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THE EFFECT OF  5 WT.% MAX-PHASE (Ti3SiC2 + TiC) 

ADDITIVE ON THE THERMAL STABILITY, 

DECOMPOSITION KINETICS OF NANOSIZED MgH2 

OF MECHANICAL ALLOY, OBTAINED BY 

MECHANOCHEMISTRY 
 

Abstract: To reduce the decomposition temperature and improve the kinetics of nanosized MgH2 

hydride decomposition, a Mg + 5 wt.% (Ti3SiC2 + TiC) mechanical  alloy (MA) was synthesized 

by reactive ball milling under a hydrogen pressure of 9 MPa. The effect of the MAX phase (Ti3SiC2 

+ TiC)  on the hydrogen sorption properties, thermal stability, and hydrogen desorption kinetics 

of the MgH2 hydride phase obtained by reactive milling (under a hydrogen pressure of 0.1 MPa 

in the reactor) was investigated using thermal desorption spectroscopy. It was established that 

the addition of the MAX phase to Mg does not decrease the onset temperature of hydrogen 

desorption from the MgH2 hydride phase and does not reduce its thermodynamic stability. 

However, significantly enhanced desorption kinetics were observed for the MA (Mg + 5 wt.% 

(Ti3SiC2 + TiC))  compared with pure Mg. At 330 °C and a hydrogen pressure of 0.1 MPa, 50% 

of the total hydrogen content and complete hydrogen desorption were achieved within 6,7 and 15 

min, respectively, whereas at 350 °C these values were reached within 3,4 and 9 min, respectively. 

The investigated mechanically alloyed materials containing the MgH2 hydride phase were capable 

of reversibly absorbing 5.1–5.3 wt.% H2.  

 

 

1. Introduction 

The properties of a large number of metal-hydrogen systems are currently well 

established. Most metals are capable of forming hydrides, but the large-scale 
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application of metal and alloy hydrides for hydrogen storage is hindered by the fact 

that most of them do not fully satisfy the requirements imposed on hydrogen sorbent 

materials by practical applications, particularly in the field of hydrogen energy. The 

specificity of these requirements lies in the fact that they can only be met by a 

material which, in addition to a high hydrogen storage capacity, possesses a 

combination of essential characteristics. Among the most important of these are 

rapid hydriding-dehydriding kinetics at temperatures close to ambient and hydrogen 

pressures near atmospheric pressure, as well as low thermal stability and high cyclic 

stability. 

The synthesis of magnesium dihydride, MgH2, exhibiting a low decomposition 

temperature, rapid dissociation kinetics, high hydrogen storage capacity, and good 

cyclic stability (properties that are critically important for the practical application 

of MgH2) remains a significant challenge despite the considerable number of studies 

devoted to this issue. Over the past several decades, substantial efforts have been 

directed toward overcoming this limitation through alloying, catalysis, and 

nanostructuring approaches. It has been demonstrated that the introduction of 

catalysts, including transition metals (Ti, Nb, V, Co, Mo, Fe, Mn, Ni) and their 

compounds, into MgH2 (or Mg) using mechanochemical methods is an effective 

approach for reducing the operating temperature and improving the kinetics of 

hydrogen sorption-desorption reactions [1–11]. 

A new class of catalysts, namely MAX phases (Ti3AlC2, Ti3SiC2, Ti2VAlC2), 

is also considered promising for the development of hydrogen storage materials. In 

particular, the authors of [12] reported the first attempt to improve the hydrogen 

storage properties of MgH2 using the novel MAX-phase catalyst Ti3AlC2. In study 

[13], the vacancy properties of Ti3AlC2 and Ti3SiC2, two of the most extensively 

investigated MAX phases, were analyzed by means of first-principles calculations. 

The authors of [14, 15] demonstrated that carbon vacancies and stacking faults (SFs) 

are highly beneficial for hydrogen storage and diffusion, with hydrogen diffusion in 

the SF-containing TiCx layers being significantly easier than in regular stacking 

layers. 

