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Abstract 

The composite material MgH₂-EEWNi-Cr (20 wt. %) with a hydrogen content of 5.2 ± 0.1 wt. % is 

characterized by improved hydrogen interaction properties compared to the original MgH₂. The 

dissociation of the material occurs in three temperature ranges (86-117, 152-162, 281-351 °C), 

associated with a complex of effects consisting of changes in the specific surface area of the material, 

alterations in the crystal lattice during ball milling, and changes in the electronic structure in the 

presence of a Ni-Cr catalyst, based on first-principles calculations. The decrease in desorption 

activation energy (Ed = 65-96 ± 1 kJ/mol, ΔEd = 59-90 kJ/mol) is due to the catalytic effect of Ni-Cr, 

leading to a faster decomposition of the hydride phase. Based on the results of ABINIT calculations, 

Ni-Cr on the MgH₂ surface leads to a significant decrease in hydrogen binding energy (ΔEb = 60%) 

compared to pure magnesium hydride due to the formation of Ni–H and Cr–H covalent bonds, which 

reduces the degree of H–Mg ionic bonding. The results obtained allow us to expand our 

understanding of the mechanisms of hydrogen interaction with storage materials and the possibility 

of using these as mobile hydrogen storage and transportation materials. 

Keywords: hydrogen storage material; magnesium; nickel; chromium; electrical explosion of wires; 

ab initio; DFT 

 

1. Introduction 

Research into storage materials, particularly metal hydrides, has attracted the attention of 

scientists around the world in recent years. The search for alternative energy sources has been 

prompted by scientific groups' predictions about the limited availability of traditional energy 

sources. The use of hydrogen as an energy source is the most promising due to its high energy 

density, widespread availability, and the absence of harmful emissions during its use, extraction, and 

production [1–5].  

Hydrogen can be used in the form of gas (low gravimetric density and high pressure), liquid 

(strict adherence to temperature conditions) and in a chemically bound state. The latter storage 

method meets most of the properties of the most effective hydrogen storage material, as defined by 

the Ministry of Hydrogen Energy. 

High gravimetric density, acceptable operating temperatures, fast sorption and desorption 

kinetics are characteristics inherent to solid storage materials. Studying the mechanisms, establishing 

patterns and improving the characteristics of hydrogen interaction with these materials is one of the 

main challenges in this field. Various research groups around the world [6–13] have studied metal 

hydrides, carbon nanotubes, zeolites, intermetallics, and other types of metals. However, the 

diversity of the materials studied and the different approaches used do not allow for a complete 

explanation of the patterns of behavior of these materials. This was the basis for this study – 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 November 2025 doi:10.20944/preprints202511.1675.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1675.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 22 

 

comparing experimental data with theoretical material for a more complete understanding of the 

processes involved. 

Research on carbon nanomaterials [14–18] has established their particular effectiveness on a par 

with MOFs (metal-organic framework structures) [19–35], nanorods, and zeolites [36–38]. Such 

materials allow certain characteristics of effective storage devices to be achieved at an acceptable 

level. They have low density, high specific surface area, and high reproducibility. However, their 

synthesis is expensive and labor-intensive. 

Further, scientists' attention was drawn to the study of metal hydrides, one of the most 

prominent examples of which is LaNi₅ [41–47]. Despite its low hydrogen content by mass (about 1.2-

1.4 wt. %), it has excellent cyclic stability at room temperature. Since it is a rare-earth compound with 

high density, its use is limited by its high cost. For this reason, one of the most studied metal hydrides 

in recent decades is magnesium hydride. Its main advantages are high gravimetric density in terms 

of hydrogen (7.66 wt. %), low density (1.738 g/cm³), abundance in the Earth's crust, and low cost [48–

50]. At the same time, it has a sufficiently high stability of hydrogen-metal bonds, as a result of which 

it has a high hydrogen release temperature of 400 °C [20,51,52]. In view of this fact, a large number 

of studies are aimed at improving its thermodynamic characteristics. This can be achieved by various 

methods, such as the use of transition metals and their oxides, varying the synthesis parameters, 

reducing the dispersion of materials, adding catalysts, and so on [53–56]. 

The large amount of research has been directed towards investigating the effect of nickel 

addition on reducing the desorption temperature. The authors of such studies come to the same 

conclusions that the formation of the Mg₂Ni phase, which has a high affinity for hydrogen, allows 

the formation of the hydride phase at lower energies. The mechanism is described by the fact that 

this phase is acts like a "hydrogen pump" that creates local diffusing pathways in the crystal lattice 

of the material. The resulting Mg₂NiH₄ phase is in addition easily dissociated due to the same effects 

observed in our previous studies [2,5]. 

The work of authors M. Polanski et. al [57] demonstrates rather good cyclic stability of a 

composite based on magnesium hydride and chromium oxide (Cr₂O₃) at 325 °C. The authors present 

the results of 150 hydrogenation cycles during which the capacity of the material decreases from 5.2 

to 4.6 wt. %. In a similar study M. Polanski, J. Bystrzycki [58] studied the effects of adding different 

metal oxides on the hydrogen absorption properties of materials. One of the main results was that 

the addition of chromium oxide powder significantly accelerates the reaction rate of material 

interaction with hydrogen. This applies to both the sorption and desorption processes. About 6 wt. 

% of hydrogen was desorbed in 5 minutes at a temperature of 325 °C and a pressure of 1 atm. The 

study of the same chromium oxide powder by the authors Pukazhselvan et.al. [59] demonstrates a 

positive effect both in decreasing the desorption temperature and accelerating the reaction kinetics. 

