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Abstract 

LaNi5 is a commercial hydrogen storage alloy with great potential. But its performance still 

needs to be optimized to meet the standard proposed by the US Department of Energy. Element 

substitution is a very important method to optimize the performance of hydrogen storage alloys, 

especially suitable for AB5 alloys. As a novel method to produce nanocrystalline hydrogen 

storage alloys, mechanical alloying is also often applied to optimize the properties of hydrogen 

storage alloys. 

In this work, first of all, the simulation method based on first principles is applied to predict the 

performance of 8 elements substituting Ni respectively, and select the most suitable element to 

substitute Ni. Then the phase composition characterization and hydrogen storage performance 

test were carried out. It was found that mechanical alloying can greatly improve the hydrogen 

storage performance of LaNi5, and different ball milling times can bring about different 

performance changes. After adding Cr to the ball-milled LaNi5, the properties of the formed 

LaNi4Cr were further improved.  
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1.Introduction 

Solid-state hydrogen storage is a promising hydrogen storage method [1-3]. Among various 

hydrogen storage materials, hydrogen storage alloys store hydrogen in the form of atoms into 

the alloy to form hydrides. This method not only has high theoretical capacity, but also is safe, 

low in cost, and easy to transport and store [4-6]. A large number of alloys have been studied 

whether they can be used for hydrogen storage. Among them, rare earth-based alloys have been 

found to be an excellent hydrogen storage alloy because of their good hydrogen storage capacity, 

good kinetics and cycle stability [7-9]. The chemical formula of rare earth-based hydrogen 



storage alloy is ABn (n=1, 2, 3, 5...), A is a rare earth metal, B is a post-transition metal [10]. 

Among rare earth-based alloys, LaNi5 has been used as a commercial hydrogen storage alloy 

for anodes in Ni-MH batteries because of its high volumetric energy density and mild operating 

conditions [11][12]. However, although its performance is excellent, it is still difficult to meet 

the standards proposed by the US Department of Energy [13]. 

Researchers have proposed numerous approaches to optimize the performance of LaNi5. 

Joubert et al. [14] summarize the current status and performance optimization of AB5 alloys. 

They believe that although the structure of LaNi5 is simple, it can reversibly store a large 

amount of hydrogen, and can also accommodate a large number of substituting elements, so 

that the properties of the compound can be changed to a large extent as needed. As mentioned 

above, element substitution is the best way to improve the hydrogen storage performance of 

LaNi5. Todorova et al [15] studied the effect of Al replacing Ni on the hydrogen storage 

properties of LaNi5. He found that for LaNi5-xAlx alloys, at higher aluminum concentrations 

(0.1 < x < 1.0), the hydrogen storage capacity decreased significantly with the increase of 

aluminum addition, and the electrochemical charging / discharge also follows this rule. Somo 

et al. [16] investigated the hydrogen storage properties of LaNi5–xSnx (X = 0.2) alloys using Sn 

substituting Ni and depositing Pd on the surface. The results show that substituting a small 

portion of Sn for Ni can increase the hydrogen absorption capacity of the alloy, but reduce the 

hydrogen absorption rate. Zhu et al. [17] investigated the cycle performance of LaNi5− xCox (x 

= 0, 0.25, 0.50 and 0.75) alloys. They found that the addition of Co lowered the plateau pressure 

and increased the stability of the hydride. After 1000 cycles, the LaNi4.5Co0.5 alloy still 

maintains a better crystal structure, larger particle size, and higher cycle stability than the LaNi5 

alloy. Other researchers have also studied novel methods to optimize the hydrogen storage 

performance of LaNi5, such as surface modification [18] and so on. 

Mechanical alloying, a novel method of synthesizing materials, is a solid-state powder 

processing technique that involves repeated cold welding, fracture, and rewelding of powder 

particles in a high-energy ball mill [19]. As a new synthesis method different from the 

traditional smelting method, mechanical alloying has many unique advantages, such as simple 

equipment, low cost, and it is easy to produce nanocrystals and metastable phases [20]. Because 

of the easy formation of nanocrystals, mechanical alloying has been proven to be a very 

effective method to improve the hydrogen storage properties of alloys [21-24].  