Authors of [16, 17] have demonstrated that MAX phases such as Ti3AlC2 and 

Ti3SiC2 effectively influence the hydrogen sorption properties of magnesium 

hydride. It has been shown in [12, 18–22] that the addition of a small amount of 

MAX phases (5–10 wt.%) to MgH2 (or Mg) leads to an improvement in hydrogen 

sorption behavior, as well as enhanced kinetics of magnesium hydride formation 

and MgH2 decomposition. At the same time, the authors of [12] reported no 

observable effect of Ti3AlC2 addition on the enthalpy of MgH2 formation and, 

consequently, on the thermodynamics of hydrogen desorption. In their view, this 
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indicates that the MAX phase acts as a catalyst rather than as a reactive component, 

thereby improving the hydrogen storage performance of MgH2 without altering its 

intrinsic thermodynamic properties. 

The aim of this work was to investigate the effect of the MAX-phase additive 

on reducing the decomposition temperature and improving the decomposition 

kinetics of the nanocrystalline MgH2 phase in the Mg + 5 wt.% (Ti3SiC2 + TiC) 

mechanical alloy synthesized by reactive mechanical alloying (RMA). The phase 

composition, hydrogen sorption properties, and thermal stability of the obtained 

mechanically alloyed material were investigated using X-ray diffraction (XRD) and 

thermal desorption spectroscopy (TDS). Isothermal kinetic curves of  

hydrogen desorption from the MgH2 hydride phase during cyclic 

dehydrogenation/hydrogenation were obtained at a hydrogen pressure of 0.1 MPa 

in the reactor. It was assumed that the improvement in the hydrogen sorption 

properties and desorption kinetics of the MgH2 phase could depend on the nature 

and crystal structure of the additive. Investigation of this relationship was also one 

of the objectives of the present study. 

2. Materials and methods 

The commercial Mg powder with a purity of 98.99% and an average particle 

size of 300 μm, and a crystallite size of 121 nm, was used as the raw material. The 

previously synthesized MAX phase powder, with an average crystallite size of 58 

nm, was obtained via self-propagating mechanically activated synthesis from a 

starting powder mixture of Ti, Si, and C. Milling was carried out in an argon 

atmosphere using an AIR-015M planetary mill, in which a centrifugal acceleration 

of up to 45 g was achieved at rotation speeds of 735 rpm for the main disk and 1840 

rpm for the milling vials, respectively. As a result of the quantitative analysis using 

the full-profile Rietveld method with the FullProf PowderCell 2.4 software, it was 

determined that the synthesized MAX phase sample contained 55 wt.% Ti₂SiC₂ 

phase and 45 wt.% TiC phase [22]. 

A mechanical alloy Mg + 5 wt.% (55 wt.% Ti3SiC2 + 45 wt.% TiC), hereafter 

referred to as MA1(Mg + 5wt. % MAX phase), was obtained by reactive ball milling 

of technical Mg powder with 5 wt.% of a pre-synthesized  MAX phase under a 

hydrogen atmosphere at a pressure of 9 MPa and a rotational speed of 500 rpm for 

20 h. 

For comparison, under the same processing conditions, a mechanical alloy of 

MgH2 without MAX-phase addition was synthesized by reactive ball milling of 

magnesium powder and is here after referred to as MA2. Reactive mechanical 

alloying was carried out in a Retsch ball mill using 10 mm steel balls in a high-

pressure milling vial (Evico-magnetics) equipped with gas pressure and temperature 
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sensors, enabling in situ monitoring during hydrogen absorption at a pressure of 

typically 9 MPa. The ball-to-powder mass ratio was 65:1. 

Sample preparation prior to synthesis and the selection of the obtained products 

were carried out in a glove box under a high-purity argon atmosphere. The same 

atmosphere was also used to fill the reactor chamber both before opening and after 

milling. 

