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A b s t r a c t  

Equilibria in Cefl.~_~Nis_~l,j-H2 systems (x = 0--0.8; y = 0-0.6) were studied in a wide 
pressure range from 0.1 to 40 MPa. Isotherms, isobars and polytherms were investigated. 
It has been established for a narrow interval of alloy compositions (x>~0.5 and y~<0.1) 
that a metastable hydride phase occurs in these systems. The metastable phase exists 
both for supercritical thermodynamic parameters and for subcritical thermodynamic 
parameters. 

The conditions of metastable-state formation (stable hydride heating in hydrogen at 
a constant or increasing high pressure) are probably induced by factors similar to those 
defining the phenomena of the "immobilized hydride phase" and the "aged hydride 
phase". 

1. I n t r o d u c t i o n  

As is well k n o w n  the  h y d r o g e n - i n t e r m e t a l l i c s  s y s t e m s  are  unde r  detai led 
inves t iga t ion  s ince the i r  amaz ing  p r o p e r t y  of  a b s o r b i n g  h y d r o g e n  revers ib ly  
at  m o d e r a t e  t e m p e r a t u r e s  and  p r e s s u r e s  w a s  d i s c o v e r e d  [ 1 - 3  ]. The LaNi~-H2 
s y s t e m  and its der iva t ives  A~Lal _~Nis_yTy-H2 have  been  s tudied  m u c h  m o r e  
t h o r o u g h l y  than  o the r  s y s t e m s  [ 1, 4 - 8  ] (A = Ca, ra re  ear th  meta ls ;  T--- Co, 
Fe, Mn, Al, Cu, Ti etc.). All the s y s t e m s  m e n t i o n e d  a b o v e  m a y  be  cha rac te r i zed  
by  the  o c c u r r e n c e  of  only  one  hydr ide  p h a s e  ( the  so-cal led  fl p h a s e )  conta in ing  
up to  a b o u t  one  h y d r o g e n  a t o m  pe r  one  a t o m  of  meta l ,  e .g .  LaNi~H6.7 [9 -12 ] .  

However ,  r ecen t  inves t iga t ions  [ 6 - 8 ,  1 3 - 2 1  ] s h o w  tha t  p h a s e  d i ag rams  
of  these  s y s t e m s  are  not  as s imple  as  genera l ly  bel ieved.  In par t icular ,  
a n o m a l i e s  were  no ted  by  Shilov e t  a l .  [8] in the  cour se  s tudying  the  i so the rms  
for  LaNis-H2. These  anomal ies ,  in the  op in ion  of  Shi lov e t  a l . ,  give ev idence  
of  the  ex i s tence  of  five hydr ide  p h a s e s  in this  sys tem.  It  was  shown  in our  
p rev ious  work  [17] tha t  the  wel l -es tab l i shed  s loping  p l a t eau  in equi l ibr ium 
i so the rms  of  Ceo.2Lao.sNi~-H2 s y s t e m s  d o e s  no t  c o r r e s p o n d  to t h r ee -phase  
equi l ibr ium a + / 3 + H 2  in the t e m p e r a t u r e  in terval  2 5 0 - 4 0 0  K but  r a the r  
c o r r e s p o n d s  to an  i r regular  solid solu t ion  of  h y d r o g e n  in the  in termeta l l ic  
c o m p o u n d ;  the /3 p h a s e  real ly  ex is t s  only  at  t e m p e r a t u r e s  lower  than  the  
cri t ical  va lue  of  248 K. It  has  b e e n  no t ed  [6, 7, 1 4 - 1 6 ,  18] tha t  s o m e  
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characteristic irreproducibility is observed in the isotherms. This irreprod- 
ucibility is induced by sorpt ion-desorpt ion cycling of the system [6, 15, 16, 
18] ("immobilized hydride phase" creation according to refs. 15 and 16) 
or by long-term ageing of the specimen in a hydrogen atmosphere ("aged 
hydride phase" creation according to ref. 14). 