In this work, the first-principles-based simulation method was used to select the replacement 

elements of LaNi5, followed by the combination of mechanical alloying and element 

substitution to optimize the hydrogen storage performance of LaNi5.  

 

2.Experimental methods 

2.1 The first principle simulation method 

The structure of LaNi5 is shown in Fig. 1. Its unit cell belongs to the P6/mmm space group. The 

crystal system is hexagonal. The lattice parameters are a=b=0.495 nm, c=0.394 nm. Among 

them, 1 La atoms occupying La(1a) site, 5 Ni atoms occupy Ni(2c) and Ni(3g) sites, 

respectively. In order to study the case of element substitution, the Mn, Pd, Cu, Cr, Co, Sn, Zn 

and Fe atoms were introduced into the structure to substitute Ni atom. In this case, one Ni atom 



was substituted. Substitution atoms were sequentially introduced into different positions of Ni, 

and the corresponding total energies were calculated. In this work, the formation enthalpy is 

defined as the difference between the total energy and the energy of the constituent elements in 

the steady state. The enthalpy of formation can be used to demonstrate whether a compound is 

thermodynamically superior to the constituent elements, and subsequently determine which 

positions are preferentially occupied by these elements. The enthalpy of formation is defined 

as following formula [25]: 

EF=Etot(LaxNiyXz) − [xE(La) + yE(Ni) + zE(X)]                 (1) 

Where EF is the enthalpy of formation of alloy. Etot is the total energy. E is the energy of one 

atom. The X in formula is the substitution element.  

 

 

Fig. 1. The structure of LaNi5 

The calculation relied on the CASTEP programme, which is a first principles quantum 

mechanical code based on the density functional theory [26]. The Perdew–Burke–Ernzerhof 

(PBE) generalized gradient approximation (GGA) exchange and correlation potential were used 

in the calculations. In the calculation, ultrasoft pseudopotentials were used for replacing the 

core electrons. The energy cutoff is 380 eV and the k-point sets are 1×1×1 during all the process. 

Other parameters for geometry optimization are below: convergence criteria: 5.0×10−6 eV/atom, 

maximum force: 0.01 eV/Å, maximum stress: 0.02 GPa and maximum displacement: 5.0×10−4 

˚A. [27] 

2.2 Mechanical alloying synthesis alloys 

Mechanical alloying is a solid-state processing method whose mechanism involves repeated 

welding, fracture, and rewelding of powder particles in a high-energy ball mill [28]. The vial 

and the support plate rotate in opposite directions, and the centrifugal force acts alternately in 

the same direction and in the opposite direction. Two effects dominate this process, among 

which the friction effect occurs because the steel balls run along the inner wall of the container, 

and the impact effect occurs because the powder and steel balls rise up, pass through the inner 

chamber of the container and collide with the opposite inner wall collision. 

Mechanical alloying can reduce the crystal size, introduce a large number of grain boundaries 

and defects, and promote the formation of nanostructures and amorphous phases. The reduction 

of the average size of the hydrogenated phase and the increase of the phase boundary volume 

fraction can lead to higher hydrogen absorption capacity and faster hydrogen absorption 

kinetics of hydrogen storage alloys [29], which is why mechanical alloying methods have been 

extensively studied. 



In the initial stage of mechanical alloying, the powder is not like the alloys produced by melting 

and casting, in which the interatomic bonding between the components is fully achieved to form 

a uniform solid solution or compound. Instead, the components reach close to atomic-level 

distances at those points, lines and surfaces that are in contact, and what is obtained is only a 

very uniform mixture or compound of the components [30]. When the milling time is further 

extended, solid-state diffusion will occur in the system, so that the components can be bonded 

between atoms to form alloys or compounds. As the ball milling time prolongs, the input energy 

increases, and structural defects, such as lattice dislocation, interstitial sites and stresses 

increase, and eventually gaps are formed to make the phase brittle and the particles are easier 

to break. So, the grain size will go down and strain rate will increase as milling time goes up 

[31]. 