The conditions for direct gas-phase hydrogenation (GPH) were as follows: 

after synthesis and recording of the first hydrogen desorption curve, the sample was 

kept in the reactor. At 400 °C, hydrogen was introduced into the reactor to a pressure 

of 4.0 MPa, and the first and all subsequent gas-phase hydrogenation cycles were 

carried out while the sample cooled together with the furnace. 

An automated computerized HZG-4 diffractometer was used for X-ray phase 

and structure analysis of the samples. X-ray diffraction patterns were obtained using 

CoKα – radiation. The profiles of the diffraction lines were plotted with a scan step 

of 0.10 and 10 s exposure at each point of the spectrum. The crystal lattice 

parameters and the unit cell volume of the MgH2 phase in the obtained mechanical 

alloys were analyzed using the Full Prof software Powder Cell 2.4 

(https://powdercell-for-windows. software. informer. com /2.4/). 

The effect of a 5 wt.% MAX-phase additive on the hydrogen sorption 

properties, thermal stability, and hydrogen desorption kinetics of the MgH₂ hydride 

phase was investigated by thermal desorption spectroscopy (TDS) using a custom-

designed automated apparatus developed by V. Dobrovolsky [23]. The apparatus 

enables the acquisition of hydrogen thermal desorption spectra and desorption 

kinetic curves from hydrides using the isobaric method, i.e., by measuring the 

amount of hydrogen desorbed from a sample heated at a specified rate under a 

constant hydrogen pressure of 0.1 MPa in the reactor. 

3. Results and discussion 

3.1 X-ray diffraction analysis 

Diffraction patterns of mechanically alloyed samples obtained after synthesis 

by reactive mechanical milling (RMM) and after dehydrogenation/hydrogenation 

cycles from the gas phase are presented in Fig. 1a–d. Information on the phase 

composition of the mechanically alloyed samples (MA), lattice parameters is 

summarized in Table 1. Analysis of the diffraction pattern in Fig. 1a indicates that, 

as a result of reactive mechanical alloying of Mg powder with 5 wt.% MAX-phase 

powder, a mechanically alloyed material was obtained in which the hydride phase 

MgH2 exhibits lattice parameters a = 4.5153 Å and c = 2.9914 Å, with a 

corresponding unit cell volume of  V = 60.988 Å3. The diffraction spectrum of 

sample MA1 exhibits characteristic reflections of the tetragonal MgH2 phase, as well 
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as weak reflections indexed to the {104} and {105} planes of the hexagonal Ti3SiC2, 

{200}plane of the cubic TiC and the {110} planes of metallic iron. The diffraction 

peaks of the mechanically alloyed sample are significantly broadened, which is 

attributed to pronounced mechanical refinement during the 20-hour synthesis, 

accompanied by the accumulation of a high density of defects and lattice distortions. 

The influence of direct cyclic dehydrogenation/hydrogenation from the gas phase 

on the phase composition of sample MA1 was evaluated using a specimen 

hydrogenated in the 9-th cycle. The diffraction pattern of this sample, presented in 

Fig. 1b, indicates that after 9 cycles the phase composition has undergone slight 

changes. The diffraction data reveal the presence of MgO phase reflections, while 

reflections corresponding to the {110} planes of iron are still observed. The lattice 

parameters and unit cell volume of the MgH2 hydride phase formed during 

hydrogenation of sample MA1 in the 9th cycle were determined to be: a = 4.5121 Å, 

c = 3.0195 Å, and V = 61.474 Å3. 