Several studies on nickel [60–63] demonstrate a positive effect in reducing the temperature of 

hydrogen desorption from the material. As mentioned above, this is due to the formation of a special 

phase, which acts like a "hydrogen pump" and allows the formation of hydride phases at much lower 

energies. 

The use of various catalysts to improve the properties of magnesium hydride has been discussed 

in a number of scientific studies. However, our research group decided to establish patterns and 

explain the mechanisms of such behavior in correlation between experimental and theoretical data. 

The fundamental novelty of this scientific work is the study of the influence of nanoscale additives 

produced by the method of electrical explosion of wires as catalysts for reducing the operating 

temperatures of magnesium hydride. A deeper understanding of these processes and a 

comprehensive approach to solving current issues will bring us closer to the development of the most 

effective storage materials for use as mobile supplies for hydrogen storage and transport. 

Thus, nickel-chromium powder produced by the electrical explosion of wires (EEW) method 

leads to improve the characteristics of hydrogen interaction with the material. The hydrogen storage 

properties of the composite were determined to demonstrate the influence of nickel-chromium 

nanoparticles on the magnesium-hydrogen interaction. 
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2. Materials and Methods 

2.1. Materials Preparation 

The used powder MPF-4 (Russia) has a purity of 99.2% and a particle size from 50 to 300 microns. 

The size of the nickel-chromium powder has nanoscale particles up to 100 nm. The initial magnesium 

hydride and composites were prepared and studied using the automated Gas Reaction Automated 

Machine (GRAM50) complex developed at the Department of Experimental Physics of Tomsk 

Polytechnic University. Before the hydrogenation process, magnesium powder was pre-activated in 

the planetary ball mill AGO-2 (Russia, Novosibirsk) at a rotation speed of 900 rpm and a total 

operating time of 120 minutes. Next, the activated powder was subjected to a hydrogenation process 

at a temperature of 663 K and a pressure of 30 atmospheres for 300 minutes. Mechanical synthesis 

was carried out using a planetary ball mill AGO-2. Such experimental parameters are based on 

previous studies by our and similar scientific groups and are optimal for this process. The amount of 

nanoscale nickel-chromium powder added was 20 wt. %. The parameters of mechanical synthesis 

were chosen the same as during the activation of the initial magnesium metal powder. However, the 

ratio of the mass of the balls to the powder was not 10:1, but 20:1. All procedures for loading and 

unloading samples were carried out using a SPEKS GB02M glove box in an inert argon atmosphere. 

Activation and synthesis were carried out in an inert atmosphere. 

2.2. Analysis and Characterization 

The hydrogen concentration was measured by melting samples in an inert gas atmosphere using 

a RHEN602 hydrogen analyzer (LECO Corporation, USA). 

The microstructure of the composite was studied using a TESCAN VEGA 3 SBU scanning 

electron microscope (Tescan Orsay Holding a.s., Czech Republic). The elemental composition of the 

composite was analyzed by the energy-dispersive X-ray spectroscopy on an X-Max 50 X-ray 

spectrometer (Oxford Instruments plc, UK). 

The crystal structure of the samples was analyzed by X-ray diffraction (XRD) in the scanning 

range (5–80)° using XRD-7000S (Shimadzu, Japan). The diffractometer operated in the Bragg-

Brentano configuration with a Cu Kα anode (λ=0.154 nm) operating at 40 kV and 30 mA. 

Low-temperature sorption of N₂ was used to characterize the textural properties of samples at 

cryogenic temperature using a 3Flex automated gas adsorption analyzer (Micromeritics Instruments 

Corporation, USA). The values of the surface area were calculated by linearization using the 

coordinates of the Brunauer-Emmett-Teller (BET) equation in the range of relative pressure from 0.05 

to 0.3. To plot the mesopore size distribution, the Barrett-Joyner-Halenda (BJH) method was used 

with the analysis of the isotherm desorption branch. The micropore distribution was calculated using 

the Horvath-Kavazoe method. The samples were degassed in vacuum at a temperature of 573 K for 

10 hours before the measurements. 

The method of temperature-programmed desorption (TPD) of hydrogen at heating rates of 2, 4, 

6 and 8℃/min to a temperature of 723 K in the experimental chamber with simultaneous data 

collection of desorption spectra using a quadrupole mass spectrometer RGA100 (Stanford Research 

Systems, USA) was used to estimate the state of hydrogen in the material. Each of the analyses 

performed was carried out more than five times. The experimental data described in the article are 

average values for the materials studied. The data presented in this paper is the average result from 

the data set obtained. Each measurement was taken at least five times to ensure the most accurate 

result. 

2.3. Methods and Calculation Details 

Within the framework of the electron density functional theory (DFT) using the method of 

projected augmented plane waves implemented in the ABINIT program package [64,65], calculations 

of hydrogen binding energies on the pristine α-MgH₂ (110) surface as well as in the presence of 
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adsorbed Cr and Ni atoms have been performed. The generalized gradient approximation in the form 

of Perdue, Burke, and Ernzerhof [66] was employed to describe exchange and correlation effects. A 

four-layer Mg₄₈H₉₆ film in the 2 × 3 structure (supercell dimensions are 12.72 × 9.01 Å) was used to 

study the interaction of Cr and Ni atoms with the (110) surface of α-MgH₂ with a TiO₂-like structure 

(Figure 1). As shown in Figure 1b, each atomic layer of the computational supercell contains 12 

magnesium and 24 hydrogen atoms, which ensures a stoichiometric system. The vacuum layer 

separating the Mg₄₈H₉₆ film systems in adjacent computational cells was set to approximately 15 Å. 

