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A Mg-Ti nano-composite was co-precipitated through an adapted Rieke 

method, which exhibits high capacity and superior absorption kinetics at room 

temperature (~6.2 wt% within 2 h). 
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Abstract 

A Mg-Ti nano-composite has been co-precipitated from a tetrahydrofuran (THF) 

solution containing anhydrous magnesium chloride (MgCl2), titanium tetrachloride 

(TiCl4) and lithium naphthalide (LiNp) as the reducing agent. X-ray diffraction 

(XRD), transmission electron microscope (TEM), scanning transmission electron 

microscope (STEM), and pressure-composition-temperature (PCT) techniques are 

used to characterize phase components, microstructure and hydrogen sorption 

properties of the composite. The co-precipitated Mg-Ti nano-composite contains 

nearly 1.0 wt% of Ti distributed homogeneously on the surface or inside Mg particles 

having average particle size of about 50 nm. Orthorhombic γ-MgH2 phase and 

tetragonal γ-TiH2 phase are obtained when the Mg-Ti nano-composite is 

hydrogenated at 75 
o
C. PCT measurements reveal the superior hydrogen absorption 

property of the Mg-Ti nano-composite: its maximum hydrogen capacity can reach up 

to 6.2 wt% within 2 h at room temperature under a hydrogen pressure of 3 MPa. The 

activation energy for hydrogen absorption is determined to be 50.2 kJ/mol H2. The 

hydrogenation and dehydrogenation enthalpies of the nano-composite are calculated 

to be -73.0±1.8 and 75.8±4.7 kJ/mol H2, close to the standard values for Mg (-74.1± 

2.9 kJ/mol H2). The catalytic effects from the co-precipitated Ti and the tetragonal 

γ-TiH2 formed during hydrogenation process lead to the extremely fast absorption 

kinetics at room temperature. 

Keywords: Mg-Ti nano-composite • Rieke method • co-precipitation • hydrogen 

storage • tetragonal γ-TiH2 phase  
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1. Introduction 

Mg is considered to be an attractive hydrogen storage material because of its 

high hydrogen storage capacity (～7.6 wt%), high abundance, non-toxicity, high 

safety and low cost. However, its poor hydrogen sorption kinetics and unfavorable 

thermodynamics significantly restrict the practical applications of Mg as the on-board 

or stationary hydrogen carrier.
1, 2

 Several approaches have been adopted to alter its 

thermodynamics and decrease its kinetic barriers to improve the hydrogen storage 

properties of Mg, such as (1) alloying Mg with other elements,
3, 4

 (2) doping with 

various catalysts
5-7

 and (3) reducing Mg particles to nanoscale.
8-11

 Mg-based 

intermetallic compounds prepared by alloying Mg with other elements show lower 

dehydriding temperatures as compared to the pure Mg.
3,4

 Catalysts, such as transition 

metals,
5, 12-14

 metal oxides,
7, 15-17

 halides of tradition metals
6, 18-20

 and carbon 

materials
21-23

 have been shown to effectively improve the sorption kinetics of Mg. 

However, the hydrogen capacity is obviously reduced after catalyst additions 

compared with the pure Mg.
2, 24

 On the other hand, nanoscale Mg exhibits superior 

sorption properties than that of the coarse grained Mg due to its larger surface area for 

the nucleation of magnesium hydride and shorter hydrogen diffusion distances for H 

atoms.25 Therefore, reducing Mg particles to nanoscale and doping with trace catalysts 

should be taken into account to obtain a Mg-based composite with high hydrogen 

capacity and rapid hydrogen sorption kinetics. 

Recently, an adapted Rieke method has been introduced to synthesize Mg 

nano-particles by reducing magnesocene (MgCp2) dissolved in 1, 2-dimethoxyethane 
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or THF.
9, 11

 An air-stable composite (PMMA embedded Mg nanocrystals with an 

average diameter of 4.9 ± 2.1 nm) enables hydrogen sorption with both high density 

and rapid kinetics (uptake < 30 min at 200 
o
C).