 

 

 
Fig. 1 а, b – X-ray diffraction patterns of sample MA1 immediately after 

synthesis and after the 9th dehydrogenation/hydrogenation cycle from the gas 

phase; с, d – X-ray diffraction patterns of sample MA2 immediately after 

synthesis and after the third dehydrogenation/hydrogenation cycle from the 

gas phase 
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The X-ray diffraction pattern of sample MA2 is presented in Fig. 1c. It is 

clearly observed that the magnesium powder was fully hydrogenated to the 

tetragonal MgH2 phase (space group P42/mmc (No. 136)) with lattice parameters  

a = 4.5275 Å, c = 3.0126 Å, and a unit cell volume V = 61.753 Å3. The diffraction 

peaks of the mechanically alloyed material are noticeably broadened, which is 

attributed to significant mechanical refinement during synthesis and the 

accumulation of a high density of crystal lattice defects. In addition, reflections 

corresponding to the {110} planes of cubic Fe are also present in the diffraction 

pattern. The lattice parameters and unit cell volume of the MgH2 hydride phase 

formed during hydrogenation of sample MA2 in the third cycle were determined to 

be a = 4.5030 Å, c = 3.0120 Å, and V = 61.074 Å3. XRD analysis of sample MA2 

after the third dehydrogenation/hydrogenation cycle in the gas phase revealed the 

presence of the MgH2 hydride phase, a small amount of MgO, as well as metallic 

Mg and Fe phases (Fig. 1d). As can be seen from the diffraction patterns presented 

in Figs. 1b and 1d, cyclic dehydrogenation/hydrogenation results in a pronounced 

narrowing of the MgH₂ diffraction peaks. This effect is attributed to a reduction in 

the defect density during cyclic heating and, consequently, to a decrease in the lattice 

distortions accumulated during mechanical synthesis.These results are consistent 

with the X-ray phase analysis data. A comparison of the diffraction peaks of the 

mechanically alloyed samples before and after cycling reveals a noticeable peak 

narrowing in the latter case (Fig. 1a–d). 
 

Table 1 

Phase composition, lattice parameters, unit cell volume of nanocrystalline 

MgH2 in MAs after synthesis and after hydrogenetion from the gas phase 

Mechanical alloys 
After 

synthesis 

After 

HGP 

After 

synthesis 

After 

HGP 

MA1(Mg+5wt% MAX 

phase) 

MgH2, Fe, 

Ti3SiC2, TiC 

MgH2, Fe, 

MgO 

а = 4.5153 

с = 2.9914 

V =60.988 

а = 4.5121 

с = 3.0195   

V= 61.474 

 МA2(Mg without  MAX 

phase) 

MgH2, Fe, MgH2, Mg,Fe, 

MgO 

а = 4.5275 

с = 3.0126 

V =61.753 

а = 4.5030   

с = 3.0120  

V= 61.074 

 

3.2 The thermal behavior of mechanical alloys 

To determine the effect of the addition of 5 wt.% MAX phase on the hydrogen 

sorption properties, decomposition temperature, and thermal stability of the 
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nanosized MgH₂ hydride phase in the mechanically alloyed magnesium-based 

materials MA1 and MA2, the hydrogen desorption behavior of the synthesized 

samples was investigated by TDS under a constant hydrogen pressure of 0.1 MPa in 

the reactor at heating rates of 3 and 10 °C/min. The hydrogen desorption isobars 

obtained during heating of the MA1 and MA2 samples after RMA and after 

hydrogenation from the gaseous phase are shown in Figs. 2 and 3, respectively. 

Based on the hydrogen desorption isobars shown in Figs. 2 and 3, the hydrogen 

storage capacities and the onset temperatures of hydrogen desorption (Tonset) of the 

MgH₂ hydride phase in the MA1 and MA2 samples were determined during heating 

after both reactive mechanical alloying and subsequent hydrogenation from the gas 

phase. The obtained data are summarized in Table 2. 

 

 
 

 
Fig. 2  Non-isothermal dehydrogenation curves of MA1 at P = 0.1 MPa and 

different heating rates (HR): (a) obtained by the RMA method at 3 °C/min; 

(b) after direct gas-phase hydrogenation (HGP) at 3 °C/min; (c) HGP at 10 

°C/min 



 August 7, 2026 • Marseille, French Republic   

.  