This vacuum layer allows us to prevent the interactions between the adsorbed Cr and Ni atoms and 

the surface Mg and H atoms in neighboring supercells. In this work, 6 non-equivalent adsorption 

positions of Ni and Cr atoms on the (110) MgH₂ surface were considered. Figure 2 shows the top view 

of the (110) surface, illustrating the non-equivalent positions of H atoms and the adsorption sites of 

Cr and Ni atoms with the highest adsorption energies. Relaxation was considered complete when the 

force acting on each atom was less than 10 meV/Å. At each iteration of self-consistency, the 

eigenvalues of the Hamiltonian were calculated on a 6×8×1 grid of k-points generated by the 

Monkhorst-Pack scheme in the entire Brillouin zone of the described supercells. The cutoff energy at 

the wave function decomposition by the plane wave basis was 700 eV. To analyze the nature of 

interaction of nickel and chromium with hydrogen on the α-MgH₂ (110) surface, the valence electron 

distribution was studied and the Bader charge calculations [67] were performed. 

 

 
(a) (b) 

Figure 1. Top view (a) and side view (b) of the supercell modelling the (110) surface of α-MgH₂. The atoms of 

Mg, H, Ni and Cr colored as gray, pink, blue and purple, respectively. 

The hydrogen binding energy Eb on the (110) surface of α-MgH₂ was calculated using the 

following expression: 

𝐸b = 𝐸tot(MgnH2n−1NixCry) +
1

2
𝐸tot(H2) − 𝐸tot(MgnH2nNixCry) (1) 

where 𝐸tot(MgnH2nNixCry) is the total energy of the magnesium hydride supercell containing n Mg 

atoms and adsorbed x Ni atoms and y Cr atoms (in the computational cell, x and y take values of 0 or 

1). 𝐸tot(MgnH2n−1NixCry) is the total energy of the magnesium hydride supercell from which one of 

the surface H atoms has been removed, 𝐸tot(H2) is the total energy of the hydrogen molecule. 

The value of the Eb should be interpreted as an indication of how hydrogen atoms promote 

hydrogen release. Positive values of Eb indicate that the removal of the hydrogen atom from the 

system requires energy consumption, i.e., such atoms are strongly bound within the surface. 

Negative values, in contrast, imply that the removal of the hydrogen atom is thermodynamically 

favorable. Nevertheless, even in the case of negative Eb, hydrogen release does not necessarily 

proceed spontaneously, as it requires overcoming significant activation energy. Thus, the value of Eb 

reflects the strength of hydrogen retention on the surface: the smaller its value, the weaker the 
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interaction. In particular, hydrogen atoms with negative Eb are the most prone to desorption and are 

likely to be released first under external perturbations. 

  

(a) (b) 

  
(c) (d) 

Figure 2. Top view of the (110) α-MgH₂ film: pristine surface (a); surface with an adsorbed Ni atom (b); surface 

with an adsorbed Cr atom (c); surface with co-adsorbed Cr and Ni atoms (d). The atoms of Mg, H, Ni and Cr 

coloured as gray, pink, blue and purple, respectively. Concentric regions with radii r1, r2, … r5 are drawn on the 

MgH₂ surface relative to the mass center of the surface impurities. Nonequivalent surface H atoms are marked 

by crosshairs and numbered for ease of discussion. 

In order to verify the computational parameters, the influence of k-points and cutoff energy on 

the computational accuracy was investigated. Thus, the change in the hydrogen binding energy for 

the system studied did not exceed the value of 1 meV with the increasing of the k-point mesh grid 

from 6×8×1 to 8×10×1 and cutoff energy from 700 eV to 900 eV. This change is insignificant and allows 

us to claim about an accurate description of interaction between additives with hydrogen atoms on 

the MgH₂ (110) surface. 

3. Results 

3.1. Composite Characterization 

Figure 3 shows the XRD results of ball-milled MgH₂-EEWNi-Cr. The main components of the 

ball-milled MgH₂-EEWNi-Cr sample were Mg, MgH₂, Ni-Cr. 
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Figure 3. XRD patterns of magnesium hydride and MgH₂-EEWNi-Cr composite with corresponding JCPDS 

cards 

Diffraction analysis of the materials made it possible to determine the composition and did not 

reveal the presence of extraneous phases. The magnesium hydride lattice has a tetragonal rutile-type 

structure, the main phase in the prepared magnesium hydride was the β-MgH₂ phase. The phases 

found in the composite material are HCP Mg, β-MgH₂, CrNi with a BCC lattice for chromium and 

FCC lattice for nickel. Characteristic peaks for CrNi are observed at diffraction angles: 44.5°, 51.8°, 

75.4°. In addition, peaks broadening is observed in the composite, which is due to the accumulation 

of defects during the milling process. To clarify the structural characteristics of the crystal lattice of 

the materials under study, Table 1 below presents the calculated microstrains values using 

PowderCell24 software. 

Table 1. Values of microstrains in materials. 

