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A B S T R A C T   

A study of the magnetic properties of LaNi5 intermetallic compoundand and their effect on 
desorption reaction was carried out as a function of temperature. A Vibrating Sample Magne-
tometer (VSM) was used for the magnetic measurements and a Metal Hydrogen Reactor (MHR) 
supplied by a constant current through a coil was used for the hydrogen desorption reaction under 
the action of a magnetostatic field. Then, the hysteresis cycle, the first magnetization curve, the 
thermo-magnetization curves and the desorbed hydrogen mass were determined. The results 
showed that the application of a magnetic field corresponding to the magnetization at saturation 
Ms at a given temperature improved the hydrogen desorption reaction by the LaNi5.   

1. Introduction 

World energy consumption will grow by 28% between 2015 and 2040 [1]. Therefore, in response to the depletion of fossil fuels and 
the rising need for energy, researchers have created innovative methods for energy storage. By the way, fossil fuels are predicted to 
make up only a small percentage of the world’s power generation by 2050, while renewable energy sources will continue to meet the 
primary and secondary energy needs [2]. Hydrogen is a particularly fascinating renewable and extremely powerful energy vector [3]. 
Nevertheless, before being used, hydrogen must be stored. Already, to develop a hydrogen-storage technology, critical considerations 
must be taken into account such as the storage density, safety, affordability, and service life [4]. Although it can be stored in liquid or 
gas form, hydrogen can be conveniently stored in a solid state by physisorption or chemisorption particularly in metal hydrides form 
[5]. Thus, the discovery of hydrogen storage in metal hydrides by the LaNi5 [6–9]and the FeTi [10–12]compounds offered new 
possibilities for hydrogen storage technologies. Intermetallic compounds are still at the center of interest from researchers since they 
provided an attractive combination of low price and high hydrogen storage density under predetermined circumstances. In these 
compounds, hydrogen penetrates the metal network and shares its electron with the conduction strip of the intermetallic or metallic 
element. This interaction allows the formation of a metallic bond between the metal and hydrogen [13]. The intermetallic compound 
LaNi5 and its derivatives are known for their hydrogen storage capacities since they reversibly store hydrogen at moderate temperature 
and pressure without special activation treatment [14–16]. However, the development of LaNi5 hydride, as a hydrogen storage ma-
terial has remained at the basic stage and has not really moved towards concrete applications. This limitation is due to the hydride’s 
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low mass storage capacity, compared to magnesium hydride for example, because of its low thermal conductivity. In fact, to be 
marketed, a storage material must combine a high hydrogen storage capacity under standard pressure and temperature conditions via 
light and bulky tanks with an acceptable storage cost. To improve the heat and mass transfer within the hydride bed, several 
experimental and numerical research works have been carried out. Scientists have used several methods including controlled sub-
stitution. Improving the storage capacity of the LaNi5 compound through the addition of other metals such as Sn, Fe, Al, Co, etc.. to give 
the material new properties is common [17–21]. The majority of these studies have demonstrated that the substituted compounds do 
not have the same properties as the parent compounds. However, the hydrogen storage capacity did not improve sufficiently. 

Over and above, several research works focused on improving heat transfer within the hydride bed by using new metal-hydrogen 
reactors (MHR) configurations [22–25]. These studies are examined how different MHR setups performed in relation to a number of 
operating conditional variables, including hydrogen inlet design, input pressure, and cooling / heating fluid temperature. Then, for 
better efficiency, MHR have been equipped with various forms of inner and outer heat exchangers [26–29]. Thereby, heat exchangers 
are used to accelerate the heat transfer rate in the metal hydride bed. Besides, an important way to enhance the storage reaction is by 
adding fins to heat exchangers. Thence, heat pipes given a better heat transfer by more than 50% compared to heat exchangers [30,31]. 

Another way to improve the hydrogen storage reaction is to use a phase change material (PCM) [32–34]. Researchers have shown 
that using the appropriate phase change material is an attractive option for storing or supplying heat during absorption or desorption, 
eliminating the need for high temperature level waste heat. 

Even if all these techniques have shown an improvement in the reversible hydrogen storage properties by metal hydrides, they still 
limited by the heat losses by convection and conduction along a long and heavy heating installation marked by unpleasant storage 
conditions. Additionally, the problem which arises by implementing any of these techniques is the increased thermal mass of the 
system, which affects the hydrogen storage capacity. 