165 
 

 

 
Fig. 3  Non-isothermal dehydrogenation curves of MA2 (Mg without additive) 

at P=0,1MPa and different  heating rate (HR):  (a) after its obtain by RMA 

method at 3 0C/min;  (b) after direct hydrogenation from the gas phase (HGP) 

at 3 0C/min;  (c) after HGP at 10 0C/min 

 

Table 2 

Onset temperature (Tonset) of hydrogen desorption from MgH2 phase in MA1 

and MA2 and their hydrogen capacity 

 

Mechanical  alloys 

      after RMA 

     (β = 3 °C/min) 

      after HGP 

     (β = 3 °C/min)  

    after HGP 

   (β = 10 °C/min) 

Tonset, 

°C 

CH2, 

wt.% 

Tonset, 

°C 

CH2, 

wt.% 

Tonset, 

°C 

CH2, 

wt.% 

МA1 ((Mg+5wt% MAX 

phase) 

  290   5.9   320   5.5 320 5.5 

MA2 (Mg without  MAX-

phase) 

  288   6.4   320   6.0 330 6.0 

 

As can be seen from Figs. 2 and 3 and the data summarized in Table 2, the 

onset temperatures of hydrogen desorption for the mechanically alloyed samples 

MA1 and MA2 after RMA were 290 and 288 °C, respectively. It should be noted 
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that these temperatures correspond to the onset of hydrogen desorption from the 

main MgH2 hydride phase. A comparison of the Tonset values listed in Table 2 for 

the MgH2 phase in the MAX phase - free alloy MA2 (288 °C at a hydrogen pressure 

of 0.1 MPa) and in the MAX phase - containing alloy MA1 (290 °C) indicates that 

the addition of 5 wt.% MAX phase has virtually no effect on the onset temperature 

of hydrogen desorption and, consequently, on the onset temperature of MgH2 

decomposition in these MAs. Furthermore, no decrease in the equilibrium 

decomposition temperature of the MgH₂ hydride phase was observed for the 

mechanically alloyed MA1 sample at a hydrogen pressure of 0.1 MPa (288 °C 

according to [24]). This indicates that mechanical alloying with the MAX phase did 

not reduce the thermodynamic stability of the MgH₂ phase. 

In order to determine the positive effect of the 5wt.% MAX-phase addition on 

enhancing the reaction kinetics for hydrogen storage in  MgH2, the apparent 

activation energies (Ea) for the hydrogen desorption reaction of the MA1 and MA2 

samples were quantitatively evaluated via Kissinger's method described below [25].  

Kissinger's equation can be written as: 

Ea/R = – dln(β/T2
p) / d(1/Tp)     (1) 

or in the following form: 

Ea/R = – (ln β1/β2 +  ln T2
2/T1

2) / (1000/T1 –  1000/T2)   (2) 

where Ea is the apparent activation energy in kJ/mol, β is the heating rate in K/min, 

Tp is the desorption peak temperature in K, and R is the gas constant. 

According to Equation (2) and using the data presented in Table 3, the 

activation energies of hydrogen desorption from the MgH2 hydride phase in the 

MA1 and MA2 samples were calculated to be 104.2 kJ/mol and 153.1 kJ/mol, 

respectively. 
 

Table 3 

Data used for the calculation of activation energy (Ea) according to Eq. (2) 

Mechanical alloys 
β1, 

K/min 
T1, K 

β2, 

K/min 
T2, K 

Ea, 

kJ/mol 

МA1 (Mg + 5 wt.% MAX-phase) 3 616 10 651 104.2 

MA2 (Mg without MAX-phase) 3 627 10 652 153.1 

 

The activation energy of the MA1 sample (Mg + 5 wt.% MAX phase) was 

found to be 48.9 kJ/mol lower than that of the MA2 sample (Mg without the MAX 

phase). This result indicates that the addition of 5 wt.% MAX phase significantly 

reduces the activation energy for hydrogen desorption from MgH₂, providing strong 

evidence of the catalytic effect of the 5 wt.% (Ti₃SiC₂ + TiC) additive. 
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3.3 Kinetics of the hydrogen desorption from the mechanical alloys 