Sample 

Phases 

(PowderCell24 

cards) 

Phase 

content

, ± 0.2 

vol. %  

Lattice 

prameteres,  

± 0.0005 Å 

Crystalline 

size,  

± 0.05 nm 

Microstrains,  

± 0.0003 ∆d/d 

MgH₂ 

Mg-00-035-0821 16.6 
a = 3.1998 

с = 5.1978 
36.84 0.0011 

MgH₂-00-012-

0697_tet 
83.4 

a = 4.5003 

c = 3.0142 
64.98 0.0016 

EEWNi-Cr 
Cr0.4Ni0.6-04-

001-3422 
100 a = 3.5540 40.49 0.0004 

MgH₂–20 wt.% 

EEWNi-Cr 

Mg-00-035-0821 9.7 
a = 3.1950 

c = 5.2020 
7.37 0.0054 

MgH₂-00-012-

0697_tet 
85.8 

a = 4.5070 

c = 3.0110 
40.95 0.0062 

Cr0.4Ni0.6-04-

001-3422 
4.5 a = 3.5490 23.3 0.0011 

Based on the results of microstrains analysis in the material from Table 1, it can be established 

that the amount of internal strains in the crystal lattice increases almost by a factor of 4. The data 

obtained on changes in the crystalline structure of the material indicate a more developed defect 
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structure and a decrease in the dispersibility of the ground materials. All this contributes to easier 

bonding of hydrogen with magnesium atoms, as well as their permeation/ release into/from the bulk. 

During the analysis of diffraction curves, no alloy compounds between magnesium and Ni-Cr were 

detected. The Cr0.4Ni0.6 phase is clearly visible in the composite material. It is a direct factor 

influencing the change in the discussed properties of magnesium. A comprehensive approach 

combining experimental and theoretical data allows us to establish the nature of the mechanism of 

this effect. In our previous studies [2,5], we found a significant influence on the change in hydrogen 

desorption kinetics, which was partly related to the formation of the Mg₂NiH₄ phase. The phase acted 

as a ‘hydrogen pump’ [2,5] – nickel catalyzed the hydrogen sorption properties of Mg/MgH₂. The 

principle of this mechanism is described in more detail in another study and is also presumably one 

of the fundamental principles for the MgH₂-EEWNi-Cr composite discussed in this study. 

Figure 4 shows microphotographs of magnesium hydride and MgH₂-EEWNi-Cr composite 

obtained using a scanning electron microscope (SEM), as well as histograms of particle size 

distribution and element distribution maps. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. SEM micrographs of MgH₂ (a) and MgH₂-EEWNi-Cr composite with the corresponding elemental 

mapping analysis (EDX) (b, d) and particle size distribution for MgH₂ (e) and composite (f). 
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From the images presented above, most of the magnesium hydride particles are agglomerates 

with an average size of about (50 ± 12.5) μm, with the largest particles reaching about 200 μm in size. 

In Figure 4 (f), the particle size is reduced significantly to (0.1 ± 0.0125) µm, which is due to the milling 

in a planetary mill and the co-milling of magnesium powder with balls and nanoscale nickel-

chromium powder. This reduction in size improves the hydrogen interaction characteristics of the 

material. 

The nitrogen absorption method (BET method) allowed us to study the textural properties of the 

materials of this work. Adsorption-desorption isotherms at 573 K for magnesium hydride and 

composite were determined for them. Figure 5 shows the isotherms, in which a larger hysteresis is 

well observed for the composite than for the original magnesium hydride. This behavior of the 

material is due to the increase in the interface area, thereby increasing the number of diffusing 

pathways in the crystalline lattice of the material. On the other hand, the main adsorption of N₂ on 

the adsorption isotherms for the MgH₂-EEWNi-Cr composite starts at a slightly lower relative 

pressure (P/P₀ ≈ 0.6). The amount of adsorbed nitrogen in the composite material is greater by tens of 

times. The surface area (Table 2) for MgH₂-EEWNi-Cr is 3-5 times larger. A larger average pore 

diameter and pore volume in addition characterizes the material. 

  
(a) (b) 

 
(c) 

Figure 5. N₂ adsorption-desorption isotherms for MgH₂ (a), EEWNi-Cr (b) and MgH₂-EEWNi-Cr (c). 

Table 2. BET analysis parameters. 

Sample 
Degassing 

vacuum 

BET surface 

area, m2/g 

Total pore 

volume, cm3/g 

Average pore 

diameter, nm 

MgH₂ (0.4347 g) 

10 h 573 K 

8.5 0.014 6.4 

EEWNi-Cr (0.8781 g) 6.2 0.013 8.1 

MgH₂-EEWNi-Cr (20 wt.%) 

(0.3409 g) 
10.6 0.031 11.5 
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MgH₂-EEWNi-Cr (25 wt.%) 

(0.2321 g) 
28.5 0.099 13.9 

Thus, the co-milling of MgH₂ and EEWNi-Cr powders allows to significantly increasing BET 

surface area and N₂ absorption, which may be a consequence of the milling process effect, as well as 

the specific features of the "core-shell" structure appearance. The amount of powder used for BET 

analysis is usually between 0.2 and 1 g. The porosity of the materials studied is represented by the 

total pore volume and average pore diameter values. For composites, a significant change in material 

porosity can be observed, as well as in specific surface area (Table 2). 

3.2. Hydrogen Storage Properties of Composite 

The study of temperature-programmable desorption (Figure 6) demonstrated the positive effect 

of adding nickel-chromium powder. In this case, desorption process was divided into 3 stages in 

different temperature regions, which are further designated as low-, medium- and high-temperature 

regions. The dissociation of the hydride occurs in the high-temperature region, which is due to the 

high stability of the hydrogen bonds in magnesium. The temperature can be reduced by ball milling 

in a planetary ball mill. This is demonstrated by the high-temperature decomposition region of the 

composite (281–351°C). This area is directly related to the decomposition of the magnesium hydride 

phase, the other two areas (low and medium) are related to the catalytic effect of nickel-chromium 

powder and the decomposition of the hydride phase of the composite material. 