To solve the above mentioned problems, hydrogen storage under the effect of an external magnetic field (electromagnetic and 
magnetostatic field) by the LaNi5 compound attracts recently the attention of researchers. Firstly, Electromagnetic induction (EMI) 
during desorption reactions has been proposed experimentally as a new heating technique [35]. Then, a numerical simulation has been 
carried out to study the performance of the MHR using the EMI [36]. The EMI heating technique has shown spectacular results. In fact, 
the kinetics of the reaction has been improved by more than 80%. The applied electromagnetic field offered an attractive combination 
of efficiency, speed, and economy of energy and space. 

Moreover, the effects of an applied magnetostatic field and of the thermo-magnetization properties on the hydrogen storage re-
action are of great interest. In fact, the study of the effect of magnetic transitions caused by the application of external magnetic fields 
and their variation with hydrogen storage has attracted the attention of several researchers [37–39]. Aware that the LaNi5 is an 
intermetallic compound of a 3d magnetic transition; it is a Pauli paramagnet compound [40–43], researchers noted that the hydro-
genation considerably affects the magnetic properties of hydrides due to the increase in mesh volume and the change in the magnetic 
structure marked by the segregation of ferromagnetic particles (Ni) [44–47]. Particularly, the change in the magnetic properties, which 
occur due to the hydrogen absorption / desorption has prompted researchers to study the effect of an external magnetostatic field on 
the hydrogen storage reaction. Although the magnetic properties of AB5 and their derivative intermetallics are widely studied by 
scientists [48–50], few published works have considered the effect of the magnetic properties on the hydrogen storage reaction by the 
LaNi5. 

In a previously published work [51], the effect of a weak external field (less than 0.03T) on the hydrogen absorption/desorption 
reaction was investigated. Results showed that the applied magnetostatic field improves the absorption reaction for low temperatures 
and that the magnetostatic field has no effect on the desorption reaction. 

In this paper, we present the results of the magnetic properties of the LaNi5 intermetallic as a function of the applied temperature 
and external magnetic field and their effect on the hydrogen desorption reaction when the applied magnetostatic field is up to 0.1 T. 
The intriguing hydrogen storage properties of LaNi5, such as its large hydrogen storage capacity, straightforward activation, and safety 
of the hydrogen storage procedure, were the primary reasons for choosing this material for the proposed study [52]. Then, it is because 
of its fascinating magnetic properties at which temperature variation and particle size have a significant impact. In fact, although 
experimental results state LaNi5 as a paramagnetic material [53], several studies showed that it can exhibit properties of a very weak 
ferromagnetic material. In addition, when exposed to a magnetic field, it manifests the formation of ferromagnetic particles of nickel 
[54]. The presence of nickel in LaNi5 introduces a magnetic behavior of the material. The magnetic moments of nickel atoms are 
influenced and controlled through the application of an external magnetostatic field. Understanding the impact of magnetism on 
hydrogen desorption kinetics provides insights into optimizing the material’s performance for hydrogen storage. Lastly, LaNi5 was 
chosen due to its commercial accessibility. 

2. Experimental steps 

2.1. Alloy preparation 

30g of LaNi5 alloy (99.9% purity) was ground into a fine powder by mechanical grinding. This step took 2 h. To prevent the 
sample’s temperature from rising too much during the grinding process, there would be a 5 min break every 15 min. This step is crucial 
on the one hand, to prepare the intermetallic to reversibly store the hydrogen by increasing its surface and subsequently facilitating its 
activation. On the other hand, to prepare it to undergo the effect of the magnetic field by decreasing, the size of the particles and 
stimulating the segregation of Ni particles on the metal surface. 

The surface states of the obtained powders were then verified using a Scanning Electron Microscope (SEM) before and after 
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grinding (Fig. 1(a and b)) and studied by X-ray diffraction (RX) (Fig. 2). 
The obtained results showed that the grains of the crushed compound were finer, had a particle size less than 1.5 μm, and had a 

regular shape, which facilitates the activation process during the hydrogen absorption-desorption cycles. 
Fig. 2 shows the appearance of the X-ray diffraction profiles of the crystallographic structure of the LaNi5 alloy before the 

absorption-desorption processes of hydrogen. From this figure, it is observed that the compound LaNi5 crystallizes in the hexagonal 
CaCu5 structure with the space group P63/mmc and with the lattice parameters of the mesh: a = b = 5.019 Å and c = 3.982 Å. 

2.2. Hydrogen storage reaction 

The experimental device and the alloy preparation steps are described in our previous published works [51]. The hydrogen tank 
was connected to the reactor with connection tubes and valves. The hydride bed was cooled or heated by heating water coming from 
the thermostatic bath. A pressure sensor was installed inside the hydrogen tank to control the variation of the hydrogen pressure 
(Fig. 3). It is connected to an acquisition card installed on a micro computer to visualize the evolution of the pressure during the 
absorption and desorption reaction. 