The kinetics of hydrogen desorption from the MgH2 hydride phase in the 

synthesized MA1 and MA2 materials after hydrogen gas phase (HGP) treatment 

under identical conditions were investigated at temperatures of 330 and 350 °C and 

a constant hydrogen pressure of 0.1 MPa in the reactor. The isobaric-isothermal 

hydrogen desorption curves for the MA1 sample obtained at 330 and 350 °C are 

shown in Fig. 4. For comparison, Fig. 5 presents the hydrogen desorption curve at 

330 °C for the MA2 sample (Mg without the addition of the MAX phase), obtained 

under the same conditions as the MA1 sample. The values of the half-desorption 

time (τ1/2), the total desorption time (τfull), and the maximum hydrogen desorption 

rate (Vmax = dCH/dt at t = τ1/2) for the MA1 and MA2 samples are summarized in 

Table 4. 

 

 
Fig. 4 Isothermal dehydrogenation curves of mechanical alloy MA1 at 

P=0,1MPa  and  at two reaction temperatures: 

(a)  3300C;  (b)  3500C 

 

 
Fig. 5 Isothermal dehydrogenation curves of MA2 (Mg without additive) at 

P=0,1MPa and at reaction temperature 3300C 
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Table 4 

Hydrogen desorption kinetic parameters and hydrogen capacity of MA1 and 

MA2 alloys 

 Mechanical alloy T, °C Сн, wt.% 
Vmax, 

wt.%/min 
τ1/2 τfull 

MA1,  Fig. 4a 330 5.1 0.7 6.7 15 

MA1,  Fig. 4b 350 5.3 1.4 3.4 9.0 

MA2,  Fig. 5 330 6.2 0.21 30 80 

 

As shown in Table 4, the half-desorption time (τ1/2) and the total hydrogen 

desorption time (τfull) for the MA1 sample (Mg + 5 wt.% MAX phase) at 330 °C 

were 6.7 min and 15 min, respectively. For the MA2 sample (Mg without the MAX 

phase), the corresponding values were 30 min and 80 min, respectively. 

Analysis of the experimental data presented in Table 4 demonstrates that the 

addition of 5 wt.% MAX phase during the synthesis of the MA1 sample significantly 

enhances the hydrogen desorption kinetics of the nanosized MgH₂ hydride phase. 

This is evidenced by the experimentally observed 5.3-fold shorter total hydrogen 

desorption time of the MA1 sample than that of the MA2 sample at 330 °C under a 

hydrogen pressure of 0.1 MPa (Table 4). 

Table 4 also shows that the half-desorption time (τ₁/₂) is 4.5 times shorter for 

the MA1 alloy than for the MA2 alloy. Furthermore, the maximum hydrogen 

desorption rate (Vmax) is 3.3 times higher for the MA1 alloy than for the MA2 

alloy. Thus, the kinetic characteristics of hydrogen desorption from the nanosized 

MgH₂ hydride phase of the MA1 mechanically alloyed sample (Mg + 5 wt.% MAX 

phase), namely τ₁/₂, τfull, and Vmax, consistently demonstrate that the addition of 

the MAX phase to magnesium enhances the decomposition kinetics of MgH₂, 

although the magnitude of the effect depends on the kinetic parameter considered. 

Based on our experience in the development and investigation of hydrogen storage 

materials, the kinetic parameter Vmax = dCH/dt at t = τ₁/₂ is considered more reliable 

because it can be determined with significantly higher accuracy than τ₁/₂ and τfull. 