The Kissinger method is an overwhelmingly popular way of estimating the activation energy of 

thermally stimulated processes. The essence of the method is to remove these desorption curves at 

different heating rates (in this case – 2, 4, 6, 8℃/min), resulting in peak shifts. For the most accurate 

calculation of desorption activation energy using this method, a minimum of 3-5 heating rates are 

required, which we used in this study. It is also necessary to have a sufficiently accurate value of the 

heating rate of the material in relation to the values of hydrogen yield temperatures and their 

intensity, which is achieved by the availability of high-precision measuring and heating equipment.  

We relate the three temperature regions in which hydrogen is released from the material to a 

complex of effects consisting of changes in the specific surface area of the material and changes in its 

lattice and electronic structures in the presence of a Ni-Cr catalyst: 

1. We attribute the low-temperature hydrogen desorption peak at 86-117 °C mainly to surface 

dissociation of the hydride and the catalytic effect. 

2. The hydrogen yield at 152-162 °C is also associated with the catalytic effect of the added 

material, but the width of the peak and its intensity suggest a bulk decomposition of the hydride 

phase in the material. 

3. hydrogen desorption at 281-351 °C is associated with the full dissociation of the magnesium 

hydride phase in the composite material, which was subsequently confirmed by the results of in situ 

XRD in Figure 7 below. 

Similar thermodynamic effects can be observed in studies [68,69]. The temperature values at 

peaks at different heating rates are taken, a calculation is performed to construct in Arrhenius 

coordinates (1000/Tp from ln(β/T2p)) and the angular coefficient (A) is determined, which gives the 

activation energy (Ed): 

𝑙𝑛
𝛽

𝑇𝑃
2 = 𝐴 −

𝐸𝑑
𝑅𝑇𝑝

, (2) 

here А – angular coefficient, R – universal gas constant, β- heating rate, Tp - the temperature of the 

peak hydrogen yield. 
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(a) 

 
(b) 

Figure 6. Temperature-programmed desorption of hydrogen for MgH₂ and MgH₂–EEWNi-Cr composite (a), the 

relationship between 𝑙𝑛
𝛽

𝑇𝑃
2 and 

1000

𝑇𝑝
 for pure MgH₂ and composite MgH₂–EEWNi-Cr (b). 

Table 3. Calculation of desorption activation energy by Kissinger method. 

№ Sample 
β, 

℃/min 

TP, 

K 
𝒍𝒏

𝜷

𝑻𝑷
𝟐  

𝟏𝟎𝟎𝟎

𝑻𝒑
, 

A, angular 

coefficient 

Activation energy of 

desorption, kJ/mol 

1 MgH₂ 

2 666 -11.94 1.5 

-15.75 155 ± 2 
4 677 -11.65 1.47 

6 690 -11.28 1.45 

8 700 -11.02 1.43 

2 

(low) 
MgH₂-

EEWNi-Cr 

2 359 -11.07 2.78 

-10.66 65 ± 1 
4 368 -10.43 2.71 

6 390 -10.14 2.56 

8 372 -9.75 2.68 

3 

(mid) 

2 435 -11.45 2.29 

16.19 88 ± 1 4 427 -10.72 2.34 

6 454 -10.44 2.20 
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8 425 -10.02 2.35 

4 

(high) 

2 624 -12.18 1.60 

7.98 96 ± 1 
4 596 -11.39 1.67 

6 628 -11.09 1.59 

8 554 -10.55 1.80 

The calculated desorption activation energies for the three temperature regions were 65, 88 and 

96 ± 1 kJ/mol. The strong catalytic effect of nickel-chromium powder has reduced the energy required 

for the decomposition of the hydride phase of the material. According to the data obtained from the 

RHEN602 hydrogen analyzer, the hydrogen content in magnesium hydride and composite material 

was 7.2 ± 0.2 and 5.2 ± 0.1 wt.%, respectively.  

Figure 7 is an in situ X-ray phase analysis (in situ XRD) during step heating at a rate of 5 K/min 

from 25 to 500°C with a dwell time at each step of 60 seconds (measurement time).  

  
(a) (b) 

 
 

(c) (d) 

Figure 7. in situ XRD pattern, obtained in situ during heating for (a) MgH₂  and (c) MgH₂-EEWNi-Cr, graph of 

phase transformations during heating: 1 – decrease in the MgH₂ phase, 2 – increase in the Mg phase, 3 – thermal-

stimulated desorption for (b) MgH₂ and (d) MgH₂-EEWNi-Cr. 

Figure 7 (a, d) clearly shows the change of β-MgH hydride phase in MgH₂. The decrease in the 

hydride phase is provoked by heating of the material with further dissociation of hydride phase as 

shown in Figure 7 (b, d). In addition to the phase composition change, Figure 7 (b, d) also shows the 

thermal-stimulated desorption spectra at a heating rate of 6 K/min from 25 to 500 °C for the MgH₂ 

and MgH₂-EEWNi-Cr composite (20 wt. %). The main hydrogen release occurs at a temperature 

maximum of 150 °C for the composite (Figure 7 d, 3rd line), while for magnesium hydride this value 

is 417°C (Figure 7 b, 3rd line). From Figure 7 (b, d), the shift of the crossing point of the phase change 

lines (1 and 2) during the hydrogenation/dehydrogenation process is well observed. For the initial 

magnesium hydride, this value is around 327 °C, while for the composite it is around 250 °C, which 

is presumably due to the enhancement of the thermodynamic characteristics of the material with the 

addition of EEWNi-Cr. It is observed that the hydride phase in the initial material starts active 

decomposition at a temperature around 300 °C, while for the composite a gradual decrease of the 
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hydride phase can be observed, demonstrating a faster kinetics of hydrogen desorption from the 

material. 

