic x-ray radiation. The black dot intensity 
is a measure of the abundance of the chemical elements 
and is inversely proportional to the elemental concentra- 
tion in the solid. The correspondence between the SEM 
photograph in Fig. 4A and the various elemental distribu- 
tions is striking. It can be concluded that all elements are 
depleted in the phase II precipitates with the exception of 
Co, which has clearly accumulated. Local quantitative 
analysis of the precipitates revealed an alloy composition 
of NiCo3. As the penetration depth of the electrons is of the 
same order of magnitude as the size of the precipitates, the 
absolute error of this measurement might be quite large. 
X-ray diffraction measurements on the corresponding 
powdered materials confirmed, however, that besides the 
bulk material which is formed by the hydride forming AB~ 
compound, having a hexagonal "LaNis" structure with lat- 
tice parameters a = 5.015/k and c = 3.998 A, the second 
phase has an fcc structure with a lattice parameter of a = 
3.53 A, which is indeed in between that of pure Ni and Co 
(24). In this respect it is important  to note that Ni and Co 
are completely soluble (25). The line broadening related to 
the Ni/Co precipitates observed in the x-ray diffraction 
spectra is due either to the small precipitates or to an inho- 
mogeneous distribution of the chemical elements in these 
precipitates. 

A second class of ABe.5 compounds,  in which Mo was in- 
troduced as a foreign chemical e lement  to form a Mo con- 
taining phase II alloy, was also investigated. The overall 
melt compositions of these compounds were 
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Fig. 4. The elemental distribution in a double-phase solid having an ABs.s composition of La0.sNdo.2Ni3.0Co2.4Si0.1 was determined with EPMA by 
measuring the element characteristic x-ray radiation and are shown for the elements La, Ni, and Co in (B-D), respectively. The morphology of the 
corresponding position at the surface is shown in the SEM photograph (A). The melt was cooled down at a high rate. 

La0.sNd0.2Ni3.0_lMoiC o2.4Si0.1 [19] 

w h e r e  t h e  Mo c o n t e n t  i was  va r i ed  in  t he  r a n g e  f r o m  0.05 to 
0.30. T h e  de s i r ed  d o u b l e - p h a s e  s t r u c t u r e  is f o r m e d  w i t h  i -< 
0.1. A t  l a rger  Mo c o n t e n t  i n h o m o g e n e o u s  sol ids  c o n t a i n i n g  
m o r e  t h a n  two  c r y s t a l l o g r a p h i c  p h a s e s  are fo rmed .  T h e  op- 
t i m u m  c o m p o s i t i o n  was  f o u n d  w i t h  i = 0.1. T h e  sur face  
m o r p h o l o g y  of  th i s  mater ia l ,  f o r m e d  a t  a h i g h  solidifica- 
t ion  rate,  is ve ry  s imi la r  to t h a t  f o u n d  for t he  Mo-free  ma te -  
r ials  (see Fig. 3B) a n d  is s h o w n  in Fig. 5. A q u a n t i t a t i v e  
E P M A  ana lys i s  of  t h i s  m a t e r i a l  r evea l ed  t h a t  t he  corre-  
s p o n d e n c e  b e t w e e n  t h e  su r face  m o r p h o l o g y  a n d  t h e  distr i -  
b u t i o n s  of  t he  va r i ous  e l e m e n t s  w i t h i n  t he  sol id is aga in  
exce l l en t ,  s imi la r  to  t h a t  f o u n d  in  Fig. 4. A r e p r e s e n t a t i v e  
e x a m p l e  of  a q u a n t i t a t i v e  E P M A  ana lys i s  is s h o w n  for  
t h r e e  e l e m e n t s  in  t h e  g r a p h  of  Fig. 6. T h e  e l e m e n t a l  con-  
c e n t r a t i o n s  w e r e  local ly  d e t e r m i n e d  at  t en  d i f fe ren t  posi-  
t i ons  ly ing  o n  a s t r a igh t  l ine  at  a m u t u a l  d i s t a n c e  of  2 ~m. 
T h e  pos i t i on  a t  t h e  i n v e s t i g a t e d  sur face  was  c h o s e n  s u c h  
t h a t  one  p r ec ip i t a t e  was  loca t ed  in  t h e  m i d d l e  of  th i s  l ine.  
I t  is c lear  f r o m  Fig. 6 t h a t  all m o l y b d e n u m  has  a c c u m u -  
l a t ed  in  t h e  p r ec ip i t a t e  t o g e t h e r  w i t h  s o m e  Co, w h e r e a s  Ni  
is c lear ly  d i m i n i s h e d .  Th i s  l a t t e r  also h o l d s  for the  ele- 
m e n t s  La, Nd,  a n d  St. I t  s h o u l d  aga in  b e  e m p h a s i z e d  t h a t  
d u e  to t h e  l a rge  e l e c t r o n  p e n e t r a t i o n  d e p t h  w i t h  r e spec t  to 