4. Conclusions 

The experimental results presented in this study demonstrate that mechanical 

treatment of Mg in the presence of the MAX-phase additive significantly enhances 

the hydrogen desorption kinetics of the MgH₂ hydride phase in the synthesized 

mechanically alloyed material. This is evidenced by the experimentally observed 

substantial reduction in both the half-desorption time and the total hydrogen 

desorption time at a constant hydrogen pressure of 0.1 MPa. No reduction in the 
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thermodynamic stability of the MgH2 hydride phase resulting from the addition of 

the MAX phase was detected. 

It was established that the addition of 5 wt.% MAX phase has a negligible 

effect on the hydrogen desorption onset temperature and, consequently, on the 

decomposition temperature of the nanostructured MgH₂ hydride phase in the MA1 

alloy. The role of the MAX phase in enhancing the hydrogen desorption kinetics of 

the MA1 alloy synthesized by the RMA method under a hydrogen pressure of 9 

MPa has been demonstrated. 

 

References: 

1. Selvam P, Viswanathan B, Swamy CS, Srinivasan V (1986) Magnesium and magnesium alloy hydrides. Int J 

Hydrogen Energy 11:169 - 92. 

2. Aguey-Zinsou KF, Ares-Fern, Ez JR (2010) Hydrogen in magnesium: new perspectives toward functional 

stores. Energy Environ Sci 3:526 - 43. 

3. Jain IP, Lal C, Jain A (2010) Hydrogen storage in Mg: a most promising material. Int J Hydrogen Energy 

35:5133 - 544. 

4. Cheng FY, Tao ZL, Liang J, et al.  (2012) Efficient hydrogen storage with the combination of lightweight 

Mg/MgH2and nanostructures. Chem Commun 48:7334 - 43. 

5. 5.  Liang G, Huot J, Вoily S   (1999) Сatalytic effect of transition metals on hydrogen sorption in nanocrystalline 

ball milled MgH2 – Tm (TM=Ti, V, Mn, Fe, Ni) systems. J Alloys Compd. 292 : 247-252. 

6. Shang C, Bououdina M, Song Y, et al. (2004) Mechanic alalloying and electronicsimulations of (MgH2+M) 

systems (M=Al, Ti, Fe, Ni, Cu, Nb) for hydrogen storage. Int J. Hydrogen Energy 29: 73 – 80. 

7. Ershova O, Dobrovolsky V, Solonin Yu, et al. (2008) Influence of Ti, Mn, Fe, Ni addition upon thermal stability 

& decomposition temperature of the MgH2 phase of alloys synthesized by reactive mechanical alloys. J Alloys 

Compd. 464: 212-218; doi: 10.1016/j.jall-com.2007.10.064. 

8. Pitt M, Paskevicius M, Webb C, et al. (2012) The synthesis of nanoscopic Ti-based alloys and their effects on 

the MgH2 system compared with the MgH2 + 0.01Nb2O5 benchmark. Int. J of Hydrogen energy 37: 4227-4237; 

doi:10.1016/j.ijhydene .2011.11.114. 

9. Korablov D, Besenbacher F, Jensen TR (2014) Ternary compounds in the magnesium - titanium hydrogen 

storage system. Int. J of hydrogen energy 39:9700-9708:http://dx.doi.org/ 10.1016/j.ijhydene.2014.03.141. 

10. Ershova O, Dobrovolsky V, Solonin Yu, et al. (2015) The effect of Al on thermal stability and kinetics of 

decomposition of MgH2 prepared by mechanochemical reaction at different conditions. Materials Chemistry 

and Physics (162):408 – 416.http://dx.doi.org/10.1016/j.matchemphys.2015.06. 

11. Wang H, Lin HJ, Cai WT, et al. (2016) Tuning kinetics and thermodynamics of hydrogen storage in light metal 

element based systems - a review of recent progress. J Alloys Compd 658 :280 - 300. 

http://dx.doi.org/10.1016/j.jallcom.2015.10.09. 