Hydrogen absorption reaction steps.  

* The tank was supplied with hydrogen at a pressure of 6 bar.  
* The heat transfer fluid of the thermostatic bath was cooled at a temperature of 300 K.  
* The hydrogen tank was put in contact with the reactor. Then, the hydrogen passed transiently from the tank to the reactor until 

reaching stability. 
* The connection between the tank and the reactor was closed and the tank was re-energized with a pressure of 6 bar and the ab-

sorption was repeated in the same conditions. 

Hydrogen desorption reaction steps.  

* The hydrogen tank was emptied using a vacuum pump up to a pressure of 0.1 bar. 

Fig. 1. (a,b): SEM of the LaNi5 before grinding (a) and after grinding (b).  
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* The hydride bed was heated until reaching a temperature of 333 K.  
* The hydrogen tank was put in contact with the hydrogen reactor. The hydrogen passed, in these conditions, into the tank, until 

reaching stability.  
* The connection between the tank and the reactor was closed; the hydrogen tank was emptied until reaching 0.1 bar and desorption 

was repeated until the same conditions. 

2.3. The magnetic field production during desorption 

The hydrogen metal reactor was equipped with a coil of 128 turns and a length L = 24 mm, traversed by a direct current delivered 
by a power supply unit to produce a constant magnetic field around the hydride bed. 

Fig. 2. The XRD profiles for LaNi5 before hydrogenation [55].  

Fig. 3. Experimental device: Metal-Hydrogen reactor (MHR).  
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3. Results 

3.1. Magnetic hysteresis cycle 

The hysteresis cycle at room temperature (300 K) versus the applied magnetic field of the crushed LaNi5 intermetallic compound is 
shown in Fig. 4. 

The hysteresis cycle had three distinct zones.  

* First zone: it is a linear zone. In fact, when the field increased the magnetization increased too. However, the increase due to 
magnetization was very slow compared to that in the field.  

* Second zone: This zone is characterized by a remarkable variation of the magnetization against zero field.  
* Third zone: it is a saturation region for which magnetization hardly changed against a remarkable variation of the field. 

The hysteresis cycle at room temperature shows that the material is a weak ferromagnetic material classified as magnetically soft. It 
is characterized by a weak magnetization at saturation (Table 1) with a non large cycle [56–59]. 

This is particularly the case in certain compounds comprising two types of atoms with different magnetic moments of spin. 
Therefore, all magnetic moments of the same type tend to go in one direction and those of the other type in the opposite direction, 
which results in a non-zero spontaneous magnetization. Although there are studies which have supported these findings and 
considered that LaNi5 as a weak ferromagnetic compound [60,61], others have observed a ferromagnetic behavior of the LaNi5 [62]. 

The magnetic measurement parameters of the LaNi5 intermetallic found from the hysteresis cycle are in Table 1. 

3.2. Magnetization curves as a function of the applied field 

3.2.1. Magnetization curves for the LaNi5 at constant temperature 
Fig. 5 shows the first magnetization curve at room temperature (300 K). The material is initially demagnetized (no magnetization). 

The progressive increasing in the applied field caused the gradual increase in magnetization. 
The magnetization curve of the LaNi5 intermetallic consists of three parts.  

* A linear region for which the magnetization acquired by the intermetallic increases according to the applied field.  
* Saturation bend for which the variation of the magnetization as a function of the field was very slow.  
* A saturation region for which the increase in the applied field had no effect on magnetization. 

From a demagnetized state (H = 0) applying a regularly increasing magnetic field of excitation leads to the appearance of a 
magnetic induction M (H). The energy of coupling with the external environment promotes a growth in the volume of the favorably 
oriented domains. The maximum magnetization, Ms, known as saturation, corresponds to a perfect alignment of all the atomic mo-
ments on the applied field. The magnetic parameters from the curve of the first magnetization are shown in Table 2. 

The average value of magnetization at saturation Ms measured experimentally by the VSM magnetometer from the virgin 
magnetization curve was around 0.15 emu/g. The Ms was reached from a magnetic field of 1 T. The required magnetic field Hs to reach 
0.7Ms is around 0.12 T (Table 2). This value was reached from the saturation bend region and it depends on the temperature. 