The PM400 model planetary ball mill of Retsch company was used to synthesis the alloys. Pure 

La, Ni and Cr were put into vessels according to chemical formulas. The ratio of ball to powder 

is 1:10. The speed is 400 rpm, and the time of milling time was set as 20h, 30h, 40h and 50h to 

select the optimal one. After screening by XRD and PCT tests, we chose to use the parameters 

of 40h mechanical alloying to synthesize Cr-doped 40h milled LaNi5. Its chemical formula is 

LaNi4Cr. 

 

2.3 X-ray diffraction measurements  

In the current study, XRD was performed on a Bruker D8 Advance X-ray diffractometer with 

Cu Kα radiation (λ = 0.15418 nm) filtered by nickel. Meanwhile, the grain size and strain of all 

the samples were also calculated. The calculation method and principle are listed below. 

Sometimes, we can find that the diffraction peaks are wider than the conventional ones. The 

first reason is that the crystal grains of the samples are smaller than those of conventional 

samples, resulting in a larger reciprocal sphere, which broadens the diffraction peaks. Another 

reason is that various processing methods can generate microscopic strains inside the grains. If 

there are two situations in the sample at the same time, use the Hall method [32], that is, measure 

the FWHM(Full width at half maximum) of more than two diffraction peaks, and then take 

sin(θ)/λ as the abscissa, and make FWHM*cos(θ)/λ-sin(θ)/λ diagram, using the least squares 

method for straight line fitting, the slope of the straight line is twice the microscopic strain, and 

the intercept of the straight line is the reciprocal of the grain size. All the above operations were 

carried out in the software JADE. We also bought LaNi5 powder from SIGMA-ALDRICH 

company, and set it as the standard melting-produced sample. 

 

2.4 Pressure-Composition-Temperature (PCT) tests  

The PCT-Pro equipment of SERARAM company was applied for the PCT test, which shown 

in Fig.2. After synthesizing, the powder was load into the sample holder. Before the PCT, the 

alloys were subjected to four hydrogen absorption/desorption cycles in a 60 bar hydrogen 

atmosphere at 100 ℃ to activate and the example activation graph was shown in Fig.3. The ΔP 

was set to 60 bar, the Δt for absorption was 120 min and for absorption was 20 min. After, the 

PCT proceeds. The working principle of the PCT equipment is shown in Fig.4. In the first stage, 

the hydrogen stage will increase from 0 to ΔP. During this stage, alloys will start to absorb 



hydrogen, so the hydrogen pressure will decrease slightly. The absorption will stop when the 

time reaches to Δt or the absorption rate reaches to the rate limitation. Then, the pressure will 

increase from ΔP to 2ΔP, and absorption starts again. All the mentioned procedures will repeat 

and repeat until the pressure reaches to the pressure limit. When all the absorption finishes, the 

software will link all the points which are located on the end of every absorption stage, which 

means the overall PCT curve is produced (red line in the Fig.4). The parameters of PCT are 

listed below: ΔP=2 bar, Δt= 60 min, rate limit= 0.01 wt.%/min, pressure limit= 8 bar. 

 

Fig.2 PCT-Pro equipment of SERARAM company 
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Fig.3 The example graph of activation before PCT (100 ℃，H2 60 bar ). 