the precipitate size the accuracy with which such small 
spots can be analyzed is relatively poor. Obviously, this 
disadvantage does not exist when larger homogeneous re- 
gions are analyzed. The composition of the hydride form- 
ing phase I could therefore accurately be determined at 
La0mNd023Ni2.75Co2.06Si0.11 with a relative accuracy of 4%, 
which is indeed within the reported homogeneity region 
for AB~ compounds (18). Furthermore, this result confirms 
that Mo is not incorporated into phase I. X-ray diffraction 
ana lyses  of  c o r r e s p o n d i n g  ABs.5 p o w d e r s  r evea l ed  t h a t  t h e  
c rys ta l  s t r u c t u r e  is of  t h e  h e x a g o n a l  SnNi3- type w i t h  lat- 
t ice  p a r a m e t e r s  a = 5.08 A a n d  c = 4.12 ,~. Th i s  r e su l t  in  
c o m b i n a t i o n  w i t h  t h a t  of  t h e  E P M A  ana lyses  u n e q u i v o -  
cally s h o w s  t h a t  t h e  p r ec i p i t a t e s  co n s i s t  of  MoCo3, t he  
s a m e  al loy w h i c h  was  s h o w n  to b e  h i g h l y  e lec t roca ta ly t i c  
for  t h e  h y d r o g e n  r eac t i on  (10-13). T h e  sma l l  d e v i a t i o n s  of  
t h e  la t t ice  p a r a m e t e r s  w i t h  r e s p e c t  to  t h e  t heo re t i ca l  
va lues  [a  = 5.12/~ a n d  c = 4.11 A (24)] are  p r o b a b l y  d u e  to 
t h e  i n c o r p o r a t i o n  of  a sma l l  a m o u n t  of  Ni  in to  t h e  MoCo3 
s t ruc tu re .  T h e  la t t i ce  p a r a m e t e r s  cha rac t e r i s t i c  for  t h e  AB5 
c o m p o u n d  were  d e t e r m i n e d  to b e  a = 5.032 A a n d  c = 
3.986 A. 

A l t h o u g h ,  o w i n g  to t h e  c o m p l e x i t y  of  t h e  m u l t i c o m p o -  
n e n t  c o m p o u n d s ,  i t  is d i f f icul t  to  p r e d i c t  w h i c h  c o m p o u n d  
wil l  b e  p r e c i p i t a t e d  on to  t h e  p h a s e  I crys ta l l i tes ,  s o m e  
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300 

Fig. 5. Optical photomicrograph showing the surface morphology of a 
double-phase ABs.s compound with overall composition 
Lao.sNdo.~Ni2.gMoo.lCoz4Sio. 1. A high solidification rate was used. 