In a recent study [70], several Mg2TM-Mg2TMHn (TM = Cr and Mn) materials were synthesized 

and the characteristics of hydrogen interaction with the obtained materials were investigated. For the 

Mg3(CrMnFeCoNi)0.2Hx composite, the hydrogen capacity is 5.3 mass % with two desorption peaks: 

247 and 277 °C. In [71], a magnesium hydride-based composite with 5 wt. % CrO3 added 

demonstrates a reversible capacity of about 5 wt% H₂ in the temperature range 250-270 °C at 5.9 atm. 

The results of the study [72] demonstrate a MgH₂+10wt% Cr composite capable of desorbing 

hydrogen at 200 °C and undergoing re-sorption at 28 °C. The material has a reversible capacity of 

6.28 wt% after 20 cycles at 285 °C. The initial dehydrogenation temperature in [73] MgH₂-9 wt% 

CrCoNi was significantly reduced from 325 °C to 195 °C, which is 130 °C lower than that of MgH₂ 

without additives. The composite released 4.84 mass % H₂ at 300 °C for 5 minutes and absorbed 3.19 

mass % hydrogen at 100 °C for 30 minutes (3.2 MPa). The calculated activation energy of 

dehydrogenation/rehydration was reduced by 45 and 55 kJ/mol. The onset temperature of 

dehydrogenation became 195 °C, and the material was capable of releasing 6.02% by mass of 

hydrogen at 300 °C for 15 minutes. The results of ABINIT calculations performed in study [74] 

demonstrated the properties of Mg1-x-yCrxH₂ depending on the amount of transition metal added. It 

was found that the alloyed material and hydrogen atoms form weak hybridization in the structure, 

in contrast to pure magnesium hydride, which mainly consists of strong hybridization between 

hydrogen and magnesium atoms. 

3.3. Influence of the Ni and Cr Additives on H-Mg Bonding 

Hydrogen binding energies Eb on the (110) surface of α-MgH₂ were calculated both in the 

absence and in the presence of Ni and Cr adsorbates for several geometrically nonequivalent surface 

H sites, using equation (1). In addition, the H–Mg bond lengths dH–Mg corresponding to these sites 

were computed. The results are presented in Table 4 and Table 5, respectively. 

As evidenced by the data in Table 4, the hydrogen binding energies of all Ni/Cr-modified (110) 

α-MgH₂ systems are lower, reaching negative values, compared to the pristine surface. A distinctive 

feature of the Mg₄₈H₉₆NiCr system, containing a surface Ni–Cr complex, is the emergence of a single 

negative hydrogen binding energy value (at H10 site) among all the Mg₄₈H₉₆, Mg₄₈H₉₆Ni, Mg₄₈H₉₆Cr, 

and Mg₄₈H₉₆NiCr system configurations considered. A negative binding energy indicates that, for 

this specific hydrogen atom, formation of an H₂ molecule is energetically more favorable than 

remaining adsorbed on the (110) Mg₄₈H₉₆NiCr surface. Consequently, such hydrogen atoms are 

expected to desorb significantly earlier with increasing temperature. Furthermore, adsorption of the 

Ni–Cr complex leads to a pronounced reduction in all hydrogen binding energies.  Notably, in the 

Mg₄₈H₉₆NiCr configuration, binding energies for the majority of surface hydrogen atoms fall below 

1 eV that is not observed in any of the other systems considered, thereby positioning Mg₄₈H₉₆NiCr as 

a uniquely reactive surface with enhanced hydrogen release propensity. 

Table 4. Hydrogen binding energies for the Mg₄₈H₉₆, Mg₄₈H₉₆Ni, Mg₄₈H₉₆Cr, and Mg₄₈H₉₆NiCr systems. 

System 

Position of the H atom relative to the adsorbate, as 

defined in Figure 2 Hydrogen binding 

energy, eV Distance r from the mass center of the 

adsorbate  
Label 

Mg48H96 - 
H3 1.307 

H7 1.514 

Mg48H96Ni 

r < r1 
H1 0.829 

H4 1.227 

r1 < r < r2 
H5 0.798 

H7 0.969 

r2 < r < r3 H9 1.159 
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H10 1.106 

H12 1.159 

H13 1.048 

r3 < r < r4 H11 1.139 

Mg48H96Cr 

r < r1 
H1 1.071 

H4 1.369 

r1 < r < r2 
H5 0.461 

H3 0.227 

r2 < r < r3 
H7 0.089 

H9 0.918 

r ≈ r4 H11 1.363 

Mg48H96NiCr 

r < r1 

H1 1.009 

H₂ 0.384 

H3 0.922 

H4 0.482 

r1 < r < r2 
H5 0.729 

H6 0.626 

r2 < r < r3 

H7 0.208 

H8 0.695 

H9 1.016 

H10 -0.624 

r ≈ r5 H11 0.770 

A common feature across all the systems considered is that hydrogen atoms with the lowest 

binding energy Eb are located within an intermediate radial range from the adsorbate center of mass 

(r1 < r < r3). At the same time, each region in Figure 2 also contains hydrogen atoms with moderately 

higher binding energies (1.0–1.4 eV), comparable to those on the pristine surface. At larger distances 

from the adsorbates (r > r4), the elevated hydrogen binding energies are consistent with a reduced 

perturbation of the surface electronic structure, as the influence of Ni and Cr becomes negligible. In 

contrast, the high binding energies observed for hydrogen atoms located in close proximity to the 

adsorbates (r < r4) can be attributed to a spatial redistribution of valence charge density induced by 

the presence of Ni and Cr atoms. 