 

Fig.4 Schematic diagram of PCT equipment performing PCT test 

2.5 Electrochemical tests 

In this study, the SP-50 model electrochemical workstation of BioLogic company was applied 

for the electrochemical test. Measurements were made using a three-electrode system. The 

working electrode is composed of wire, Ni mesh and powder sample. The powder sample is an 

alloy powder, and carbon black and PTFE(Polytetrafluoroethylene) are mixed in a certain 

proportion. Platinum sheet and Hg/HgO were respectively employed as counter electrode and 

reference electrode. The applied current is calculated according to the proportion of alloy 

powder in the sample. The cut-off voltage for charging is -1.3V, and the cut-off voltage for 

discharging is -0.6V. The electrolyte was 6 M KOH aqueous solution. In order to eliminate 

adverse oxidative effects, the electrodes were soaked in the electrolyte 24h at room temperature 

and 1h at 100°C for activation, before electrochemical tests of each sample. 

 

3.Results and discussion 

3.1 Selection of substitution element by first principles simulation 

The calculation of the enthalpy of formation which shown in Fig. 5 was carried out with the 

method mentioned above. The conclusion that we can extract from this figure are: First, as 

substitution atoms enter the unit cell, the enthalpy of formation of all alloys reduce, which 

means the reduction of phase stability. Second, Mn, Cr, Co and Fe have the higher enthalpy of 

formation compared to other four elements. And third, among the elements we selected, Cr has 

the highest enthalpy of formation. Actually, after the doping elements are introduced into the 

alloy, due to the difference in the volume of the doping atoms and the in-situ atoms, the volume 

of the surrounding tetrahedral interstitial and octahedral interstitial will accordingly change, 

which also induced the change in phase stability [33][34]. So, the change of the maximum 

discharge capacity is caused by the change of the phase stability due to the entry of doping 

elements. Compared with the original alloy, the enthalpy of formation of the substituted alloy 

decreases less, indicating that the phase stability decreases less, which is equivalent to the 

smaller the change of the lattice, so the hydrogen storage capacity decreases less. Based on this 



idea, we choose Cr as the substitution element. 

 

 
Fig.5 The results of simulation 

3.2 The microstructure characterization of the different alloys 

The X-ray diffraction results are shown in Fig.6.  

 

Fig.6 X-Ray diffraction of the different alloys 

As shown in Fig.6, we set the XRD of standard LaNi5 as the standard graph. The peak positions 

of all the milled sample are almost same compared to the standard one, so we can say we 

successfully synthesis the LaNi5. From XRD graphs, some conclusions reveal. First, compared 
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to standard graph, the XRD peak intensity of all mill samples decreased and the width increased. 

This means that the grain size of the ball-milled samples is drastically reduced compared to the 

standard smelted samples [35]. Second, compared to other milled samples, 50h milled sample 

has the largest peak width. It can be seen that at many positions, such as 2θ=30 or 70, its peak 

is equivalent to several peaks of other samples combined together. This shows that in the 50h 

milled sample, most of the grains have become amorphous. Such alloys are no longer suitable 

for hydrogen storage. So in the following tests and calculations, only 30h milled sample, 40h 

milled sample are included. 

As mentioned in experiment methods part, the mechanical alloying will cause the decrease of 

grain size and the increase of strain rate. These two values can be calculated according to the 

XRD with Hall method. The results of calculation of grain size and strain rate are shown in 

Table.1, which is consistent with the conclusion above. 

 

Table.1 Grain size and stain rate results of the samples according to XRD 

alloy Grain size (nm) Strain rate 

standard LaNi5  313 ± 3 0.142% 

30h milled LaNi5  43 ± 1 1.589% 

40h milled LaNi5  39 ±2 2.064% 

40h milled LaNi4Cr 53 ±1  0.863% 

 

3.3 PCT test results 

The PCT test was performed after activation and the results of the test are shown in Fig.7. A 

series of conclusions can be extracted from the results. 

