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Abstract 
This paper is a comprehensive review of the properties of LaNi5 derivatives and other AB5 compounds 
with CaCu5 crystal structure (A=Y, lanthanide, Th and B=transition metal, Al, Ge, Si, Sn) and their 
applications. The crystal structures of the intermetallic compounds are described considering their 
chemical composition and off-stoichiometry. Same approach is conducted for the metallic hydrides 
formed by direct reaction of dihydrogen with the intermetallic. The thermodynamic properties of the 
sorption reaction are presented regarding equilibrium pressure and reversibility. In a second step, 
outstanding applications are given focusing first on magnetic properties and electrochemical energy 
storage. Finally, other uses such as gas storage, heat exchange, compression or gas separation and 
purification are highlighted showing the tremendous possibilities offered by this class of materials. 
 
 
 
1. Introduction 
 
AB5 compounds with CaCu5 crystal structure and their derivatives have a very rich chemistry and 
outstanding properties. LaNi5 is known in particular as a prototype of hydrogen absorbing and hydride 
forming intermetallic compounds. Its derivatives were also among the first to be used for the 
electrochemical application of nickel-metal hydride (Ni-MH) batteries. The magnetic properties in the 
CaCu5 family are also extremely rich. 
 
The present paper is a review highlighting the structural properties of intermetallic compounds and 
hydrides, the thermodynamic properties of hydrogen absorption and the magnetic properties of AB5 
compounds as well as electrochemical and other applications. This will be done with a particular focus 
on LaNi5 compound and its substitutional derivatives. The work done in the Laboratoire de Chimie 
Métallurgique des Terres Rares under the supervision of Annick Percheron-Guégan will be particularly 
highlighted. 
 
For a more detailed review, the reader is referred to [1]. The structural properties of the intermetallic 
compounds and the hydrides will be first reviewed. Then, the thermodynamic properties and magnetic 
properties will be presented. Finally, we will focus on applications with a special emphasis on the 
electrochemical application for Ni-MH batteries. 
 
 
2. Structural Properties 
 
2.1 Intermetallic compounds 
 
The CaCu5 family is very rich. 117 binary compounds have been reported with this hexagonal crystal 
structure described in P6/mmm (191) space group [2]. The crystal structure represented in Fig. 1 is 
very simple. The large atom (generally a rare earth, RE) occupies site 1a and the smaller atom 
(generally a transition metal) sites 2c and 3g. 
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Fig. 1. Crystal structure of LaNi5: La in 1a (green), Ni in 2c (salmon) and 3g (blue). 
 
 
As we will see, chemical substitution is the most efficient way to tune the properties for applications. 
Therefore, the structure of substituted compounds is interesting to study.  
 
If we consider the case of the prototypic compound LaNi5, from the ternary phase diagrams point of 
view, the situation is as follows. Lanthanum can be completely replaced by substitution by all the other 
RE elements. The substitution of the nickel is however most often limited. Cobalt [3], copper [4], zinc 
[5] and platinum [6] are examples of transition elements able to replace nickel completely. On the 
other hand, manganese [7], iron [8] and aluminum [9] substitutions are limited (see Table 1). This 
makes the study of the ternary phase diagrams based on La–Ni system particularly rich and 
interesting [10]. 
 
Table 1 
Solubility limit x and site preference for chemical substitution in LaNi5-xMx ternary compounds. 
 

Substituting element M Substitution limit x Site preference 2c or 3g Reference 

Al 1.25 complete order on 3g [9]  

Au 1.5 complete order on 3g [10]  

Co 5 slight preference for 3g [3,11]  

Cu 5 equal occupancy of 2c and 3g [4,12]  

Fe 1.2 strong preference for 3g [8]  

Ge 0.5 complete order on 3g [13]  

Ir 2.5 and from 4 to 5 complete order on 3g [10]  

Mn 2 strong preference for 3g [7]  

Pd 1.6 slight preference for 3g [10]  

Pt 5 complete order on 3g [6]  

Rh 3 strong preference for 3g [10]  

Ru 0.5 complete order on 3g [10]  

Si 0.5 complete order on 3g [12]  

Sn 0.5 complete order on 3g [14]  

Zn 5 unknown [5]  

 
 
From the crystallographic point of view also, the situation is complex. The question of the position of 
the substituting element is important because it can also be related to the properties (hydrogen 
storage properties and structural properties of the hydrides). Since there are two available sites 2c and 
3g, the substitution can, in principle, occur either in one of the two sites or in both sites simultaneously. 
This can be studied by X-ray diffraction when the diffraction contrast between elements is sufficient. 
Otherwise, neutron diffraction may be used (in particular for other 3d metals). Detailed crystallographic 
study shows that the substitution on site 2c only is never observed. The substitution can occur on site 
3g only (in the case of Pt [6] and Ir for example). But the most frequent case is that it occurs on both 
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sites with a preference for site 3g. In few cases, no preference is observed, and the distribution is 
almost statistical (Co, Cu). A summary of the findings from the literature is presented in Table 1. 
 
Few studies are devoted to multinary systems in which more than one substituting element is present. 
An exception is the study of the famous LaNi3.55Mn0.4Al0.3Co0.75 [15] whose electrochemical properties 
are remarkable and which is the base of the compounds actually used in Ni-MH batteries (see Section 
5). For this complex case, X-ray or neutron diffraction only is not sufficient to achieve the distribution of 
the elements. Resonant diffraction was therefore used with different measurements done at the K-
edges of the different 3d elements. This successfully led to the complete picture of the atomic 
distribution which is actually found to be closely related to that observed for mono-substituted 
compounds. 
 
Another important consequence of the substitution is the modification of the cell volume as a function 
of composition. Linear trends are generally found with different slopes in accord with the size of the 
substituting element i.e. roughly, the cell volume is proportional to the content and the atomic size of 
the substituting element (Vegard's law) [1]. Fig. 2 shows the cell volume of LaNi5-xMx as a function of 
the substitution rate. 
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Fig. 2. Cell volume as a function of substitution rate of LaNi5-xMx ternary compounds with indication of 
the atomic radii (RNi=1.24 Å) [3,4,7,9,16,17]. 
 
 
But, the individual lattice parameters may have a strongly different behavior from the linear one. In this 
regard, the example of platinum substitution is particularly striking. The system La–Ni–Pt is remarkable 
since LaPt5 has the same crystal structure as LaNi5 leading to a complete substitution range between 
the two binary compounds. The lattice parameters are shown in Fig. 3 and it is clearly seen that their 
variations have to do with the site occupancies reported in the same figure [6]. Due to geometric 
considerations, the a lattice parameter is more sensitive to the occupancy on site 3g while the c 
parameter is more sensitive to the occupancy on site 2c. The non-homogeneous substitution with an 
order of Pt in site 3g causes a non-regular variation of a and c parameters particularly well shown on 
the plot of c/a. However, overall, the cell volume follows a regular (and very strong) increase related to 
the difference of atomic radii between Ni (1.24 Å) and Pt (1.30 Å). 
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Fig. 3. Lattice parameters, c/a, site occupancies and cell volume of LaNi5-xPtx compounds. 
 
 
A peculiarity of AB5 compounds with the CaCu5 structure is the possibility to accommodate a 
significant range of non-stoichiometry reflected by changes of the B/A ratio. Contrary to most 
intermetallic compounds that accommodate non stoichiometry by simple mechanisms such as 
interstitials, vacancies or anti-site defects (substitution), CaCu5 structure adopts a more complex 
scheme. RE atoms are replaced not by a single transition metal atom but by a pair of atoms (called 
dumbbell) oriented along the c axis. Contrary to a simple substitution mechanism, two atoms replace 
one and obviously the two atoms cannot occupy the RE positions implying the occupancy of a new 
site in the crystal structure (2e) and a vacant position at the RE site (1a). The presence of this vacant 
site has a consequence also on the transition metal position since it is found that the surrounding 
hexagon around 1a position shrinks. This provokes the occupation of a new site 6l and site 2c is 

therefore not fully occupied. The composition can be expressed as      
      

        
      

     
  

. 