qualitative thermodynamic remarks can be made. It is ob- 
vious from the rather positive value of the enthalpy of for- 
mation (AH) for LaMo~ [AH = +25 kJ �9 (mole of atoms) -1, 
(26)] that the incorporation of Mo into the AB~ crystal lat- 
tice is unfavorable. On the other hand the AH for MoCo3 
has a negative value, indicating that the formation of this 
alloy might be expected beforehand. However, despite the 
fact that the enthalpy of formation for MoNi~ is even more 
negative than that of MoCo3 [ -8  and - 5  kJ. (mole of 
atoms) 1, respectively (26)], the latter compound is finally 
formed at the grain boundaries at the end of the solidifica- 
t ion process. This must  be attributed to the better ther- 
modynamic stability of LaNi5 with respect to that of LaCo~ 
( A H  = -24 and -15 kJ �9 (mole of atoms) -I, respectively) 
through which it is easier to withdraw Co from the AB5 
compound than Ni. Thus in order to decide which com- 
pound is secreted, it is necessary to take into account not 
only the thermodynamic stability of the actual]y formed 
crystallographic compounds but  also that of the com- 
pounds which should, in principle, be formed. 

The overall exchange currents were electrochemically 
measured after 180 charge/discharge cycles [lo(180)]. In  all 
cases a linear dependence was found in accordance with 
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Fig. 6. Atomic concentrations of the elements Ni (O), Co (A), and 
Mo (O) as a function of the position at the polished surface of the same 
ABs.s compound as that shown in Fig. 5. The atomic percentages were 
determined quantitatively with EPMA at ten successive positions. A dis- 
crete phase II precipitate is located in the middle of the plot. 
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Fig. 7. Potentiodynamic (1 mV �9 s -~) current-potential curve meas- 
ured on a double-phase ABs.s electrode with overall alloy composition 
L a o . s N d o . z N i z . g M o  o 1Co2 .4S io .  1 after 180 charge/discharge cycles. Before 
measuring this current-potential curve the electrode was charged at 
15% of its capacity, and a stable equilibrium potential was established. 
The arrows indicate the scan direction. 

the simplified Butler-Volmer equation at small overpoten- 
tials. A typical example is given in Fig. 7. According to 
Eq. [17], Io can be calculated from the slope of the I vs .  ~1 

curves. The lo(180) values obtained for the various investi- 
gated materials are listed in Table II. This table clearly 
shows that Io(180) for the pentary AB55 compound is signif- 
icantly larger than the value found for the standard AB5 
alloy (190 mA- g-t). Furthermore it shows that a high solid- 
ification rate has a favorable influence on the exchange 
current: a value of 287 mA - g-1 was found at a low rate, 
whereas 339 mA �9 g-1 was measured at a high solidification 
rate. 

That this latter observation is related to differences in 
the morphology of both solids can be understood as fol- 
lows. It has been analyzed that due to repeated cycling 
with H2 gas the particle size distribution of AB5 com- 
pounds is terminal, which corresponded with BET meas- 
urements performed on these activated powders (27). Sim- 
ilarly, it is likely that after the electrochemical activation 
process is completed this also holds for the hydride form- 
ing compound in the present experiments. This implies 
that a constant specific surface area is obtained in both 
cases. It was already concluded from Fig. 3 that due to a 
higher solidification rate the crystallites and, conse- 
quently, the precipitates are much smaller in volume. Ob- 
viously, this results in a significant increase of the surface 
area of the phase II alloy. Since the specific surface area of 
double-phased materials is composed of A~ and AH (see 
Eq. [16]), it is clear that when AH of the more electrocataly- 
tic phase II increases at the expense of the less electrocat- 
alytic phase I, this should result in a substantially larger 
value for Io. This is in agreement with the experiments 
(Table I). 

Continuing these lines of reasoning, the much higher 
lo(180) value for the Mo containing material (588 mA - g ~), 
also obtained at a high solidification rate, must  be attrib- 
uted to the formation of the highly electrocatalytic MoCo3 
alloy. As theoretically predicted (11) and experimentally 
found (10) the electrochemical rate constant kn must  be 
large for MoCo3 (see Eq. [16]). 