The computed H–Mg bond lengths dH–Mg (Table 5) for hydrogen atoms at positions H1–H13 

exhibit a consistent increase in the presence of Ni and Cr adsorbates. This increase is more 

pronounced for hydrogen atoms located near the adsorbates and becomes less significant at greater 

distances, indicating a distance-dependent weakening of the adsorbate-induced structural 

perturbation. 

Table 5. The range of H–Mg bond lengths on the (110) surface of the Mg48H96, Mg48H96Ni, Mg48H96Cr, and 

Mg48H96NiCr systems. 

Atom  H 
𝒅𝐇−𝐌𝐠, Å 

Mg48H96 Mg48H96Ni Mg48H96Cr Mg48H96NiCr 

H1 1.937–1.988 1.964–2.335 2.117–2.927 2.037–2.392 

H2 1.937–1.988 1.886–1.970 2.117–2.927 1.899–2.983 

H3 1.865–1.865 2.014–2.278 1.867–1.914 2.005–2.137 

H4 1.865–1.865 2.014–2.278 1.987–1.987 1.989–2.055 

H5 1.937–1.988 1.914–1.994 1.885–1.930 1.893–1.911 

H6 1.937–1.988 1.926–1.994 1.885–1.930 1.888–1.998 

H7 1.937–1.988 1.837–1.957 1.958–2.025 1.927–1.984 

H8 1.937–1.988 1.960–2.078 1.926–2.025 1.895–1.934 

H9 1.865–1.865 2.064–2.089 1.947–2.089 1.977–2.008 

H10 1.865–1.865 2.064–2.089 1.869–1.877 1.864–1.874 
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H11 1.937–1.988 1.879–2.000 1.945–2.036 1.879–1.992 

H12 1.865–1.865 1.885–1.885 1.867–1.914 1.858–1.898 

H13 1.937–1.988 1.895–1.957 1.954–1.991 1.933–1.943 

To provide insight into the origin of H–Mg bond weakening in the presence of adsorbed Ni and 

Cr atoms, the valence electron density distribution was analyzed for the pristine α-MgH₂ (110) 

surface, as well as for surfaces modified by single Ni and Cr atoms and by the Ni–Cr complex (Figure 

8). The Bader charge transfer was also calculated, it is marked by numbers in the Figure 8. It is 

expressed in units of elementary charge and characterizes the amount of charge transferred to the 

atom during bond formation. 

  
(a) (b) 

  
(c) (d) 

Figure 8. The valence electron density distribution and Bader charge transfer Δq on atoms on the pristine (110) 

surface on α-MgH₂ (a), and of α-MgH₂ (110) surfaces with adsorbed Ni atom (b), Cr atom (c), and the Ni–Cr 

complex (d). The atoms of Mg, H, Ni and Cr coloured as gray, pink, blue, and purple, respectively. Isosurfaces 

corresponding to electron densities of 0.02 e/Å³ and 0.05 e/Å³ are shown in burgundy and green, respectively. 

Bader charge transfer (Δq) analysis reveals that on the pristine (110) surface of α-MgH₂ the 

bonding between Mg and H atoms is predominantly ionic in character. The calculated transfer values 

Δq are approximately +1.6e for Mg and –0.8e for H atoms, which clearly indicates strong electron 

transfer from hydrogen to magnesium. This finding is consistent with the valence electron density 

distribution, where regions of electron density more than 0.02 e/Å³ are concentrated around hydrogen 

atoms and do not extend toward Mg atoms. The pronounced ionicity of the H–Mg interaction 

contributes to its high bond strength; therefore, a shift toward a more covalent character may result 

in a weakening of the bond.  

In the Mg₄₈H₉₆NiₓCry systems, high valence electron density isosurfaces of 0.05 e/Å³ indicate the 

formation of covalent bonds between the adsorbed Ni and Cr atoms and their nearest hydrogen 

neighbors. The size of high-density regions around the hydrogen atoms nearest to the Ni-Cr complex 

(at a distance less than r1) are slightly reduced compared to the pristine surface (Figure 8a) or to the 

surfaces with the single Ni or Cr atom (Figures 8b and 8c). This size reduction and increase in H–Mg 
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bond lengths reflect a suppression of charge localization, implying that the presence of the Ni–Cr 

complex noticeably decreases the ionic character of H–Mg bonds near the adsorbate atoms. 

The adsorption of individual Ni or Cr atoms on the MgH₂ surface leads to the formation of 

predominantly covalent bonds with nearby hydrogen atoms, which in turn weakens the H–Mg 

interaction. As a result, the binding energy of hydrogen atoms in the vicinity of the adsorbate is 

reduced compared to that on the pristine MgH₂ surface. In the case of co-adsorption, Bader charge 

analysis shows that the charge transfer on the Ni and Cr atoms increases from –0.42e to –0.61e and 

from +0.16e to +0.26e, respectively. In addition, the valence electron density map (Figure 8 d) reveals 

a common high-density isosurface (0.05 e/Å³) between Cr and Ni, confirming the formation of a 

covalent Cr-Ni bond. This predominantly covalent interaction, together with a formation of Ni–H 

and Cr–H covalent bonds, leads to a redistribution of the valence electron density on the MgH₂ 

surface and a reduction in the ionic character of the H–Mg bonding. The decrease in hydrogen 

binding energy observed in the presence of the Ni–Cr complex is significantly more pronounced than 

in either single-element system. This synergistic effect is consistent with experimental observations, 

where co-milling of Ni-Cr nanosized powder and magnesium hydride leads to the emergence of a 

double low-temperature hydrogen desorption peak. Accordingly, surface hydrogen atoms with 

negative binding energies are expected to desorb first and correspond to the low-temperature 

desorption peak, whereas hydrogen atoms with positive binding energies desorb at higher 

temperatures and account for the second peak. After conducting a series of cyclic 

hydrogenation/dehydrogenation tests, it was established that the material retains practically all of its 

initial hydrogen capacity. Further measurements are planned in order to obtain the most complete 

and accurate results (Figure 9). 