The present work is devoted to an investigation of equilibria in Cex- 
Lal _xNis_~dy-He systems (x = 0-0.8;  y = 0-0 .6)  over a wide pressure range. 
This intermetallic alloy was chosen because it is characterized by a drastic 
dependence of plateau pressure on x and y [12]. Isotherms, isobars and 
polytherms were investigated. 

2. Exper imental  detai ls  

As is known, such equilibria are commonly investigated by the method 
which is defined as the "classic" method in the present paper. The "classic" 
method includes only isotherms to be studied by the well-known Sieverts 
technique, i .e.  first preliminary activation of a sample, next  constant-tem- 
perature conditioning by thermostat  and finally both sorption and desorption 
procedures to be carried out at a constant temperature T1. Sorption--desorption 
procedures are controlled usually by both continuous recording of pressure 
and measurement  of the volume of the sorbed-desorbed  portions of the 
hydrogen. The maximum pressure of sorption--desorption procedure  is denoted 
as PI (Fig. 1). 

In addition to "classic" experiments which were carried out  in each 
case, another experimental method to be defined as the "alternative" method 
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Fig. 1. S c h e m a t i c  c u r v e s  ob t a i ned  f r o m  " c l a s s i c"  ( - - - )  and  " a l t e rna t i ve"  ( 
for s t u d y i n g  t he  equi l ibr ia  in h y d r o g e n - i n t e r m e t a l U c s  s y s t e m s .  

) e x p e r i m e n t s  



11 

was used in this paper. The "alternative" experiment includes preliminary 
activation of a sample, next its saturation by hydrogen at room temperature 
To and pressure P2, followed by heating in a closed volume up to T, (this 
process leads to a pressure rise up to P1) and finally an isothermal desorption 
procedure at T,. Isobaric heating (P, =Pe) instead of polythermal heating 
was used too. 

The "alternative" method is of interest because it simulates the reaction 
route which is realized during hydrogen thermosorption compressor operation 
[16]. It becomes possible to observe not only the pressure hysteresis usually 
studied in "classic" experiments but also phenomena related to the approach 
to equilibrium from the unusual side. 

Our experiments were carried out in the pressure interval from 1 × 10 -2 
to 40 MPa and in the isotherm temperature interval from 240 to 473 K. 
The experimental equipment, sample preparation, calculation procedures and 
main "classic" results have been described earlier [12, 17]. 

The X-ray powder diffraction (Cu Ka radiation) was carried out on original 
and after-experiment samples. The diffractometer DRON-3M (Minpribor, Rus- 
sia) was used. This analysis confirmed that all the samples were single phase. 

3. R e s u l t s  and  d i s c u s s i o n  

Desorption isotherms for the LaNi~-H2, Ceo.sLaosNis-H2 and 
CeoTLao.3Nis-H2 systems at room temperature and at 373 K are shown in 
Fig. 2. The experimental points determined by the "classic" method are 
denoted by the open symbols. The full symbols correspond to the experimental 
points obtained by the "alternative" method. These data were chosen for 
presentation in Fig. 2 because they form the most characteristic pattern. 
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Fig. 2. Desorption isotherms for hydrogen-intermetal l ics:  O, LaNis, "classic";  O, LaNis, 
"al ternat ive";  /~, Ceo.sLao.sNis, " classic"; A, Ceo.5Lao.5Ni5, "al ternat ive";  IN, Ceo.7Lao.3Ni~ , 
"classic";  m, Ceo.TLao.3Ni5, "al ternat ive";  - - - ,  293 K; . . . .  , 373 K. 
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One can see that the 373 K "classic" plateau length is larger than the 293 
K value (for LaNi5 and Ce0.~La0.sNis) and there is no plateau at TI = 373 K 
for Ceo.TLao.3Nis. An increase in cerium content in the CexLa1_xNi5 alloy 
leads to a dramatic decrease in the plateau length during the rise in temperature. 
In other words, the critical temperature decreases with increase in x. For 
example, our experiments have established the critical temperature value to 
be only 360___10 K in the case of Ceo.~Lao.~Ni5 and near 480 K in the case 
of LaNis. 