Representative results of the cycle life measurements of 
both ABs,~ materials produced at a high solidification rate 
are shown in Fig. 8 and 9. Curves (a) represent the dis- 
charge capacities (C) as a function of the cycle number  (n) 
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Table II. Electrode characteristics, including the exchange current [1o(180)], the initial [Ct(0)], and remaining [C,(180)] storage capacities and 
the corrosion stability [S(400)] for three ABs.s materials are compared with those of the ABs standard alloy. The rate at which the smelt is 

solidified is also indicated. 

Solidification lo(180) Ct(0) Ct(180) S(400) 
Overall melt composition Compound rate (mA- g-J) (mAh - g-l) (mAh - g-l) (%) 

La0.sNd0.2Ni2.sCo2.4Si0.1 (C)) AB5 High 190 293 271 86 
La0.sNd0.2Nis.0Co2.4Si0.1 (A) ABs.~ Low 287 270 261 88 
Lao.sNd0.2Nis.0Co2.4Si0. I (11) ABs.~ High 339 276 256 84 
La08Nd0.2Ni2.gMo0.1Co2.4Si0.1 (O) ABs.5 High 588 285 242 73 

when an anodic current of 350 mA �9 g-1 is applied to the 
electrodes. The low capacity, found initially, is due to the 
activation process of the hydride forming powder, simi- 
larly to that reported for many other materials (7, 28). Al- 
though the activation period changes from one material to 
the other, it can be concluded from Fig. 8 and 9 that this 
process is completed for the various electrodes after a few 
tens of charge/discharge cycles, indeed long before the ex- 
change currents were measured (at n = 180). The total stor- 
age capacity (Ct), obtained by additionally discharging the 
electrodes with 35 mA- g-1 are shown in curves (b) of these 
figures as a function of n. The straight lines indicate a lin- 
ear corrosion rate during the first 180 cycles. Extrapolating 
these lines to n = 0 yields the initial storage capacity Ct(0). 
These electrode characteristic values are also listed in 
Table II together with the values obtained for the corro- 
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Fig. 8. The storage capacity (C) as a function of charge/discharge cy- 
cles (n) is shown in curve (a) for an ABs.s electrode with composition 
Lao.sNdo.2Ni3.oCoz4Sio.,; the double-phase structure is produced with a 
high solidification rate. Both the charge and discharge current was 
350 mA. g-1.  The total storage capacity (Ct) is measured with an addi- 
tional discharge current of 35 mA - g-1 [curve (b)]. 
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Fig. 9. The same experiment as in Fig. 8 for the Mo containing alloy: 
Lao.sNdo.zNi2.gMoo.lCo2.4Sio.1. 

sion stability which was defined by Eq. [1]. As expected, all 
initial storage capacities are only slightly smaller than that 
found for the standard alloy, since only the phase I alloy is 
able to form a hydride. The corrosion stabilities of the vari- 
ous materials are also very similar to that of the standard 
alloy. Only the S(400) value for the Mo containing material 
deviates somewhat. This must  very likely be attributed to 
the higher Ni content in the phase I compound which, ac- 
cording to the EPMA analyses, was determined to be Ni~.7~ 
whereas the opt imum composition was found to be at Ni2.5 
(7, 8). Inspection of Table I indeed reveals that the corro- 
sion stability is inversely proportional to the Ni content. 
By fine tuning  the overall melt composition, this can very 
likely be improved, so that the corrosion rate is expected 
to decrease to the value corresponding to that of the stand- 
ard alloy (Table I). 