First, as Fig.7 (a) shows, it can be found that the capacity and equilibrium pressure of standard 

LaNi5 are much worse than those of 40h milled LaNi5. This can be interpreted by the difference 

of grain size and strain. According to the Table.1, the grain size of melted sample is 313 nm, 

and that of milled one is about 40-60 nm, and the strain of milled samples is much more than 

melted sample. Larger microstrains mean more defects. The nanocrystalline microstructure 

produced by ball milling provides a large number of defects and grain boundaries near the 

powder surface. This greatly reduces the energy required for hydrogenation. The energy 

required is intuitively expressed as the equilibrium pressure, the lower the equilibrium pressure, 

the lower the energy required for the reaction. Thus, milled samples have the lower equilibrium 

pressure. Other researchers have expressed the same view [36][37], that is, small grains and 

large strains can reduce the energy required for hydrogenation. At the same time, defects such 

as dislocations and grain boundaries can increase the sites for hydrogen to reside [38], which is 

equivalent to improving the hydrogen storage capacity. 



 
Fig.7. The PCT curves of the different alloys 

Second, from the as Fig.7 (b) which focus on the PCT of 40h milled LaNi5 and 30h milled LaNi5, 

we can conclude the influence of the milling time. The most obvious difference is the change 

in capacity. According to the XRD results, the strain rate of 40h milled sample is much higher 

than that of 30h milled sample. As listed above, the increase of hydrogen storage capacity is 

contributed to the increase in the number of defects brought by strains. In the enlarged view of 

the PCT diagram, it can also be observed that the kinetic of the 40h milled sample is slightly 

better than that of the 30h milled sample. This can be explained by the increased surface area 

due to the reduced grain size. The smaller grain size, the larger surface area. The large surface 

area means that when the particles react with hydrogen, the number of hydrogen molecules in 

contact with them at the same time will increase. In the case that the surface reaction rate is not 

affected, this means that the reaction rate is improved. Moreover, the exposure of fresh surfaces 

by ball milling, which tend to have more defects, reduces the energy required for hydrogen to 

attach to the grain surface, which further increases the reaction rate. Yahui Sun, et al. [39] 

indicated that as the surface area of nanomaterials increases, more atoms are exposed on the 

surface, resulting in an increase in surface energy, which will result in lower enthalpy. L 

Guoxian, et al. [40] found the induced lattice defects can assist the diffusion of hydrogen in 

materials by providing many sites with low activation energy for diffusion.  

Third, the Fig.7 (c) compares the PCT curves of 40h milled sample and 40h milled LaNi4Cr, it 

can be found that the hydrogen storage capacity of the former is higher than that of the latter, 

but the equilibrium pressure of the latter is lower than the former. This is mainly related to the 

doping of Cr. According to XRD, the doping of Cr did not form a new phase. Zhang Y et al. 



[41] believe that Cr is pinned on the grain boundary, and during quenching, Cr will prevent the 

movement of the grain boundary, thereby making the grain size smaller. However, in the 

process of mechanical alloying, if the movement of the grain boundaries is hindered, the process 

of reducing the size of the grains will be hindered, so that the final grain size will increase 

compared with that of the undoped alloy. The movement of grain boundaries is hindered, and 

at the same time, the number of internal defects in alloy grains is reduced, and the internal stress 

is reduced. This conclusion can be confirmed by the calculation results of XRD. The reduction 

in the number of defects leads to a reduction in the number of additional hydrogen sites, which 

can explain the reduction in the hydrogen storage capacity of the doped samples. Devendra 

Vyas et al. [42] found that the entry of Cr into the lattice can significantly reduce the stability 

of hydrides. This means that less energy is required to form the hydride. As mentioned above, 

the equilibrium pressure is directly related to the energy required to form the hydride. Although 

the entry of Cr reduces the degree of lattice lowering and reduces the strain in the lattice, 

LaNi4Cr has a lower equilibrium pressure and better kinetics due to the catalytic effect of Cr on 

hydride formation.  

Fourth, the Fig.7 (d) shows the overall influence of combination of mechanical alloying and 

substitution. It can be seen that after the optimization, the capacity and kinetics of LaNi5 

improve dramatically. Mechanical alloying externally changes the alloy. This method reduces 

the particle size and introduces a large number of defects, providing more opportunities for 

hydrogen to contact the alloy surface and more accommodation sites. At the same time, element 

substitution changes the alloy internally. The substitution atom replaces the atoms in the 

original crystal lattice, causing the change of size of the crystal lattice. Futhermore, the 

substitution elements themselves will optimize the properties of the alloy. Combining the above 

factors, the hydrogen storage performance of LaNi5 has been greatly optimized. 