9
 Mg nanocrystals with particle size of 

25 nm can absorb 95% of its maximum capacity within 60 s at 300 
o
C.

11
 The adapted 

Rieke method can provide a simple route for the synthesis of Mg nanocrystals with a 

desired size. Moreover, doping titanium,
26

 titanium hydride,
27, 28

 titanium oxide,
18

 

titanium halides
19, 20

 and titanium intermetallics
29

 as catalysts into MgH2/Mg is 

confirmed to dramatically improve hydrogen storage properties of Mg. MgH2-0.1TiH2 

composite prepared by ultrahigh-enery-high-pressure milling (UEHP) can absorb 4 wt% 

of hydrogen in 4 h at room temperature under 2 MPa hydrogen pressure.
28

 The 

hydrogen absorption kinetics of nanocrystalline Ti-catalyzed MgH2 prepared by a 

homogeneously catalyzed synthesis method is 40 times faster than commercial MgH2 

at 300 
o
C.

30
 The dehydriding properties of the ball milled MgH2 can be remarkably 

enhanced through coating multi-valence Ti-based nano-catalysts with the onset 

dehydriding temperature of about 175 
o
C.

31
 In the present work, a Mg-Ti 

nano-composite was co-precipitated through the adapted Rieke method. The hydrogen 

sorption kinetics of the Mg-Ti nano-composite was investigated and the mechanism 

of catalytic effects from Ti was also proposed. 

2. Experimental details 

2.1 Sample preparation  

In this work, an anhydrous magnesium chloride (MgCl2) was used as the Mg ion 

source instead of MgCp2. The Mg-Ti nano-composite was co-precipitated from a 
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homogeneous THF solution including anhydrous MgCl2, titanium tetrachloride (TiCl4) 

and lithium naphthalide (LiNp) as the reducing agent. It is known that TiCl4 can be 

reduced to Ti (0) by another metal or metallic hydride reagent such as Li, Mg, Zn, or 

LiAlH4.
32-34

 During the sample preparation process, naphthalene is used as electron 

carrier to speed up the reaction due to the high melting point of Li.
35

 Therefore, the 

co-precipitation process of the Mg-Ti nano-composite may follow reactions as: 

MgCl2 + 2Li → Mg(0) + 2LiCl      (1) 

TiCl4 + 4Li → Ti(0) + 4LiCl        (2) 

These reactions were performed in an argon glove-box to avoid the influence of 

oxygen and moisture. Both the oxygen and water vapor levels inside the glove-box 

were kept below 1 ppm. Anhydrous MgCl2 (99.9%), naphthalene (AR), Li (99.9%) 

and TiCl4 (99.99%) were purchased from Aladdin Reagent Database. In raw materials, 

Ti: Mg was kept in a weight ratio of 1: 9. LiNp/THF solution (blackish green) was 

prepared by stirring vigorously the mixture of naphthalene (14.96 g) and lithium 

(0.81g) in the freshly distilled THF at room temperature. Anhydrous MgCl2 (4.7605g) 

was dissolved in the freshly distilled THF (400 mL) while stirring vigorously at 

60~70 °C to form a transparent solution, and then the solution was cooled down to 

room temperature. TiCl4 (0.31 mL) was also dissolved in the freshly distilled THF (50 

ml) and stirred to form a yellow solution at room temperature. TiCl4/THF was mixed 

with MgCl2/THF, and the solution was dropped into LiNp/THF while stirring 

vigorously for 24 h at room temperature. At last, the resultant product was isolated by 

centrifugation, washed with freshly distilled THF three times, and dried by vacuum 
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pumping to remove the residual THF. The sample was placed vacuum for 12 h at 

room temperature. The vacuum level is about 1.33×10
-2

 Pa. 