 
A drawing of the structure is given in Fig. 4. The mechanism has been first proposed by Buschow [18] 
and is fully described and refined in the case of LaNi5+x compounds in Ref. [19]. The local correlation 
between missing atom in 1a position and shrunk 6l hexagon has been proved in Ref. [20] in the case 
of Yb–Cu system using the Pair Distribution Function. This model is valid only for a limited fraction of 
dumbbells. For higher content, there is a tendency to ordering. This yields a few possible structures 
(LuFe9.5, PrFe7, Th2Ni17, Th2Zn17...) some of which have interesting hydrogen storage or magnetic 
properties out of the scope of the present article. In the case of LaNi5, the non-stoichiometry is limited 
to LaNi5.4 for stable alloys. In contrast, using non-equilibrium synthetic routes, non-stoichiometry up to 
LaNi9.2 has been reported for this compound [21,22].  
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Fig. 4. Crystal structure model of the non-stoichiometric LaNi5 phase: La in 1a (green), Ni in 2c and 6l 
(salmon), 3g (blue) and 2e (purple). 
 
 
2.2 Hydrides 
 
The basic model for the understanding of the structure of the hydrides of AB5 compounds is that of 
LaNi4.5Mn0.5D6.6 [7]. It is a four-site interstitial model keeping the space group of the original compound. 
Hydrogen (deuterium) atoms are distributed into these sites with different site occupancies always 
very far from full occupancy (the maximum site occupancy is ~40%). The reasons explaining the non-
complete occupancies are found in the well-known criteria for occupation of a position in metal 
hydrides: hydrogen atoms should not be closer than 2.1 Å and the site size should be larger than 
0.4 Å [23,24]. This results in a kind of disordered, liquid-like lattice inside the well-ordered framework 
represented by the metallic atoms. The structure is drawn in Fig. 5. 
 

 
Fig. 5. Structure of LaNi5D5: D in 4h (blue), 6m (red),12n (yellow) and 12o (salmon). 
 
The four sites have different coordinations: A2B2 for 6m, AB3 for 12n and 12o and B4 for 4h. The site 
coordinated by A2B2 has always the largest hydrogen occupancy, as expected from the higher 
chemical affinity related to the higher number of RE elements in the coordination sphere correlated 
with a larger size of the interstitial site. The determination of site occupancies as a function of the 
substituting element in LaNi5 and the rate of substitution has been the subject of numerous studies 
[7,12–14,25–30]. It is shown in particular that elements with a repulsive character towards hydrogen 
may deplete the interstitial sites they coordinate. We can see here that there is also an evident relation 
to the substitution site of this metallic element as studied in Section 2.1 making this determination very 
important.  
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Different structure models are found when deuterium atoms order. The most simple ordering is found 
in the case of LaNi5D5 [31]. The symmetry decrease is promoted by the elimination of the mirror 
perpendicular to the c direction. This ordering is also observed in the case of LaNi4.9Al0.1 [28], 
LaNi4.75Pd0.25 [30], LaNi4.75Pt0.25 [6], LaNi4.8Sn0.2 [14,32]. 
 
More complex structure is observed in the case of the higher hydride of LaNi5 with 6.7 D per formula 
unit (f.u.). In the model proposed in Refs. [31,33,34] and further refined in Ref. [35], 7 sites are 
occupied. Both a symmetry reduction and cell doubling are observed related to ordering. Note that 
ordering is still partial and that completely ordered structures (with complete occupancy of several 
deuterium sites) are never observed. 
 
Other complex models may be found in special cases like LaCu5D3.2 [36], LaNi4.25Pt0.75D2.61 [6] or 
LaNi4PdD2.72 [30]. 
 
One of the parameters having a high importance on the properties (in particular the electrochemical 
properties) is the change of the volume after hydriding. In some cases, it is not only the global volume 
change between the metal lattice and the fully hydrogenated hydride, but rather the discrete volume 
change occurring in the plateau region corresponding to phase transformation that is important for 
cycle-life properties. It can be as high as 22.4% and as low as 9.9%. The role of cobalt in this 
reduction of the discrete lattice expansion has been particularly emphasized [37]. 
  
 
3. Thermodynamic properties 
 
LaNi5 binary compound itself has outstanding hydrogen absorption properties. It has first a large 
absorption capacity of ~6.7 H/f.u. i.e. over 1 H/M, the largest observed in the CaCu5 family. Moreover, 
the absorption plateau pressure is very close to ambient pressure at room temperature. This makes in 
principle this compound a good choice for applications in ambient conditions and the prototype of 
metal hydride forming intermetallic compounds. 
 
The absorption thermodynamic properties are also remarkable. LaNi5-hydrogen system shows a 
single flat plateau at room temperature extending from the saturated alpha phase (~0.3 H/f.u.) to the 
hydrogen rich beta phase (~6 H/f.u.). The fact that hydrogen can be stored and released within a very 
small pressure range is obviously very good also for applications in spite of the hysteresis. LaNi5 
hydrogen absorption curve with its simplicity and regularity resembles that of pure palladium, another 
prototype of hydrogen absorbing material. The pressure-composition curve is given in Fig. 6. 
 
At higher temperature (80°C) a new hydride with the composition LaNi5H3 is formed [38]. This so-
called γ hydride is important because it may have a relation with the intermediate phase sometimes 
formed in the electrochemical charging of AB5 hydrides (see Section 5). 
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Fig. 6. Pressure-composition absorption-desorption curve for LaNi5 at 25°C [39]. 
 
 
Even more remarkable is the fact that substitutions in LaNi5 can substantially change the 
hydrogenation properties allowing to tune them to a large extent. As we have seen, many elements 
can substitute either La or Ni giving rise to the possibility of large changes of the properties. 
Unfortunately, the hydrogen storage capacity can never be increased by substitution. It is reduced 
more or less depending on the element (e.g. Al reduces a lot while Mn allows to keep a constant 
capacity). But the most striking effect of substitution on the hydrogen storage properties is shown on 
the changes of the plateau pressure which can reach several orders of magnitude. The example 
shown in Fig. 7 testifies for the effect of aluminum substitution. One may see the strong effect on both 
the plateau pressure and the capacity. Substitution on the rare earth site is also possible and may also 
control the equilibrium pressure [40]. 
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Fig. 7. Pressure-composition absorption-desorption curves of LaNi5-xAlx compounds [9,41]. 
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It is sometimes difficult to rationalize the changes of the capacity due to substitution, which are related 
to the change of the electronic properties. For the plateau pressure, related, through the Van't Hoff 
law, to the enthalpy of formation of the hydride, more regular rules are found. For example, it was 
observed that the logarithm of the plateau pressure generally varies linearly with the substitution rate 
of a given element. As the volume of the intermetallic compound varies also linearly with the 
composition (Vegard's law [42]), there is therefore a linear trend between the logarithm of the plateau 
pressure and the cell volume of the compound. The most remarkable finding was that the coefficient of 
proportionality is the same for many different elements giving rise to the so-called 'geometrical model' 
that allows to predict the plateau pressure as a function of the only measurement of the cell volume of 
the intermetallic compound which is easily accessible from diffraction [43–46]. This is a very practical 
and useful way to anticipate the properties. Unfortunately, it was later found that the model is not 
universal and that the slope of the linear dependence can change with the nature of the substitution 
element [6,26,30,47,48]. 
 