12. Wang  K, Du H, Wang Z, et al. (2017) Novel  MAX-phase  Ti3AlC2 catalyst  for improving  the  reversible  

hydrogen  storage  properties  of MgH2.  Int. J of  hydrogen  energy 42(7) : 4244-4251: http://dx.doi.org 

/10.1016/ j.ijhydene.2016.10.073. 

13. Hui Wang, Han Han, Gen Yin, et al.  (2017) First-Principles Study of Vacancies in Ti3SiC2 and Ti3AlC2. 

Materials, 10:103; doi:10.3390/ma10020103. 

14. Nguyen J, Glandut N, Jaoul C, et al.  (2013) Electrochemical hydrogen insertion in substichiometric titanium 

carbide TiC0.6: influence of carbon vacancy ordering. Langmuir 29:12036 - 42. 

15. Ding HM, Fan XL, Li CY, et al.(2013) First principles study of hydrogen storage in non-stoichiometric TiCx. J 

Alloys Compd 551:67-71. 

16. Ghidiu M, Lukatskaya M, Zhao M-Q, et al. (2014) Conductive two-dimensional titanium carbidec lay’ with high 

volumetric capacitance. Nature 516: 78–81. 

17. Zheng LL, Li JJ, Li MS,et al. (2012) Investigation on the properties of Nb and Al doped Ti3SiC2 as a new 

interconnect material for IT-SOFC. Int J Hydrogen Energy 37:1084 -1088. 

18. Haimin Ding, Nicolas Glandut, Xiaoliang Fan (2016) First-principles study of hydrogen incorporation into the 

MAX phase Ti3AlC2. Іnt. J of hydrogen energy 41:6387-6393:10.1016/j.ijhyde ne.2016.03.015. 

19. Zhengyang  S,  Zeyi  W,  Min  Z, et al. (2018) A novel  solid-solution MXene (Ti0.5V0.5)3C2 with  high  

catalytic  activity  for  hydrogen storage  in  MgH2.  Materialia 1:114-120. 

20. Kirian I, Lakhnik A, Voynash V, et al. (2019) The effecr of the MAX-phase Ti3AlC2 on hydrogen storage 

properties of Mg. J MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS 4:127-129. 

http://dx.doi.org/%2010.1016/j.ijhydene.2014.03.141
http://dx.doi.org/10.1016/
http://dx.doi.org/


SCIENTIA • Modern vision of implementing innovations in scientific studies 

.  

170  
 

21. Haizhen Liu, Xingqing Duan, Zhiye Wu, et al. (2023) Exfoliation of compact layered Ti2VAlC2 MAX to open 

layered Ti2VC2 MXene towards enhancing the hydrogen storage properties of MgH2. Chemical Engineering 

Journal 468:143688-98: doi.org/10.1016/j.cej.2023.143688  

22. Korablov D, Ershova O, Koval O, et al. (2025) Ti3SiC2 MAX phase synthesized mechano-chemically from 

initial powder reactants: effect of Zr and V doping. XX International Freik Conference Physics  and  Technology 

of Thin Films and Nanosystems(ICPTTFN-2025:223 (Ukraine). 

23. Dobrovolsky V, Ershova O, Solonin Yu,et al(2011) Hydrogen-sorption and thermodynamic characteristics of 

mechanically grinded TiH1.9 as studied using thermal desorption spectroscopy. J Alloys Comp, 509:128-133; 

doi:10.1016/j.jallcom.2010.09.003. 

24. Stampfer J, Holley C, Suttle J (1960) The Magnesium-Hydrogen System. J Am. Chem. Soc. 82: 3504 – 3507;doi: 

10.1021/ja01499a006. 

25. Kissinger H (1957) Reaction kinetics in different thermal analysis. Anal Chem 29:1702 – 1706. 

  

https://www.sciencedirect.com/journal/chemical-engineering-journal
https://www.sciencedirect.com/journal/chemical-engineering-journal
https://www.sciencedirect.com/journal/chemical-engineering-journal/vol/468/suppl/C
https://doi.org/10.1016/j.cej.2023.143688