2.2 Characterization 

Phase identifications of as-prepared samples were performed by X-ray 

diffraction（XRD）using an apparatus (D/max 2550VL/PCX) equipped with a Cu Kα 

radiation source. In order to isolate the sample from air, the sample powder was put 

on a designed XRD holder and sealed with scotch tape in the glove-box. The 

morphology and microstructure of as-prepared samples were observed by using a 

JEM-2100F transmission electron microscopy. The Ti loading in the Mg-Ti 

nano-composite was analyzed by energy dispersive spectrometer (EDS). As the 

co-precipitated Mg-Ti nano-composite is extremely active, the activation process is 

not necessary for all samples before measurements of hydrogen storage properties. 

The hydrogen sorption behaviors of as-prepared samples were examined using a 

Sievert apparatus (Type PCT-2, Shanghai Institute of Microsystem and Information 

Technology). For auto pressure-composition-temperature (P-C-T) measurement, 0.4 g 

of the sample was loaded in a custom-made autoclave with a hydrogen pressure 

maximum limit of 4 MPa and operating temperatures of 250, 275, 300, 325, 350 and 

375 °C, respectively. Hydrogen absorption kinetic measurements were done at 25, 50 

and 75 
o
C under 3 MPa hydrogen pressure for 10 h, respectively. A dwelling time of 1 

h is set between two PCT measurements. Desorption performance of hydrogenated 

nano-composites was examined using diffraction scanning calorimetry (DSC, Netzsch 

STA 449F3) at heating rates of 3, 5 and 10 
o
C/min under Ar gas flow. 
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3. Results and discussions 

3.1 Microstructure characterization of the Mg-Ti nano-composite  

Figure 1a and 1b presents the XRD patterns of as prepared Mg-Ti 

nano-composite and the nano-composite hydrogenated at 75 
o
C for 2 h, respectively. 

As can be seen in Figure 1a, almost all broad diffraction peaks of the Mg-Ti 

nano-composite can be indexed with the hexagonal Mg phase along with a weak peak 

from MgO, while the characteristic peak of Ti is absent. Formation of MgO phase is 

due to possible oxidation that occurred during sample preparation for the XRD 

analysis. The absence of Ti peaks is likely due to the fact that Ti synthetized from 

solution is in the form of extremely fine particles or amorphous. Alternatively, the 

amount of Ti in the Mg-Ti nano-composite is too low to generate detectable 

diffraction intensity. The average crystallite size of Mg in the Mg-Ti nano-composite 

is calculated to be 23.1 nm using Scherrer's equation.
36

 From Figure 1b, it is observed 

that the majority phase of the hydrogenated Mg-Ti nano-composite is tetragonal 

β-MgH2, with a small amount of orthogonal γ-MgH2, tetragonal γ-TiH2, Mg and MgO. 

Residual Mg means that some large Mg particles have not been fully hydrogenated 

under the given conditions. The metastable γ-MgH2 has been observed after ball 

milling of β-MgH2
8
 and the hydrogenation of Mg/Pd thin films prepared using 

magnetron sputtering method.
37, 38

 Previous investigations have shown that the 

deformations and structural defects formed during the ball milling or the 

hydrogenation process contribute to the phase transformation from β-MgH2 to 

γ-MgH2.
37, 38

 Norberg et al.
11

 have hypothesized that the density of defect sites formed 
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through the adapted Rieke method increases with reducing the particle size. In this 

work, it is possible that high density of defects formed in the Mg lattice during the 

preparation process due to the addition of Ti/TiCl4. The high density defects still 

remain in the nano-composite after hydrogenation at 75 
o
C, leading to the formation 

of γ-MgH2 phase. The appearance of tetragonal γ-TiH2 shows that Ti can be 

hydrogenated at 75 
o
C. As can be seen in Figure 1c, When the Mg-Ti nano-composite 

absorbs hydrogen at 75 
o
C again after dehydrogenation at 300 

o
C, γ-MgH2 phase is 

absent due to the removal of the lattice distortion and structural defects in Mg nano 

particles at high temperatures. Similar phenomenon has also been observed in the ball 

milled pure MgH2 and in Mg/Pd thin films
37, 38

, which is attributed to the fact that 

γ-MgH2 is less thermodynamically stable than β-MgH2. The tetragonal γ-TiH2 phase 

with the lattice parameters a=0.312 nm and c=0.418 nm and the strongest diffraction 

peak located in the 2θ of 40.87 
o
 has been reported previously.