Finally, the use of very high pressures is a way to substantially increase the hydrogen storage 
capacity. It has been calculated, from geometrical considerations, that the limiting capacity is 9 H/f.u. 
[49]. This limit has indeed been reached or approached in a couple of experimental studies up to 1500 
bar (LaNi5H8, LaCo5H9) [49] or 2500 bar (CeNi5H7.1, LaCo4.95Mn0.05H8) [50], usually thanks to the 
existence of additional pressure plateaus. As far as we are aware, no structural study by neutron 
diffraction has been undertaken at these pressures in order to verify the structural model proposed by 
Lakner et al. [49]. In spite of these very high capacities, maintaining so high pressures is difficult and 
limits the practical application of these super-hydrides. 
 
 
 
 
4. Magnetic properties of AB5 compounds and their hydrides 
 
The physical properties of AB5 compounds with CaCu5 crystal structure have been mainly studied for 
A = Th, RE and B = Co and Ni, which are particularly interesting as concern permanent magnets 
(SmCo5) and hydrogen storage (LaNi5) applications. The only known AFe5 compound is ThFe5, and 
few studies have been performed on this compound and its corresponding hydrides. We will briefly 
summarize its magnetic properties and give then a more detailed report on the electronic and 
magnetic properties of ACo5 and ANi5 type compounds and their hydrides. Extensive reviews of the 
physical properties of AB5 intermetallic compounds and their hydrides can be found in Refs. [51–55] 
 
 
4.1. AFe5 compounds 
 
ThFe5 has a complex ferrimagnetic structure with TC = 680 K. Its easy axis of magnetization 
determined by means of the Mössbauer spectroscopy and X-ray diffraction is found in the basal plane 
[56]. Hydrogen absorption leads to a rise in cell volume of 6%, a slight increase of the magnetization 
and Curie temperature with an easy axis aligned along the a axis [57]. 
 
 
4.2 ACo5 compounds 
 
The discovery in the 1970’s of a very large uniaxial anisotropy, generating large coercive fields at 
room temperature, in ACo5 intermetallics was a breakthrough in the field of permanent magnets. The 
BHmax factor, which was below 10 MGOe (80 kJ/m

3
) for AlCoNi magnets, was progressively increased 

to 33 MGOe in optimized SmCo5 type magnets and other RE-Co magnets (RECo5, RE2Co17) [58]. 
Then, after 1985, the SmCo5 type magnets were progressively replaced by sintered NdFe14B type 
magnets which can reach 50 MGOe and are constituted of less expensive elements [59]. A review on 
the RE-Co permanent magnets, their discovery, development, synthesis and applications can be 
found in Ref. [60]. SmCo5 crystallizes in the CaCu5 structure and is a ferromagnet with TC around 1000 
K, a saturation magnetization of 7.7 µB and a large uniaxial anisotropy with an easy c-axis 
(K1= 11-20 10

7
 erg cm

-3
, HA = 250-440 kOe) [60]. The outstanding magnetic properties of the ACo5 

compounds with light RE elements (A = Y, Ce, Pr, Nd, Sm) (High TC, large MS and coercive fields) 
[61–63] are lost for heavy RE, due to the 4f-3d ferrimagnetic coupling which generates a decrease of 
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the total magnetization at room temperature. The large uniaxial anisotropy in these hexagonal phases 
arises from both the light rare earths (LRE) dominant at low temperature and cobalt dominant at room 
temperature, the magnetization becoming parallel to the c-axis. Neutron diffraction studies on YCo5 
revealed that this anisotropy can be attributed to the orbital contribution of Co magnetization [64]. 
Polarized neutron study on NdCo5 showed that anisotropy mainly comes from site 2c [65]. 
 
RECo5 compounds absorb hydrogen and their pressure-composition curves display multiplateau 

behavior corresponding to the formation of several hydride phases (, I, II and ) [66,67]. A 

maximum of 4.8 (1) H/f.u. has been found in the  phase. Neutron diffraction studies on selected 

RECo5Dx compounds shows that the structure is preserved in the α phase [68]. I-LaCo5D3.35 and I-
PrCo5D3.6 crystallize in an orthorhombic (Cmmm) structure with D atoms in RE2Co4 octahedral and 

RE2Co2 tetragonal sites. II-PrCo5D2.9 and II-NdCo5D2.8 crystallize in an orthorhombic body centered 

unit cell (Im2m), which is doubled along the c axis. III-CeCo5D2.55 crystallizes in a C centered 
orthorhombic structure with a doubling along c-axis (Cccm space group) with two partially occupied D 
sites. D insertion generates an anisotropic basal expansion, and a decrease of both Pr and Co 
moments. 
 
In situ magnetic measurements under hydrogen pressure have been performed with a versatile 
vibrating-sample magnetometer connected to a pressure-composition measurement system [67]. It 
was used to measure the evolution of the magnetizations versus H content for several ACo5 
compounds (A = Y, La, Nd, Pr, Sm, Gd) between 77 and 420 K [66,67,69,70]. The comparison of the 
hydrogen pressure versus magnetization and hydrogen composition is displayed in Fig. 8 for 
SmCo5Hx, clearly indicating that the magnetization decreases versus the H content. The 
magnetization decreases almost linearly versus H content for YCo5Hx and SmCo5Hx hydrides [69,70]. 
This is attributed to the weakening of the Co-Co interactions by H insertion. In the case of GdCo5, the 

total magnetization first decreases in the -phase and then increases again, when the magnetization 
of Gd becomes larger than that of Co. Their Curie temperature decreases from 978 to 460 K for A=Y 
and from 953 to 480 K for A=Gd. 
 
Herbst and Krönmuller [71,72] measured the magnetic aftereffect of the initial susceptibility in RECo5 
deuterides (RE=La, Pr, Nd, Sm). The magnetic aftereffect is related to the interaction energy between 
the spontaneous magnetization and the interstitial atoms. The interaction energy depends on the 
deformations induced by the H(D) atoms on interstitial sites. They concluded that the deuterium atoms 
were mainly located in the RE plane compared to Co plane, in contradiction with the analysis of 

59
Co 

Nuclear Magnetic Resonance (NMR) experiments [73]. But this last result was also later contested in 
Ref. [74] as the 

59
Co NMR spectra of “YCo5” in Ref. [73] corresponds indeed to a mixture of YCo5 and 

Y2Co17. 
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Fig. 8. Hydrogen pressure versus (a) saturation magnetization and (b) hydrogen composition in 
absorption (closed circles) and desorption (open circles) processes for the SmCo5Hx system at 25°C 
[69]. 
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4.3 ANi5 compounds 
 

LaNi5 is a Stoner-enhanced Pauli paramagnet with a magnetic susceptibility = 4.9 10
-6

 emu g
-1

 
measured by NMR [75]. LaNi5H6.8 hydride displays a paramagnetic behavior with a slightly lower 

susceptibility with = 3.2 10
-6

 emu g
-1

 at room temperature. An in situ measurement in a Faraday 
balance connected to a microbalance measuring simultaneously the H pressure and concentration 
with the magnetic susceptibility [76] showed a correlation between the magnetization and the H 

content with a sharp magnetization decrease from  to β phase. First principles calculations of LaNi5 
predicted a weak ferromagnetic behavior due to the relatively high density of state at the Fermi level 
[77]. However further Density Functional Theory (DFT) calculations (with VASP) yielded to values 
lower than 1 for the Stoner exchange correlation integral: 0.78 and 0.94 for Ni sites 2c and 3g 
respectively [78]. This explains why the ground state is paramagnetic. The computed γ coefficient of 
the electronic specific heat γ = 23.12 mJ mol

-1
 K

-1
 [78], is smaller than the experimental one: γ = 

34.5 mJ mol
-1

 K
-1

 [79] or γ= 42.6 mJ mol
-1

 K
-1

 [80]. The larger experimental values are explained by 
electron-phonon enhancement effects, which were not considered in the calculations. 
 