 

Figure 9. Results of cyclic tests on MgH₂-EEWNi-Cr. 

In the future, we plan to conduct a series of measurements consisting of 50, 100, and 500 cycles. 

This will allow us to clearly determine the actual effectiveness of the material relative to others. 

4. Discussion 

The material based on magnesium hydride and EEWNi-Cr powder obtained in this work has 

potential for further study and future use in mobile hydrogen storage systems in the field of hydrogen 

energy. Further research will focus on developing a metal hydride cell filled with the material studied 

in this article. This cell will be used as a source for storing and transporting hydrogen in a bound 
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state. This will enable hydrogen to be stored safely and efficiently for its usage as a fuel. Figure 10 

shows graphs of the dependence of ln (P) on 1000/T, representing the efficiency of various materials 

depending on their hydrogen yield temperature. 

 

Figure 10. Comparison of the effectiveness of composites for hydrogen storage. 

As can be seen from the data presented above, the composite material studied in this work is 

located to the right on the graph. This indicates effective dissociation of the material under the 

influence of temperature. The MgH₂-EEWNi-Cr material has unique thermodynamic characteristics 

and allows for easy scaling of the material production technology. 

Despite the decrease in the initial hydrogen capacity of the material from 7.2 to 5.2, it remains 

high enough for use in mobile hydrogen storage systems. In combination with all the advantages of 

this material over others listed in the study, its use is limited only by the lack of cyclic testing. At 

present, it is planned to conduct all the missing studies to provide the most comprehensive 

characterization of the material.  

5. Conclusions 

The composite MgH₂-EEWNi-Cr (20 wt. %) with hydrogen mass content of 5.2 ± 0.1 wt.% 

described in this work was synthesized in a planetary ball mill and described using XRD, SEM, EDX, 

BET, TPD, and DFT analyses. Despite the decrease in the hydrogen capacity of the studied composite 

material compared to pure magnesium hydride (with hydrogen mass content of 7.2 ± 0.3 wt.%), its 

hydrogen desorption characteristics have been significantly improved due to the catalytic effect 

exerted by the added material, as well as due to ball milling. 

The composite is characterized by three desorption peaks in different temperature ranges. The 

presence of three temperature regions is explained by the catalytic effect of the added material. The 

desorption temperature at a heating rate of 2 °C/min was 86 °C (compared to MgH₂ – 393 °C), which 

is due to the direct participation of nickel-chromium powder, as well as additional milling with balls 

and nanoscale particles of the powder itself, which in turn affects the change in the specific surface 

area. Additional diffusion paths in the crystal lattice of the material make it easier to bind magnesium 

atoms with hydrogen. The dissociation of the hydride phase in the composite occurs above 250 °C. 
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According to the Kissinger method, the activation energy of desorption is determined to be (65-96) ± 

1 kJ/mol, while for hydride it is 155 ± 2 kJ/mol. 

Ab initio calculations show that the synergistic effect of Ni and Cr additives on the MgH₂ surface 

leads to a significant decrease in the hydrogen binding energy compared to pure magnesium hydride. 

The first peak has a double maximum of low-temperature hydrogen desorption from 70 ℃ to 230 ℃. 

The presence of a double maximum is due to an uneven decrease in the strength of hydrogen-surface 

bonds near the additives. In addition to positive hydrogen binding energies, weak hydrogen bonds 

with the surface, characterized by negative binding energy, are also observed on the MgH₂ surface 

with Ni and Cr additives. Surface hydrogen atoms with negative binding energies are expected to 

desorb first and correspond to the lowest temperature desorption peak (~ 90 ℃), whereas hydrogen 

atoms with positive binding energies desorb at higher temperatures and account for the second peak 

(~ 150 ℃). The decrease in the strength of the hydrogen-surface bond is caused by the formation of 

Ni–H and Cr–H covalent bonds, which, due to the redistribution of electron charge on the hydrogen 

atoms and additives, weaken the ionic bond of hydrogen with nearby magnesium atoms. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ABINIT lat. Ab initio (“from the beginning”) – first principles calculations 

DFT Density Functional Theory 

Eb Binding energy 

Ed Desorption activation energy 

EEW Electrical Explosion of Wires 

MPF-4 Magnesium Powder Fraction-4 

GRAM50 Gas Reaction Automated Machine 50 bar 

SEM Scanning Electron Microscopy 

EDX Energy-dispersive X-ray spectroscopy 

XRD X-ray diffraction 

BET Brunauer-Emmet-Teller method 

BJH Barrett-Joyner-Halenda method 

TPD Temperature-programmed desorption 

RGA Residual Gas Analyzer 

JCPDS Joint Committee on Powder Diffraction Standards 

HCP Hexagonal Closed Packed lattice 

BCC Base Centered Cubic lattice 

FCC Face Centered Cubic lattice 
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