39-42
 Such structure is 

not the same as the tetragonal ε-TiH2 phase prepared by reactive ball milling with the 

strongest diffraction peak located in the 2θ range of 34~36 
o
.
27

 Tetragonal γ-TiH2 was 

formed within titanium matrices during cathodic pretreatments carried out at room 

temperature.
39-42

  

Scanning transmission electron microscope (STEM) micrograph and the selected 

area electron diffraction (SAED) pattern of the Mg-Ti nano-composite are shown in 

Figure 2a and 2b, respectively. The Mg-Ti nano-composite is composed of irregular 

shaped particles aggregating together with their particle sizes ranging from 40 to 60 

nm. The average particle size is determined to be about 50 nm. Compared with the 
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average crystallite size of Mg calculated from XRD results (23.1 nm), some larger 

particles observed in TEM are possibly made-up of multiple crystal domains. In 

contrast, Mg nanocrystals prepared through the adapted Rieke method by Norberg et 

al. have their particle size of about 25 nm.
11

 It suggests that the addition of Ti/TiCl4 

has little effect on reducing the particle size of Mg nanoparticles. This result is 

accordance with the research of Nelson,
43

 who points out that Mg grains are easily 

coarsened by the presence of Ti even at very low concentration. In the corresponding 

SAED pattern shown in Figure 2b, the diffraction rings or points can be indexed with 

Mg and MgO phase. This is in accordance with XRD result. Formation of MgO phase 

is due to the possible oxidation that occurred during the preparation of TEM sample. 

In order to qualitatively evaluate the distribution of Ti in Mg particles, EDS elemental 

maps of Mg and Ti are shown in Figure 2c and 2d. As can be seen, Ti is 

homogeneously distributed on the surface or inside Mg particles. The actual Ti weight 

content in the prepared Mg-Ti nano-composite is determined to be around 1.0 wt% by 

EDS. The actual Ti content in the Mg-Ti nano-composite is much lower than that in 

precursors, which is likely due to the fact that the co-precipitated Ti particles are too 

small to be separated from solution. Only a small amount of Ti particles that are 

embedded in or attached on the surface of Mg particles can be separated with Mg 

after the centrifugation and repeated washing processes. The TEM micrograph and the 

corresponding SAED pattern of the Mg-Ti nano-composite hydrogenated at 75 
o
C for 

2 h are shown in Figure 3a and 3b, respectively. The diffraction rings or points 

correspond to Mg, MgO, β-MgH2 and γ-TiH2 phases. Only a few diffraction points 
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can be indexed with the β-MgH2 phase. This is due to hydrogen release from the 

nano-sized MgH2 during the TEM measurement under high-vacuum condition and 

exposure to the electron beam.
44

 As can be seen, the hydrogenated Mg-Ti 

nano-composite is composed of irregular shaped particles aggregating together with 

their particle sizes ranging from 20 to 30 nm. The particle size of the hydrogenated 

Mg-Ti nano-composite is much lower than that of the Mg-Ti nano-composite. The 

main reasons are as follows. The high density of defects on the Mg particles and at the 

interfaces between Mg and Ti can serve as nucleation sites for MgH2 during the 

hydrogenation process. In addition, the crystallite size of β-MgH2 will not grow up at 

such a low absorption temperature (75 
o
C), resulting in a smaller crystallite size of 

β-MgH2. In order to reveal the morphology of TiH2 nanoparticles, a dark field image 

taken from the diffraction points of γ-TiH2 (110) and MgO (200) is shown in Figure 

3c. It is observed that TiH2 and MgO nanoparticles with bright contrasts and particle 

size of several nano-meters are distributed homogeneously on the surface of those 

large MgH2 particles. 