The DFT calculations of LaNi5H7 indicated the presence of a metal-hydrogen state centered 5 eV 
below the Fermi level [77]. These calculations also indicate that the H atoms interact mainly with Ni, 
even if they have a better affinity with La atoms. The Fermi level is shifted to higher value due to the 
additional 7 e

-
 of H atoms and fall in the rising portion of the La atoms. However, the DOS at the Ni 

site is smaller than in the parent compound. As a consequence the magnetic susceptibility becomes 
smaller, despite γ decreases only slightly: γ= 40.4 mJ mol

-1
 K

-1 
for the LaNi5 hydride [80] as the total 

DOS at EF remains high. 
 
Upon hydrogenation, LaNi5 is reduced into fine powder, the grain size decreasing from 50 µm after 10 
cycles to 12 µm after 100 cycles [81–83]. The magnetization curves show a ferromagnetic component 
due to surface segregation into Ni and La oxide. The ferromagnetic contribution increases also with 
the number of hydrogenation cycles, due to an increasing quantity of Ni nanoparticles. After 102 
cycles about 1 % of Ni has been precipitated. In situ measurements of Blach et al. [76] confirmed the 
formation of Ni clusters upon cycling. Ni precipitation is also observed when LaNi5 is exposed to air 
and this segregation can be attributed to the reaction of the surface of the alloy with traces of oxygen 
and water vapor. This self-restoring effect of the surface explains the easy activation and low 
sensitivity of LaNi5 to impurities present in the hydrogen gas [83].  
 

YNi5 (= 23.10
-4 

emu mole
 -1

 at 4.2 K) and CeNi5 are enhanced paramagnets with a broad maximum at 
100 K for CeNi5. PrNi5 is a Van Vleck paramagnet with a peak around 16 K. Ferromagnetic behavior 
with low Curie temperatures was obtained for A = Nd (TC = 6-8K), Sm (TC = 27.5-41 K), Gd (TC = 28-
32 K), Tb (TC = 23 K), Dy (TC = 12 K), Ho (TC = 4.1-4.5 K), Er (TC = 8-10 K), Tm (TC = 4.5 K) [51]. 
Magnetic measurements on single crystal revealed a large uniaxial anisotropy with generally a larger 
magnetization along the c axis [84]. Single crystal DyNi5 is described in an ortho-hexagonal cell below 
TC =11.6 K. In this description, b and c are respectively the easy and hard magnetization axes [85]. 
The spontaneous magnetization of 8.5 µB is mainly related to the Dy moment, but a small opposite 
moment of -0.08 µB/Ni is observed for Ni atoms. 
 
The specific heats of RENi5 compounds were measured to calculate the crystal-field splitting [86] as 
well as their magnetocaloric properties [87]. Both isothermal entropy and adiabatic temperature 
changes were measured and compared to calculated values using a Hamiltonian including crystalline 
electric field (CEF), exchange interaction and Zeeman effect. Rather good agreement was obtained 
considering that the experiments were performed on polycrystalline samples for RE = Er, Gd, Ho, Dy, 
Nd and Ce whereas the calculations assumed single crystal compounds. The influence of the easy 

axis orientation of the magnetization on the adiabatic temperature variation ΔTad was demonstrated 
theoretically for ErNi5 [87]. The anomalous behavior of the entropy variation of PrNi5 below 14 K was 
explained by the crossing of two fundamental CEF levels and by a sign inversion of the enthalpy and 
entropy variations compared to “normal case”.  
 
 
4.4 LaNi5-xMx compounds 
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The magnetic properties of LaNi5-xFex compounds (0 ≤ x ≤ 1.2) have been studied by combining 
magnetic, transport and Mössbauer spectroscopy measurements [8,26,88–90]. For low Fe content 
(x < 0.4), a spin-glass behavior is observed at low temperature. It is separated from the paramagnetic 
range by an intermediate region of strong irreversibility. Above a critical concentration xC = 0.4, a 
percolation threshold is observed as the density of substituted Fe atoms becomes enough to induce a 
ferromagnetic state coexisting with the freezing of small magnetic clusters below 15 K. The Curie 
temperature increases sharply from 45 to 300 K for x = 0.4 to 1.2 respectively. The larger total 
magnetization compared with the Fe moment measured by Mössbauer spectroscopy at 4.2 K 
(mFe =1.52 µB) shows that the Fe substitution induces a Ni moment mNi of 0.62 µB. In addition, X-ray 
diffraction measurements under applied field indicated that the easy magnetization axis is oriented 
along the c axis for x = 1.2. Similar but less pronounced effect was found for x =1.0. These 
compounds can absorb hydrogen concentration between 5.9 H/f.u. for x = 0.25 to 5.4 H/f.u. for x = 1. 
The neutron diffraction study of LaNi4FeD5.1 reveals that the CaCu5 structure is preserved with a cell 
volume expansion of 16% and D atoms distributed over three interstitial sites [26]. The magnetic 
curves of LaNi5-xFexHy hydrides indicate that the magnetizations are weak, and that they increase with 
Fe concentration. Hydrogenation enhances the spin-glass character and favors a transfer of d 
electrons towards H atoms as observed through the decrease of the isomer shift measured by 
Mössbauer spectroscopy.  
 
The influence of the partial substitution of Ni by M = Co, Cu, Fe, Mn and Al on the electronic properties 
of LaNi4M compounds was studied by X ray absorption and photoemission in comparison with band 
structure calculations [91]. It shows the presence of a new band which is full and below the Ni d-band 
for Al (EF-E = -6 eV) and Cu (EF-E = -3 eV) and crossing the Fermi level for Mn, Fe and Co. The 
influence of multi-substitution (Mn, Al, Co) was investigated in view to study properties of battery 
materials. 
 
 
 
5. Electrochemical applications of LaNi5-type hydrides as anodes in Ni-MH batteries 
 
Beside hydrogen gas storage, metallic alloys (M) can be considered as suitable materials for 
electrochemical energy storage. Indeed, the reaction between M and hydrogen can follow either a 

solid-gas or an electrochemical route, according to the two equivalent reactions (1) (driving force    
; 

equilibrium pressure) and (2) (driving force       
; equilibrium potential): 

 

   
 

 
                                                        

   (1) 

                                         
   (2) 

 
However, for practical use, the reversible hydride formation reaction should take place at low pressure 
(typically between 1 and 0.01 bar), near-ambient temperature range (-20 to 40°C) and alkaline 
medium. Metal-hydride couples fulfilling these conditions would then be suitable to work as anodes in 
alkaline batteries.  
 
The market for these alkaline systems took off with a patent filed in 1899 by Waldmar Jungner [92], 
which marks the invention of the nickel-cadmium (Ni-Cad) accumulator, founding a company that will 
later become SAFT AB. These accumulators consist of a positive nickel hydroxide electrode and a 
negative cadmium electrode immersed in a concentrated KOH solution. They are still used today for 
emergency lighting units (ELU), backup applications and uninterruptible power supplies (UPS). They 
are however limited in terms of energy density, poorly eco-friendly because of cadmium and subjected 
to internal drying as the electrochemical operating reactions consume water.  
 
For the above reasons, research works were conducted in the sixties to improve energy density and 
service life of these batteries. In 1967, a first attempt was made in Geneva with an anode using a 
titanium-nickel based alloy [93] capable of reversibly storing hydrogen in front of the positive nickel 
hydroxide-based electrode: the first Ni-MH battery was born. The main advantage of this battery is 
that, keeping both the alkaline electrolyte and the positive nickel hydroxide cathode developed for Ni-
Cad batteries, one produces a striking gain in volume energy (from 120 Wh.L

-1
 for Ni-Cad to 240 

Wh.L
-1

 for Ni-MH). Moreover, the alternative to cadmium, toxic to the environment, was also a 
significant benefit. Finally, the charge-discharge electrochemical reactions of the Ni-MH battery do not 
involve water so that the water content remains constant in the cell over the whole cycle, unlike those 
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involved in Ni-Cad batteries. This strongly facilitates the development of industrial devices and 
explains the rapid introduction of Ni-MH systems to the market, as early as 1989, notably by Japanese 
companies such as Sony, Yuasa, Panasonic (formerly Matsushita), Toshiba and Sanyo. 
 