"Alternative" saturation results in an increase in the solubility of hydrogen 
in Ceo.TLao.3Ni5 at 373 K. Accordingly, the "alternative" isotherm differs from 
the "classic" isotherm. It was essential that varying the maximum saturation 
pressure PI in the range from 4 to 40 MPa did not influence the experimental 
results. 

The "classic" and "alternative" procedures were repeated in different 
sequences up to six times; all the desorption points were reproduced with 
an accuracy of about 3%. The X-ray analysis showed that the before-experiment 
and after-experiment samples both contained only the intermetallics phase 
ATe. There was a difference in the X-ray reflection widths, similar to those 
observed in other studies [6, 15]. 

The phenomena described cannot be defined by the usual hysteresis. 
Indeed, the hysteresis would cause only the opposite result, namely a fuller 
saturation by hydrogen at higher temperatures, i.e. a larger plateau length 
in "classic" isotherms. Sorption and desorption plateau pressures for several 
systems are shown in Table 1. One can see from Table 1 that actual pressure 
hysteresis in these systems does not exceed 30%. It seems that the most 
likely interpretation of the phenomena observed is hydride phase formation 
in a metastable state at supercritical temperatures and pressures. The con- 
ditions of this state formation (heating of the stable hydride in hydrogen at 
a high pressure) are related, in our opinion, to those described earlier [6-8, 
14-16]. 

The present investigation has established, as a result of studying the 
"classic" and "alternative" isotherms for the described values of x, y, 
temperatures and pressures, that the difference between "classic" and "al- 
ternative" isotherms occurs only upon the following conditions: 

x>~0.5 

y~<0.1 

323 K ~< T~ < 423 K 

The results may be presented as a three-dimensional diagram plotted 
in Fig. 3. One can see a surface limited by configuration points according 
to an intermetallics-H2 equilibrium. The points A, B, C, D, E, F and G are 
located at this surface. The temperature T¢ is the critical temperature. The 
other surface, which is limited by the line IHKLMNI, corresponds to the 
metastable state. It is apparent that the metastable state exists both at 
supercritical and partially at subcritical conditions. 
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Fig. 3. Three-dimensional pressure-temperature-hydrogen content diagram for the interme- 
tallics-hydrogen system which contains a metastable hydride phase. 

Figure 2 allows one to follow the routes of stable-state and metastable- 
state formation. For  example,  let us consider the formation of the two states 
at T1 and P, .  

In the "classic" exper iment  the sample is heated preliminarily in vacuum 
from To to T 1 (A--) B) and then it is saturated at T1 by raising the hydrogen 
pressure to PI (B-+I-+ C). As a result the equilibrium state is created in 
the form of a supercritical solid solution of hydrogen in intermetallics. 

In the "alternative" exper iment  the sample is preliminarily saturated at 
To by raising the hydrogen pressure to P~ (A-+ G-+ F--* E) and then it is 
heated to T, at a constant  pressure. On heating, the configuration point 
moves along the route (L--)K) on the metastable surface IHKLMNI instead 
of the route according to equilibrium (L-+ D ~ C). Point L is the lamination 
point. The lamination point is determined as the point of a boundary line 
where lamination of a phase surface into equilibrium and metastable surfaces 
occurs. As a result the metastable state is created in the form of a solid 
solution of hydrogen in the hydride phase. 

As has already been noted in this paper, all the phase diagrams of the 
systems CexLa~ _xNis-~lv-H2 where x >/0.5 and y ~< 0.1 form a pattern similar 
to that shown in Fig. 3. In particular, characteristic values of such diagrams 
are listed in Table 1 for several systems. 

As far as the Ceo.?Lao.aNi~-H2 system is concerned, it has been established 
that "metastable"  and "equilibrium" surfaces come together  when the tem- 
perature increases above 373 K. These surfaces merge together  at 423 K 
and the metastable state disappears. The section shown in Fig. 3 corresponds 
to T1 = 400 K. 