3.2.2. Isotherms and isofields magnetization measurement below curie point 
Fig. 6-a shows the magnetization isofield when H = 1T versus temperatures. Below 200 K, the magnetization decreased when 

Fig. 4. Hysteresis cycle at room temperature for the LaNi5intermetallic compound.  
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temperatures increased. 
The decrease in magnetization as a function of temperature led to an increase in the magnetic entropy (eq. (1)) [63–65]: 

− ΔSM =

∫ H

0

(
∂M
∂T

)

H
dH (1) 

Above 200 K, the increase in temperature has no effect on the magnetization when the applied magnetic field is constant (1T). 
Fig. 6-b shows the magnetization isotherms of the LaNi5 intermetallic as a function of the magnetic field at constant temperatures. It 

Table 1 
Magnetic parameters of the LaNi5 from experimental hysteresis cycle at room temperature.  

Hysteresis loop Avarage Parameters definitions 

Hc (Oe) 44.297 Coercitive field: field at wich M/H change sign 
Mr (emu/g) 42,186*10− 3 Ramanent magnetization: M at H = 0 
Ms (emu/g) 0.2 Saturation magnetization: maximum M measured 
Susceptibility χ0 (emu/g) 0.17 Magneic susceptibility calculated from slope  

Fig. 5. First Magnetization curve as a function of the applied field at room temperature for the LaNi5intermetallic compound.  

Table 2 
Magnetic parameters at room temperature of the LaNi5 from the first experimental magnetization curve.  

Magnetization parameters Avarage Parameters definitions 

H0.5 (T) 0.0384 H at M = 0.5 M 
Ms (emu/g) 0.15 Saturation magnetization: maximum M measured 
Hs (T) 0.12 Field at which M (H) reaches 0.7 M  

Fig. 6. Magnetization isofield at different temperatures (a) and magnetization isotherms at different field’s (b) measurements for the 
LaNi5 compound. 
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is observed that the saturation magnetization decreased with temperature increase. As well, for higher temperatures, the LaNi5in-
termetallic compound requires higher fields to reach the magnetization at saturation. Indeed, the high temperature attenuates the 
magnetization at saturation and subsequently destroys the magnetic order [66,67]. The magnetic order induced by the stabilization of 
magnetization can be useful to improve the performance of reversible hydrogen storage reaction within the LaNi5 intermetallic. We 
propose in what follows to study the hydrogen desorption reaction under the effect of a precisely selected magnetic field. 

3.3. Application: hydrogen desorption reaction under magnetic field 

3.3.1. Pressure and mass saturation into the hydride bed 
The pressure (Fig. 7-a) and mass (Fig. 7-b) variations were studied during successive absorption cycles at a pressure of 6 bar and a 

temperature of 300 K while pressure (Fig. 8-a) and mass (Fig. 7-b) variations of the desorption cycles were studied at a pressure of 0.1 
bar and a temperature of 333 K. Absorption and desorption cycles were repeated until the pressure of stored or released hydrogen 
stabilizes (see Fig. 9). 

Under these experimental conditions, the number of cycles required to reach saturation by the LaNi5 is 4 cycles. In fact, after 4 
successive absorptions cycles, the amount of the absorbed hydrogen remains constant. Then, the totality of the absorbed hydrogen is 
released after 4 successive desorptions. 

Successive cycles of reversible hydrogen storage by the LaNi5 intermetallic lead to the decrease of the particle size and the 
segregation of the Ni ferromagnetic particles. In fact, numerous investigations have demonstrated that an increase in the amount of Ni 
nanoparticles leads to an increase in the ferromagnetic contribution, which rises with the number of hydrogenation cycles. Approx-
imately 1% Ni precipitated after 102 cycles [58–61]. Therefore, in order to prepare the alloy to react with the external magnetic field, 
the operation of consecutive absorption-desorption is generated many times at the same initial pressure and temperature conditions. 

3.3.2. Variation of magnetization during hydrogen desorption reaction 
Fig.9 shows the magnetization versus hydrogen mass desorbed in the desorption processes at 303 K. The objective of this mea-

surements was to determine the effect of desorbed hydrogen on magnetization. 
It is shown that the magnetization immediately increases from a negative minimum value Mmin to a positive maximum value Mmax 