Though a Ti-Ni based metal hydride was first considered in the early days, this alloy was rather 
unstable and inappropriate for industrial developments. However, following this idea, research 
continued, notably at Philips laboratories in the Netherlands and CNRS in Meudon (France). In 1970, 
the alloy LaNi5, able to store more than 6 H/f.u. by the solid-gas route was discovered, rapidly tested 
as a negative electrode [94–97] in alkaline medium and patented in 1975. The binary alloy is however 
subject to rapid corrosion, and many studies were then performed to stabilize the intermetallic in 
alkaline medium [98–103]. 
 
First, the plateau pressure of LaNi5 reaches 1.7 bar at room temperature. As a result, the binary 
compound is not suitable as an anode in open batteries since its hydride (LaNi5H6) will decompose 
spontaneously under normal conditions of pressure and temperature. To solve this, as we have seen 
in Sections 2 and 3, nickel can be partially substituted by elements with large atomic radius to lower 
the plateau pressure in the suitable range of 0.01 to 1 bar. As an example, the potential versus time 
evolution of a La(Ni,Al,Mn,Co)5-type negative electrode during a galvanostatic cycle is shown in Fig. 9 
in a half cell [37]. During charge at C/10, one observes a potential plateau at -950 mV vs. ENH 
reference electrode. This potential plateau is the electrochemical equivalent to the pressure plateau for 
the solid-gas reaction, following the metal-hydride phase transformation. The plateau extends for 
about 10 hours before showing a small kink related to hydrogen evolution at the electrode surface 
when the charge is over (i.e. after full formation of the metal hydride phase). For discharge, one sees a 
sloped potential plateau ranging between -900 and -630 mV vs. ENH for the same duration (10 h), 
which reflects the complete restitution of the inserted hydrogen. The difference between charge and 
discharge potentials is mainly related to kinetic limitations in the charge transfer at the electrode 
surface and to the diffusion of hydrogen atoms within the storage material. Indeed, LaNi5-type 
compounds are known to have very fast bulk reaction kinetics. At the surface, this is ensured by the 
spontaneous formation of nanoparticles of metallic nickel, which are highly active in the decomposition 
of water due to the corrosion of the compound in alkaline medium. At the volume level, the diffusion of 
hydrogen in the intermetallic compound at room temperature is very high (2 10

-8
 cm

2
/s) [104], allowing 

the hydrogen atoms to travel at a speed of about 10 µm/min in the material. 
 
Such half-cell illustrates well the behavior of MH anodes but differs from real mechanisms taking place 
in commercial Ni-MH cells. In real batteries, the cathode is the limited electrode so that side reactions 
always take place at the positive electrode, releasing oxygen when overcharged and hydrogen when 
over-discharged. These gas evolvements must be avoided to prevent any pressure increase in a 
sealed accumulator. The over-capacitive anode compensates by allowing recombination reactions of 
the gas as the oxygen produced at the positive electrode is recombined by reaction with the hydride at 
the negative electrode. In a similar way, at the end of the discharge, the hydrogen produced at the 
positive electrode reacts by solid-gas reaction with the metal of the negative electrode to form the 
hydride. Thanks to these recombination reactions, it is possible to limit any gas evolution, pressure 
rise and electrolyte leakage.  
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Fig. 9. Typical galvanostatic charge-discharge cycle for a LaNi5-type M/MHx electrode studied in half -
cell in KOH 8N electrolyte. Charge rate at C/10 for 12 h (20% overcharge) and discharge rate at C/10 
up to -630 mV versus ENH reference electrode. The alloy M forms the hydride MHx during charging up 
to 10 h, then gas evolution is observed during overcharge. After a short relaxation period, the hydride 
releases reversibly hydrogen during discharge for 10 h with increasing potential up to -630 mV. [37] 

Cambridge University Press, Copyright Clearance Center; License Number 4910200018114. 
 
In addition to adjusting the plateau potential (i.e. pressure), the optimization of the performance of 
LaNi5-derived compounds for Ni-MH batteries focused on reducing the cost of the alloy and improving 
their lifetime. As a result, and taking full advantage of substitution effects, commercial LaNi5-type 
alloys have nowadays very complex formulation. A typical composition of the active material 
constituting these anodes is MmNi3.55Mn0.4Al0.3Co0.75, first proposed in Ref. [105]. 
 
The use of Mischmetal (Mm, a mixture of rare earths which composition depends on the ore) is first 
based on economic criteria because rare earth separation processes, which have similar chemical 
properties, are quite expensive. However, contribution of cerium in La-rich Mm brings also an 
interesting effect related to the change of its valence state and therefore size upon hydrogen 
absorption. In situ hydrogen loading studies using X-ray absorption (XAS) have been performed on 
La1-xCexNi3.55Mn0.4Al0.3Co0.75 [106]. The Ce valence, which is around 3.35 in the alloys, slightly 
decreases in the α phase and sharply in the β one, reaching 3.1 above 5 H/f.u., i.e. close to a trivalent 
state. With respect to the triple substitution of Ni, the lowering of the plateau pressure is achieved by 
the incorporation of Mn and Al, while the choice of cobalt is driven by lifetime considerations. 
Interestingly, hydrogen absorption modifies also the K-edge of the transition metals: the intensity of the 
1s-3d pre-peak decreases with H loading. 
 
 
From the very first studies of the electrochemical properties of the binary compound LaNi5, it was 
noted that, during electrochemical cycling, the reversible capacity decreases by half in less than 100 
cycles [97]. Decrepitation of the alloy, resulting from the high mechanical stresses generated by the 
difference in volume between the metal and hydride phases (up to 30%), is at the origin of this short 
service life. Consequently, the generation of new fresh surfaces accelerates the corrosion of the alloy 
in the alkaline medium by reducing the quantity of active material to the benefit of the formation of RE 
hydroxides and a nanoporous Ni surface layer [107]. In addition, decrepitation can cause loss of 
electrical contacts between the active material and the electron conducting network. Cobalt 
substitution has proven to be a very good solution to cope with the phenomena of decrepitation. 
Cobalt leads to the formation of a second hydride phase with a concentration between 3 and 3.5 
H/f.u., i.e. about half of the full capacity. This intermediate hydride enables the hydrogenation process 
to be separated into two stages, each resulting in smaller volume variations. This reduces the 
mechanical stresses within the material during hydrogen insertion/disinsertion and thus reduces its 
decrepitation. 
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The multi-substituted alloys Mm(Ni,Mn,Al,Co)5 present the best compromise between capacity and 
service life with values close to 300 mAh/g over several hundred cycles. This was attributed again to 
the peculiar role of cobalt as, for this composition, in situ neutron analysis during electrochemical 

cycling revealed the formation of an unexpected intermediate  phase existing in equilibrium with both 

the  and  ones [108]. The  phase has an average cell volume (97 to 98 Å
3
) between those of  and 

. It plays a key role in the strain distribution within the crystal structure. This can be understood in 
term of volume expansion upon hydrogenation, responsible for severe grain pulverization, creating 

fresh surfaces in contact with the electrolyte, and inducing enhanced corrosion. The existence of  at 

the interface between  and , mitigates the cell volume increase attributed to the sole  to  

expansion as it implies a two-step mechanism for the discrete volume expansion ( to , then  to ) 
thus reducing the crystal strains and limiting the decrepitation. However, cobalt remains an expensive 
critical raw material (10 wt.% of cobalt represents about 40% of the cost of the material) and its 

content must be controlled. The use of over stoichiometric compounds Mm(Ni,Mn,Al,Co)5+, for which 
the volume changes of the crystallographic lattice during the metal/hydride transition are reduced, has 
been proposed [109]. This alternative has made possible a significant reduction of the cobalt content 
in multi-substituted alloys, and even to get rid of it by subsequent Fe substitution [110–112]. 
 