If we analyse the reasons defining the limitation of the metastable-state- 
bearing intermetallics composit ion by the conditions x>~0.5, y < 0 . 1  and 
324 K ~< T <  423 K, it may be noted that there is a relationship between these 
conditions and the critical parameters  in hydrogen-intermetaUics systems. 
For instance, the critical temperature  in the LaNi~-H2 system is about 480 
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K. The last value is essentially larger than the upper limit of existence of 
the metastable state. These conditions are probably related to factors similar 
to those defining the phenomena of the "immobilized hydride phase" and 
the "aged hydride phase". 

A c k n o w l e d g m e n t  

The author thanks Dr. V. P. Mordovin for supplying intermetallic samples. 

R e f e r e n c e s  

1 J. H. N. Van Vucht, F. A. Kuijpers and H. C. A. Bruning, Philips Res. Rep., 25 (1970)  
133. 

2 J. J. Reilly and R. H. Wiswall, Inorg. Chem., 13 (1974)  218. 
3 J. J. Reilly and R. H. Wiswall, Inorg. Chem., 6 (1967)  2220. 
4 K. N. Semenenko, V. P. Malyshev, L. A. Petrova, V. V. Burnasheva and V. K. Sarynin, Izv. 

Akad. Nauk SSSR Neorg. Mater., 13 (1977) 2009. 
5 J. C. Achard and A. Percheron-Guegan,  Entropie, 20 (1984)  43. 
6 T. Matsumoto and A. Matsushita, J. Less-Common Met., 123 (1986)  135. 
7 E. Akiba, K. Nomura and S. Ono, J. Less-Common Met., 129 (1987) 159. 
8 A. L. Shilov, M. E. Kost and N. T. Kuznetsov, J. Less-Common Met., 144 (1988)  23. 
9 E. L. Huston and G. D. Sandrock, J. Less-Common Met., 74 (1980)  435. 

10 J. Shinar, D. Shaltiel, D. Davydov and A. Grayevsky, J. Less-Common Met., 60 (1978)  
209. 

11 Yu. B. Patrikeev, Yu. V. Levinsky, V. V. Badovsky, Yu. M. Filand and O. A. Bahtilina, Zh. 
Fiz. Khim., 60 (1986)  1344. 

12 V. Z. Mordkovich, N. V. Dudakova, L. R. Linshitz, Yu. K. Baichtok, E. I. Mazus, V. P. 
Mordovin and V. P. Alechin, Izv. Akad. Nauk SSSR, Met., (1) (1991) 194. 

13 A. L. Shilov, M. E. Kost and N. T. Kuznetsov, J. Less-Common Met., 147 (1989)  185. 
14 A. L. Shilov, L. N. Paduretz and M. E. Kost, Zh. Fiz. Khim., 59 (1985)  1857. 
15 V. Z. Mordkovich, N. N. Korostyshevsky, Yu. K. Baichtok, E. I. Mazus, N. V. Dudakova 

and V. P. Mordovin, Int. J. Hydrogen Energy, 15 (1990)  723. 
16 V. Z. Mordkovich, N. N. Korostyshevsky, Yu. K. Baichtok, N. V. Dudakova, V. P. Mordovin 

and M. H. Sosna, in T. N. Veziroglu and P. K. Takahashi  (eds.), Hydrogen Energy Progress 
VIII, Proc. 8th World Hydrogen Energy Conf., Honolulu, HI, July 22-27, 1990, Pergamon 
Press, Vol. 3, pp. 1115-1124.  

17 L. R. Linshitz, V. Z. Mordkovich and I. B. Rodkina, Dokl. Akad. Nauk SSSR, 311 (1990)  
646. 

18 V. Z. Mordkovich, N. N. Korostyshevsky, Yu. K. Baichtok, V. P. Mordovin, N. V. Dudakova 
and M. H. Sosna, Zh. Obshch. Khim., 61 (1991)  547. 

19 I. E. Nemirovskaya, V. Z. Mordkovich, Yu. K. Baichtok and A. M. Alekseyev, Thermochim. 
Acta, 160 (1990)  201. 

20 V. Z. Mordkovich, Dokl. Akad. Nauk SSSR, 319 (1991)  660. 
21 P. Selvan and K. Yvon, J. Less-Common Met., 171 (1991)  L17. 