when the desorption process is triggered. Moreover, it is composed mainly of two maxima marked by the presence of two peaks. The 
first peak corresponds to the decrease in magnetization from its maximum value Mmax = 0.18 emu/g to a lower value 0.13 emu/g. This 
is explained by the fact that the system’s temperature decreases as a result of the endothermic character of the desorption reaction 
when the hydrogen atoms start to depart the metallic matrix’s interstitial during α phase. Then, the rise of the magnetization to its 
maximum value Mmax, marked by the second peak, is attributed to the heating process by hot water from the thermostatic bath (section 
2.2). After this magnetic relaxation the magnetization returns to decrease gradually until a state of equilibrium is attained corre-
sponding to β-phase. It can therefore be concluded that the α and β phases have distinct magnetic properties. This result is confirmed by 
Ref. [68]. This difference is explained by the variation of the microstructure and the thermal effect during the desorption reaction. 
Therefore, in transition-metal alloys, the absorbed hydrogen is present as metal hydride and soluble hydrogen atoms. Every free one 
electron is carried by each hydrogen atom, and this electron can change the magnetic moment of an alloy. The magnetic moment will 
rise if the hydrogen electrons have the same spin as the vast majority of d-band electrons in the alloy. When the electrons have the 
opposite spin, there is a reduction in the magnetic moment [69,70]. 

3.3.3. Effect of the magnetostatic field on the hydrogen desorption 
The performances of the desorption reaction were tested at three different temperatures (303 K, 333 K and 343 K), with an initial 

pressure in the reactor of 0.1 bar, at zero field and at a field of 0.1T and 0.15T, 0.1T and 0.15T. These fields were chosen since the band 
of magnetization at saturation revolves around them (H0.5 and Hs) for the considered temperatures (Table 2). 

Fig. 10 shows the effect of temperature on the desorption reaction at zero field (a) and in the presence of a magnetic field of 0.15 T 
(b). 

At zero field, the increase in the applied temperature improved the mass and the kinetics of desorption because of the endothermic 
nature of the reaction. However, at an applied external magnetic field it is observed that the mass of desorbed hydrogen was higher at 
T = 303 K than the mass desorbed at T = 333 K and at T = 343 K. This can be explained by the significant desorbed mass enhancement 
posed by the applied magnetic field at T = 303 K against a weak improvement at 333 K and 343 K. It can be concluded that LaNi5 alloy 
shows good desorption kinetics under the effect of the applied magnetic field compared to cooling water circulation. This suggests that 
the applied magnetic field is a more effective method for enhancing the kinetics of the hydrogen desorption reaction in LaNi5. As the 
magnetic field interacts with the magnetic moments of the nickel atoms in the LaNi5 lattice, it leads to a distortion of the crystal 
structure, resulting in an expansion of the unit cell. 

Fig. 11, 12 and 13show the effect of the applied magnetostatic field at different temperatures.At 303 K (Fig. 11), the applied 
magnetic fields considerably improved the desorbed hydrogen mass. 

At 333 K and 343 K (Fig. 12 and Fig. 13), the applied field of 0.1T had no effect on reaction. Whereas, a field of 0.15 T improved 
desorption. This improvement is more observable at lower temperature (333 K). This is explained by the fact that higher temperatures 
require stronger fields to reach the saturation of magnetization. 

The applied field of 0.15 T is in the region of the saturation bend (Fig. 6). In this region a certain magnetic order is established, 
which improves of the reaction. 
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4. Conclusion 

The magnetic properties of the LaNi5 compound have been studied. The hysteresis cycles and the magnetization curves as a 
function of the applied field and the temperature were determined. In the one hand, it is shown from the magnetization curves that the 
crushed LaNi5 intermetallic is weakly ferromagnetic at room temperature due to surface segregation into Ni and La oxide, and that the 
ferromagnetic contribution rises with the number of hydrogenation cycles. 

In the other hand, the thermo-magnetic measurements and the variation of magnetization during desorption have shown that 

Fig. 7. Pressure (a) and mass (b) variations during 8 successive absorption cycles until reaching saturation.  

Fig. 8. Pressure (a) and mass (b) variations during 8 successive desorption cycles until reaching saturation.  

Fig. 9. Magnetization as a function of hydrogen mass desorbed.  
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magnetic properties vary depending on the microstructure and the thermal effect. Therefore, based on these findings, the effect of the 
magnetic properties on the hydrogen desorption reaction as a function of the applied temperature and magnetostatic field in LaNi5 
hydride has been studied. The results have shown that, at a given temperature, the applied field corresponding to the bend of 
magnetization at saturation improves the desorption reaction and that the magnetic order imposed by the field out weighs the effect of 
the increase of the applied temperature. 

Fig. 10. Effect of the temperature on the hydrogen desorption reaction by the LaNi5 at zero field (a) and at a non-zero field (b).  

Fig. 11. Effect of the applied magnetic field on the desorption reaction at T = 303 K.  

Fig. 12. Effect of the applied magnetic field on the desorption reaction at T = 333 K.  
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