Beside the fine composition optimization of these LaNi5-based anode materials, valuable efforts have 
been made to understand their behavior along electrochemical cycling. Magnetic measurements have 
been used to study their evolution under corrosion and after cycling. Broom et al. [113] studied 
LaMmNi3.43Mn0.38Al0.29Co0.67 together with a surface treated modified alloy, to enhance Ni formation at 

the surface. The uncycled sample is paramagnetic with = 0.179 emu/g. The surface treated modified 
alloy displays a spontaneous magnetization suggesting the presence of Ni nanoparticles due to the 
surface treatment. The magnetization increases upon cycling due to superparamagnetic particles 
clustering at the surface of the grains. The analysis of the M(B) curves with a Langevin equation gives 
an average Ni cluster size of 5200 atoms. In addition, thermomagnetic measurements show that TC is 
higher than that of  pure Ni suggesting a Ni-Co alloying effect.  
 
Electrochemical properties of LaNi3.55Mn0.4Al0.3Co0.75-xFex (0 ≤ x ≤ 0.75) compounds were also studied 
[114–116]. The evolution of their magnetic properties was used to characterize the sample corrosion 
and explain the capacity decrease versus the number of electrochemical cycles (10, 20 and 50 
cycles), more pronounced for x = 0.75. The analysis of the M(T) curves was used to quantify the 
percentage of decomposed alloys upon cycling, which increases with the Fe concentration and the 
cycle number. The variation of the Curie temperatures allowed to determine the chemical composition 
of the segregated particles using Ni(Co,Fe) alloys as references. The nano-particles were identified as 
Ni(Co,Fe) alloys, but with a larger Ni concentration compared to the initial stoichiometry. The average 
nanoparticle size was measured thanks to the Langevin equation. Their diameters were found 
between 3 to 12 nm, with a maximum after 10 cycles. The magnetic data were also used to estimate 
the percentage of hydroxide which reaches 16 % after 50 cycles for x=0.75. An estimation of the 
corrosion layer thickness was also made. It increases linearly with the number of cycles and the slope 
is proportional to the initial Fe concentration. These results were correlated to the larger 
electrochemical capacity diminution when all the Co atoms are replaced by Fe and explained by a 
larger corrosion effect. 
 
About thirty years of research were necessary to optimize the composition of LaNi5-type alloys as 
negative electrode materials for Ni-MH batteries [117]. The binary compound LaNi5, at the basis of the 
concept, thus became over-stoichiometric and multi-elemental, comprising up to nine different metals. 
The adaptation of the alloy formulation needed at least three decades of research to define the best 
compromise in terms of electrochemical stability, capacity, lifetime and cost. This explains the 
commercial success of these batteries since the 1990s that are now sold by millions of units for Hybrid 
Electric Vehicles or Emergency Light Units.  
 
Nowadays, the story is still ongoing with the development of new alloys able to further improve 
electrochemical capacities while controlling the lifetime and cost. This can be achieved by developing 
a new generation of anode materials based on (A,Mg)2B7 or (A,Mg)5B19 inter-growth structures (A: RE) 
[118]. These new phases are formed from [AB5] and [A2B4] layers, stacked alternatively along the c-
axis. The chemical formula of this type of alloys can be expressed as n[AB5]+m[A2B4], i.e. 
(An+2mB5n+4m), where m and n represent the integer numbers of the successive layers. Each of these 
phases might adopt two types of crystallographic structure: hexagonal (P63mc) and rhombohedral (R-
3m). AB2 alloys (layer [A2B4]) are known to provide a high hydrogen absorption capacity but limited 
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stability, while AB5 type alloys are widely used in alkaline batteries with a remarkable lifetime but a 
lower capacity. Since A2B7 and A5B19 alloys are made by combining stacked layers of [A2B4] and [AB5], 
a higher capacity than pure AB5-type alloys can be achieved, together with a better lifetime than AB2 
ones [119]. Indeed, pseudo-binary alloys of the (A,Mg)2B7 and (A,Mg)5B19-type absorb hydrogen 
reversibly with one flat single plateau and similar atomic capacity to the binaries, which is excellent for 
electrochemical application [120–123]. Moreover, substitution by Mg, allowed in the [A2B4] layer, leads 
to reduce molar mass of the compounds, thus increasing the weight capacity of the alloys. It has been 
suggested that, in these systems, the [AB5] layers act as hydrogenation catalyzers of [A2B4] ones 
[124]. 
 
 
6. Non-electrochemical applications of AB5 compounds 
 
The most successful application of metal hydrides, and in particular of AB5-compounds, is undoubtedly 
their use as negative electrodes of Ni-MH batteries. Principles of electrochemical hydrogen storage 
and optimization of AB5 alloys for this application have been discussed in the previous section. Here, 
we will focus on applications involving the solid-gas reaction with special attention to those for which 
AB5 alloys are best adapted. 
 
Practical applications of interstitial metal hydrides are essentially driven by the reversibility of hydrogen 
uptake/release between metal and hydride phases and the possibility to tune the reaction as a 
function of pressure and temperature [125,126]. The reversibility of the solid-gas reaction, which is 
accompanied by heat exchange, can be expressed as: 
 

      
 

 
                        (3) 

 
while the thermodynamic properties of the reversible reaction, i.e. the dependence of the plateau 
pressure Pp with the temperature T, are given by the van’t Hoff relation: 
 

  
  

  
  

  

  
  

  

 
         (4) 

 

where Po is the reference pressure (usually 1 atm), H and S are the enthalpy and entropy changes 
of the phase transformation, respectively, and R is the gas constant. Characteristic data for LaNi5 are 

x ~ 6.5 (H/f.u.) i.e. 1.5 wt% and 105 kgH2/m
3
, Pp = 1.7 atm at 298 K, H = -31 kJ/molH2 and S = -

110 J/K molH2 [39].  
 
The choice of AB5 compounds for a given application is guided by their advantages and constrained 
by their shortcomings [127]. LaNi5-type alloys are characterized by their versatile thermodynamic 
properties enabled by substitutional effects, high volumetric capacity, easy activation, a unique flat 
plateau with moderate hysteresis, rapid kinetics, resistance to poisoning and good cycle stability. As 
drawbacks, they have moderate gravimetric capacity, decrepitate to very fine powder and contain 
expensively and unevenly distributed elements in the earth, i.e. rare earth metals that are considered 
as critical raw materials in most countries.  
 
Besides electrochemical storage, main applications of LaNi5-type compounds can be classified in 
three families (Fig. 10): solid-gas hydrogen storage, thermally powered devices and gas separation. 
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Fig. 10. Main applications of LaNi5-type compounds. Images for Solid-stage Hydrogen Storage and 
Thermally-powered devices taken from Ref. [128] and [129], respectively. 
 
 
6.1. Solid-state hydrogen storage 
 
Following the discovery of the remarkable properties of LaNi5 alloy as reversible hydrogen store [95], 
its use in commercial devices for hydrogen storage has been attempted by many companies 
worldwide during the last 50 years [130–136]. LaNi5-derivatives have been used in portable, mobile 
and stationary applications. Some examples of portable applications are smartphones [137], personal 
power sources [138] and minibar coffee machines [139]. As for mobile applications, bikes [140], utility 
vehicles [126] and forklifts [141] have been developed. The use of AB5 compounds for these 
applications is generally driven by their high volumetric energy density and mild operating conditions 
(safety). However, their widespread commercialization is hampered by weight penalty and cost-issues 
as compared to alternative power sources, mainly batteries. Forklifts, which require ballast for stability, 
are foreseen as an exception to this general statement. Fuel-cell powered forklifts are characterized by 
lower costs of operation, shorter refueling time and less maintenance than battery powered forklifts 
[141]. 
 