3.4 Electrochemical test results 

Electrochemical tests were carried out to characterize the electrochemical properties of milled 

samples. The results are shown in Fig.8 and the data extracted from the graph are listed in the 

Table.2 It can be found that the maximum discharge capacity of 30h milled LaNi5 and 40h 

milled LaNi4Cr are less than that of 40h milled LaNi5, this is consistent with the results of PCT. 

We can find the cycle stability of 30h milled LaNi5 is worse than that of 40h milled LaNi5. The 

decline in the maximum discharge capacity of the hydrogen storage alloy is mainly due to the 

repeated expansion and contraction of the crystal lattice during the cycle of hydrogen 

absorption and desorption, which leads to the gradual deterioration of the alloy structure and 

even pulverization [43]. The internal strain of 40h milled LaNi5 is larger, so there are more 

defects in the grain. A lattice with a high number of defects is more tolerant of lattice expansion 

or contraction. When the lattice structure with few defects is gradually destroyed by hydrogen 

absorption expansion or hydrogen desorption contraction, the lattice with many defects can use 

these defects to offset part of the structural changes, so that its cycle stability increases [44]. 

On the contrary, the cycle stability of 40h milled LaNi4Cr is much better than that of 40h milled 

LaNi5. As mentioned above, Cr pins on grain boundaries and prevents grain boundary 

movement. And Cr has a catalytic effect on the formation of hydrides. Therefore, the samples 

containing Cr not only have high cycle stability, but also have not low maximum discharge 

capacity. Wang X et al. [45] also found that Cr leads to a decrease in the discharge capacity, but 



the doping of Cr significantly improves the cycle stability of the alloy. 
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Fig.8 Discharge capacity of the different milled alloys 

 

Table.2 The Maximum discharge capacity and Capacity retention after10 cycles of the 

different milled alloys 

alloy Maximum discharge capacity 

(mAh·g-1) 

Capacity retention 

after 10 cycles 

30h milled LaNi5  230 91.23% 

40h milled LaNi5  256 94.73% 

40h milled LaNi4Cr 250 99.2% 

 

4. Conclusion 

In this work, simulation based on the first principle was applied to predict the performance of 

LaNi5 after elements substituting Ni. One Mn, Pd, Cu, Cr, Co, Sn, Zn or Fe was induced to 

replace one Ni atom, and the enthalpy of formation was calculated.  

The results show that, the enthalpy of formation of all alloys reduce when substitution atom go 

into the unit cell, and Cr has the highest enthalpy of formation. So, Cr was selected to substitute 

Ni in LaNi5. After, the X-Ray Diffraction was applied to characterize the phase composition, 

Pressure-Composition-Temperature (PCT) curves and electrochemical technique were used to 

test the hydrogen properties. It was revealed that, LaNi5 with different milling time was 

successfully synthesized, including 40h milled LaNi4Cr. The mechanical alloying can improve 

the capacity, kinetics and reduce the plateau pressure due to the small grain size and large 

internal strain. Compared with 30h and 50h, 40h is a more suitable milling time. And for the Cr 

substitution, the hydrogen storage performance of LaNi5 is further enhanced due to the 

combination of mechanical alloying and Cr pinning on grain boundaries. The gaseous hydrogen 

storage capacity of 40h milled LaNi4Cr reaches 1.13 wt.%, the plateau pressure goes to 1.1bar. 

The results of electrochemical test showed that the maximum discharge capacity is about 250 

mAh·g-1, and the capacity retention after 10 cycles is 99.2%. In summary, the combination of 



mechanical alloying and element substitution can greatly optimize the hydrogen storage 

performance of LaNi5 alloy.  
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