We have shown by measuring the exchange current that 
the electrocatalytic activity of the considered double- 
phase materials is significantly higher than that of the 
standard alloy. This should obviously have consequences 
for the rate at which these electrodes can be electrochem- 
ically charged and discharged. Clearly, the additional 
amount  of charge released from the electrodes, resulting 
from low current discharge, (Ct-C), is related to the electro- 
catalytic activity. Figure 10 shows this relationship after 
180 charge/discharge cycles for the four materials listed in 
Table II. Although the discharge efficiency is relatively 
large (Dell -> 89%) for all electrodes under  these moderate 
conditions, there is a considerable decrease of (Ct-C), re- 
sulting from the higher Io values (see Fig. 10). 

It is evident that the improved electrocatalytic surface 
activity of the materials will show its full advantage when 
the electrodes are cycled under  more extreme conditions. 
We therefore determined the discharge efficiency of the 
electrodes by means of Eq. [18] after n = 180 at an electro- 
lyte temperature of 0~ and using a much higher discharge 
current (840 mA �9 g 1). The relation between Deft (under 
these extreme conditions) and Io is represented in Fig. 11. 
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Fig. 10. The additional discharge capacity (Ct-C) resulting from low 
current discharge at n = 180 as a function of the exchange current 
[Io(180)] at 25~ for the four materials listed in Table I1: standard ABs.s 
alloy (�9 pentary ABe. s alloys (A, I ) ;  sextary ABs. s alloy (0) .  
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Fig. 11. The discharge efficiency (De~) determined according to 
Eq. [18] under the extreme conditions of 0~ and a high discharge cur- 
rent of 840 mA �9 g-i as a function of the exchange current [Io(180)] for 
the standard alloy (�9 the pentary ABs.s alloys (A, I I ) ,  and the Mo 
containing ABs.s alloy (0).  

It shows that the discharge efficiency increases signifi- 
cantly with increasing Io, as expected. In  contrast to the 
very low efficiency generally found for the standard alloy 
(34%), which corresponds with a low Io value, a dramatic 
improvement  up to 90% is achieved to the most electroac- 
tive, MoCo3-based, material. This shows that these latter 
double-phase materials are very attractive as rechargeable 
hydride forming electrodes with fast charge/discharge 
characteristics even under  extreme conditions. 

Conclusions 
On the basis of a working model we have shown that it 

should theoretically be possible to improve the electrocat- 
alytic activity of hydride forming materials by making use 
of double-phase compounds.  These compounds were pro- 
posed to consist of a single-phase hydride forming mate- 
rial of the AB5 type and a second, highly electrocatalytic, 
phase which is homogeneously distributed upon the pow- 
der particles. This phase II alloy should be composed of 
the appropriate combinat ion of transition metals for 
which, according to the Brewer-Engel valence bond 
theory, synergistic effects are reported for the kinetics of 
the electrochemical hydrogen reaction. Experimental  evi- 
dence supporting this model has been presented in this 
paper. It has been shown that double-phase solids with the 
desired morphology can be easily produced simply by so- 
lidifying a melt with ABs.~ composition; a composition just  
outside the homogeneity region of AB~ alloys. Two differ- 
ent AB~.~ systems were investigated. The electrocatalytic 
activity of these systems, which was characterized by the 
overall exchange current, was found to be significantly 
higher than that of corresponding single-phase AB 5 com- 
pounds. The solidification rate of the melt was found to 
have a marked influence on the size of the crystallites. 
Smaller crystallites, obtained at higher solidification rates, 
show a favorable influence on the surface kinetics. 

We suggest that the method employed in this work to 
improve the kinetics of hydride formation has a much 
wider relevance and should not  be restricted to the class of 
AB~ compounds described in this paper. It seems likely 

that it can be expanded to other classes of hydride forming 
materials (4). Furthermore, other reported "synergistic 
compounds" (10-13) might also successfully be employed 
as phase II alloys. This might be of special importance in 
the near future as these double-phase materials seem to be 
very attractive for use in rechargeable Ni-hydride batteries 
with extremely fast charge/discharge characteristics. 
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