Most of both portable and mobile applications using metal hydrides concern prototypes or few units for 
niche demands. The low gravimetric energy density of metallic hydrides and the need for heat 
exchange to promote reversible hydrogen sorption account for this. These drawbacks of metal 
hydrides are less constraining for stationary applications in which the ratio of the heat exchanger 
counterpart to the balance-of-plant can be minimized and waste heat used. In particular, the use of 
room-temperature metal hydrides has recently gained a vivid interest as concerns the energy 
management of intermittent renewable energies [142,143]. For instance, a prototype tank containing 
29 kg of LaNi4.8Al0.2 has been tested in Europe to deliver hydrogen to a PEM fuel cell at 1.5 bar and 
2.6 Nl/min flow, while using a water heating system to maintain desorption temperature at 333 K [144]. 
In Japan, AB5 alloys have been recently used in much larger storage devices by Toshiba corporation 
and the Japan Steel Works (JSW) as now detailed.  
 
The H2One™ modular system developed by Toshiba corporation aims to produce hydrogen by 
electrolysis using renewable energy, store the produced hydrogen in a metal hydride tank, and convert 
it into electricity using a fuel cell when needed [145]. It has been used, for instance, to manage 
electricity for a Hotel resort in Japan using photovoltaic panels as a primary source. The metal-hydride 
AB5 tank is loaded in summertime with the surplus of electricity production and unloaded in wintertime 
to feed-up a fuel cell. This fuel cell not only guarantees stable electricity production but also provides 
heat and warm up water for the Hotel resort. The MH tank is less than one-tenth of the size of the 
conventional type gas tank it replaces and can store 200 Nm

3
 (18 kg) of hydrogen. JSW company has 
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developed even larger MH-tanks  based on AB5 alloys with composition MmNi4.4Mn0.1Co0.5, being first 
prototype developed for the renewable energy system constructed at Griffith University, Australia 
[128,131]. The alloy powder, with a typical particle size of 1 mm, is embedded in a special resin that 
permits hydrogen permeation. This composite material ensures uniform distribution of alloy in the tank 
and reduces mechanical stress. The whole system works near ambient conditions of pressure and 
temperature. It is composed of 9 metal hydride tanks with a total capacity of ~ 90 kgH2 (1000 Nm

3
). 

 
 
6.2 Thermally powered devices 
 
The operation of hydride-based thermodynamic devices relies on the large pressure response of 
hydrides to changes in temperature (Eq. 4), on the heat exchange during hydrogen sorption (Eq. 3), or 
both. Compared to other mechanical and chemical systems, hydride-based thermodynamic devices 
have unique properties: use of a non-polluting working fluid (hydrogen), lack of moving parts, 
compactness, fast response with proper heat management, and low cycle time. Most successful 
thermally-driven devices using AB5 compounds are compressors, actuators, sensors and heat 
chemical engines. 
 
Thermal energy can be converted into the compression of hydrogen when a hydride bed is heated up 
in a closed volume. According to the van’t Hoff relation, hydrogen pressure increases with 
temperature. For LaNi5, the plateau pressure increases from 2 to 49 bar when rising the temperature 
from 298 to 400 K. In practical devices, several hydride beds can be assembled in series to enhance 
the compression ratio. For two consecutive beds, the plateau pressure of the first bed at high 
temperature should be higher than that of the second bed at low temperature. As early as in 1973, a 
three-stage hydrogen compressor using LaNi5 was built-up by van Mal et al. following this concept. 
Hydrogen was compressed from 4 to 45 bar while the temperature was ranged between 290 and 410 
K [146]. The total cycle time was 10 min with a hydrogen flow of 15 mg H2/s.  
 
One of the most successful applications of hydride-powered compressors are sorption cryocoolers for 
refrigeration of telescopes in spacecrafts. These cooling devices combine a thermal compressor 
system, to rise hydrogen pressure, and a Joule-Thompson expander to cool down hydrogen at 
cryogenic temperatures [126,146]. The Brilliant Eyes Ten-Kelvin Sorption Cryocooler Experiment 
(BETSCE) developed by the Jet Propulsion Laboratory (JPL-USA) and launched in 1996 
demonstrated highly efficient cooling down to 10 K [147,148]. Compressor beds contained a LaNi5-
type alloy able to compress hydrogen from 0.7 to 100 bar for a temperature swing comprised between 
270 and 470 K. This device could perform thousands of thermodynamic cycles without losing 
performance. This was achieved thanks to partial Ni by Sn substitution in LaNi5 alloy (LaNi4.8Sn0.2) for 
minimizing alloy degradation on cycling. Research works showed that Sn substitution promotes a 
more homogenous distribution of hydrogen atoms in the alloy as compared to LaNi5 [149]. Thus, strain 
gradient and dislocation generation are minimized leading to less microstructural damage than for 
binary LaNi5. Similar engineering and metallurgical approaches were latter used for a double sorption 
cooler used in the Planck Surveyor mission of the European Space Agency launched in 2009 [129].  
 
Nowadays, much activity of hydrogen compressors is motivated by the need of pure hydrogen supply 
at high-pressures for refueling hydrogen vehicles (cars, buses, forklifts…). Recently, several 
comprehensive review papers on this topic have been published [150–152]. Most compressor systems 
operate at mild temperatures (between room temperature and 425 K) to use low-grade waste heat (T 
< 200 °C) from electrolyzers, fuel cells and so on… For instance, in refueling stations, on-site 
hydrogen production by electrolyzers can be envisaged and the generated low-grade heat used for 
powering hydrogen compression [153,154]. To produce high hydrogen pressures (PH2 > 200 bar), 
multi-stage compressors are required. In these systems, AB5 compounds are preferred for initial 
stages since, at low and moderate pressure (PH2 < 200 bar), they have flat plateau, reduced 
hysteresis, fast kinetics and good resistance to impurities. The latter property is of paramount 
importance for the first stage of the compressor (see Section 6.3). Plateau slope and hysteresis play a 
key role on the compression ratio, whereas kinetics largely determine the productivity of the system. 
Tailoring of thermodynamic properties of LaNi5-derived compounds entailed the partial substitution of 
La by Ce or Mm for hydride destabilization and the partial substitution of Ni by Co, Mn, Al and Sn for 
hydride stabilization, hysteresis control and cycle-life enhancement. For instance, La0.5Ce0.5Ni5 
compound has been developed by the group of Lototskyy for the first stage of a 200 bar compressor 
[150,151].  
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The increase of hydrogen pressure with temperature induced by hydride thermal desorption in a 
closed system can also be employed to operate actuators and sensor devices. In actuators, changes 
in hydrogen pressure are converted into mechanical movement. As an example, Kurosaki et al. used 
10 g of LaNi5 to lift 20 kg load with a displacement of 8 cm [155]. The sorption bed was increased from 
270 to 350 K with a concomitant pressure increase from 4 to 8 bar. This concept has been applied 
with success using LaNi5-type alloys in rehabilitation therapy, human power assistance and robotics 
[156,157].  
 
As concerns sensor, pressure changes in a closed volume by heat-driven hydrogen desorption can be 
calibrated and used, for instance, to move a fluid control valve [125]. This has been used by the 
company Ergenics for fire detection and activation of a sprinkler head valve when the temperature 
reaches a predetermined temperature. According to patent data, approximately 4 g of a LaNi5-
compound are placed in the sensor to achieve upon thermal desorption hydrogen pressures of about 
6 bar [158]. The temperature response of this sensor-actuator can be tuned by partial substitution of Ni 
by Fe, Co, Al or Sn in LaNi5 alloy. The sensor is fully reversible and stops fluid release once the 
temperature goes back to ambient.  
 
Heat chemical engines such as heat pumps, for heating, and refrigeration devices, for cooling, 
manage heat exchange during hydrogen sorption (Eq. 3). Heat pumps exploit the heat released by 
hydrides during absorption while refrigeration devices use the ability of hydrides to uptake heat for 
desorbing. In both devices, hydrogen gas is transferred between two hydride reservoirs at two different 
temperatures. Multi-stage systems containing up to 16 different metal hydride beds have been 
implemented in the literature [159]. Operation details are given in excellent book chapters and review 
articles on this topic [125,160,161].  
 
AB5 compounds have been widely used in heat chemical engines [159,161]. For instance, Gopal and 
Murphy implemented a cooling system in which MmNi4.5Al0.5 was used as high pressure – low 
temperature alloy, releasing heat out of the system when hydrogen was transferred to a low pressure 
– high temperature alloy [162]. The working temperature of the AB5 alloy was set between 278 and 
303 K. In contrast, Sekhar and Muthumar demonstrated the feasibility of a double-stage system to 
upgrade heat from 393 to 463 K using La0.35Ce0.45Ca0.2Ni4.95Al0.05/ LaNi5/LaNi4.35Al0.65 alloy combination 
[163].  
 
 
6.3. Gas separation 
 
Gas separation devices are based on the selectiveness of some metals and intermetallic compounds 
to react reversibly and exclusively with hydrogen (Eq. 3). As remarked by Dantzer [161], one should 
distinguish between separation and purification processes. The latter term only applies to separation 
of hydrogen from other gases when the level of impurities is below 0.1 %. Separation processes using 
metal hydrides are particularly relevant when hydrogen is mixed with low or inert reacting gases such 
as Ar, He, N2, CH4 and NH3. Reactive gases such as O2, CO2 and CO are difficult to separate from 
hydrogen using metallic hydrides, though successful results in AB5 compounds have been achieved 

by surface modification with fluorination treatment or Pd coatings [164]. Particularly, carbon 
monoxide is considered as a poison for hydrogen absorption in metals [165,166].  
 
LaNi5-type compounds are particularly adapted for the separation task thanks to their endurance 
towards poisoning compared to other intermetallics and reversible hydrogen uptake [166–168]. In a 
hydride bed, the alloy reacts reversibly only with hydrogen from the gas mixture to form the hydride. 
Inert impurity gases remain in the volume of the container, while reactive ones are irreversibly 
chemisorbed at the AB5 surface. After a venting step to flush inert gases, pure hydrogen can be 
recovered from the hydride bed. The concept has been applied, for instance, in large-scale systems 
using a MmNi5-xAlx alloy to separate hydrogen obtained as a by-product of a synthetic ammonia plant 
[169]. Hydrogen separation from ammonia using LaNi5 has also been demonstrated from the argon 
vent stream of an ammonia synthesis loop [170]. Starting with an initial hydrogen content of 60%, the 
hydrogen purity reached up to 99.9%.  
 
Metal hydrides can be also used for the separation of hydrogen isotopes (protium, deuterium and 
tritium). Several H-sorption properties of metals such as thermodynamics, diffusion coefficients and 
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kinetics depend on the isotope [171]. As for thermodynamics, the plateau pressure of a given metal-
hydrogen system depends on the nature of the isotope. Thus, the efficiency of the separation between 
two isotopes by thermodynamic means can be evaluated by the separation factor, which for a mixture 
of hydrogen and deuterium gases is given by: 
 

  
   

 
 

 
    

 
 

 
      

         (5) 

 
where D and H represent the concentration of the isotopes in gas and solid phases.  
 
Isotopic dependence in intermetallic compounds is complex. LaNi5-type compounds are a good 
example of this statement. Early works of Percheron-Guégan et al. in 1977 showed that the separation 

factor between deuterium and hydrogen in Ti-substituted LaNi5 between 233 and 283 K is low ( < 
1.33) and tends to 1 when the temperature approaches to the ambient [172]. This means that isotope 
effects are small in LaNi5. This was confirmed by Andreyev et al. [173] both for deuterium and tritium 
as well as by Yawny et al. [174] who concluded in 1989 that LaNi5 is not adequate for isotope 
separation purposes. However, the same year Sakaguchi et al. [175] disputed this affirmation by 
showing that LaNi5 thin films deposited over polyimide membranes can reach a high separation factor 

( = 1.9) in the range 353-423 K, comparable to Pd films. This significant enhancement was mainly 
attributed to the difference of diffusivity between hydrogen and deuterium in LaNi5. More recently, in 
2006, it has been reported that magnetization effects can also influence the isotope separation for 
ferromagnetic LaNi5-type alloys [176]. Indeed, for LaCo5 compound the separation factor at the high-
pressure plateau increased from 1.54, at zero field, up to 2.25 at 13 T.  
 
To summarize, LaNi5-type compounds are highly versatile systems for reversible hydrogen sorption 
near room temperature and pressure. Their H-thermodynamic properties can be tailored at wish 
through chemical substitution for being adapted to the operation conditions of multiple applications of 
high technological interest. To illustrate this fact, Table 2 gathers representative LaNi5-type 
compounds used for the main applications described in this Section.  
 
 
Table 2 
Representative LaNi5-type compounds used in successful applications other than Ni-MH batteries  
 

Application Alloy Composition Temperature range Pressure range Reference 

  
(K) (bar) 

 
H-storage stationary MmNi4.4Mn0.1Co0.5  298-308 1-8 [128]  

H-storage stationary LaNi4.8Al0.2  335 1.5 [144]  

H-storage portable Mm(Ni,Mn,Co)5 273-315 1-10 [137] 

H-storage mobile La0.6Ce0.4Ni5  293-338 2.5-30 [138] 

Compression LaNi5  298-333 5-13 [153] 

Compression La0.5Ce0.5Ni5 288-413 1-70 [150] 

Compression LaNi5  290-410 4-45 [146] 

Cryocooling LaNi4.8Sn0.2 270-470 0.7-100 [147,148] 

Cooling system MmNi4.5Al0.5  278-303 - [162] 

Actuator LaNi5  270-350 4-8 [155] 

Heat sensor/actuator La(Ni,Fe,Co,Al,Sn)5 298-408 2-7 [158] 

Gas separation MmNi5-xAlx  300 - [169] 

Gas separation LaNi3.55Co0.75Mn0.3Al0.4 350-475 0.1-8 [166] 

Purification LaNi4.3Al0.7  298-355 8 [168]   
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7. Conclusion 
 
In this review, the most outstanding properties of AB5 compounds have been presented. LaNi5-derived 
compounds crystallize in the hexagonal CaCu5-type structure. This structure, though rather simple can 
accommodate many substituting elements in large amounts, allowing to modify at wish and to a large 
extent the compound properties. Such compounds can absorb reversibly large quantity of hydrogen, 
which is of extreme importance for various applications such as Ni-MH batteries, stationary hydrogen 
tank, compression, cryocooling, gas separation or purification. The large substitution range 
aforementioned allows to finely adjust the thermodynamic properties to fulfill the desired application. 
The magnetic properties of RECo5 and RENi5 compounds can be also modified by combining 
chemical substitution and hydrogen absorption. The LRECo5 compounds have been extensively 
studied for permanent magnet application, particularly SmCo5. Magnetic measurements have been 
also used to study the surface decomposition either in solid gas or in electrochemical condition due to 
oxidation or corrosion effects, respectively. The concept of composition adjustment has been 
particularly developed for Ni-MH battery, defining very accurately LaNi5-type anode materials and 
leading to the most successful commercial application so far for metallic hydrides. Research on this 
family is no longer as active as in the 90’s. However, exploration is still running on new families of 
super-lattice alloys, all built from LaNi5-based units showing the great versatility of this compound for 
energy storage applications. Significant research programs are nowadays conducted worldwide for 
both stationary and mobile energy storage usages. This review highlights the extraordinary chemical 
flexibility of AB5 compounds and its use on manifold applications over the last 50 years. This 
compound family remains today of vivid interest face to current challenges on energy storage 
technologies. 
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