3.2 Hydrogen sorption properties of the Mg-Ti nano-composite  

The PCT curves of the Mg-Ti nano-composite measured at 250, 275, 300, 325, 

350, and 375 
o
C in a hydrogen pressure range from 0.02 to 4 MPa are shown in Figure 

4a. It is observed that single flat plateaus owing to the formation and decomposition 

of the MgH2 phase are present across the whole range of the hydrogen content at each 

temperature. The maximum hydrogen absorption capacity of the Mg-Ti 

nano-composite is about 6.8 wt% at 375 
o
C, with fairly close amount of reversible 
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hydrogen sorption capacity. The Mg-Ti nano-composite can absorb and release 

hydrogen at temperatures down to 275 
o
C. The corresponding van’t Hoff plot (lnP 

versus 1/T) is used to estimate hydrogenation and dehydrogenation enthalpies and 

entropies, as shown in Figure 4b. The hydrogenation enthalpy (△Hab) and entropy 

(△Sab) are determined to be -73.0±1.8 kJ/mol H2 and 131.9±3.0 J/(mol·K) H2 while 

the dehydrogenation enthalpy (△Hde) and entropy (△Sde) are 75.8±4.7 kJ/mol H2 and 

134.8±7.9 J/(mol·K) H2, respectively. The values of enthalpies for the Mg-Ti 

nano-composite are quite close to those of the standard values for Mg (-74.1± 2.9 

kJ/mol H2),
45

 a nanostructured MgH2/0.1TiH2 composite prepared by ball milling 

under high hydrogen pressure (△Hde=77.4 kJ/mol H2),
46

 and nano-structured 

Ti-catalyzed MgH2 prepared by a homogeneously catalyzed synthesis method (△

Hde=77.7 kJ/mol H2).
30

 However, Lu et al. reported a significant reduction of the 

dehydrogenation enthalpy (68.2 kJ/mol H2) in a study of a Mg-0.1TiH2 with a 

crystallite size of 5~10 nm, prepared by ultrahigh-energy-high-pressure (UHEHP) ball 

milling. A possible different reaction mechanism of hydrogen with magnesium is 

attributed to the effects from nano-sized MgH2 and the addition of TiH2.
28

 In this 

work, the average crystallite size of Mg-Ti nano-composite is a little larger than that 

of the Mg-0.1TiH2. The actual Ti weight content in the Mg-Ti nano-composite is 

much lower than that of the Mg-0.1TiH2. In addition, the tetragonal structure of 

γ-TiH2 phase is different from the cubic structure of δ-TiH2, possibly leading to a 

different catalytic mechanism for hydrogen sorption in Mg. The values of entropies 

are close to the classical value of 130.6 J/(mol·K) H2 reported by Stampfer et al..
47
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Considering the above, it is thus reasonable that the addition of Ti in the Mg-Ti 

nano-composite does not change the hydrogenation and dehydrogenation enthalpies 

and entropies of Mg. 

Figure 5a presents the isothermal hydrogen absorption curves of the Mg-Ti 

nano-composite measured at different temperatures under 3 MPa hydrogen pressure. 

The data obtained from hydrogen absorption kinetics measurement is summarized in 

Table 1. It is observed that the as-prepared sample exhibits excellent hydrogen 

absorption kinetic properties: the hydrogen capacities can reach up to 6.2, 6.5, and 6.6 

wt% in 2 h at 25, 50, and 75 
o
C, respectively. 90% of the maximum hydrogen capacity 

for the Mg-Ti nano-composite can be obtained within 3559, 1665, and 499 s at 25, 50, 

and 75 
o
C, respectively. As can be seen in the inset of Figure 5a, the hydrogenation 

capacity of the Mg-Ti nano-composite reaches its maximum amount within 2 h at 

room temperature. In comparison, for Mg nanocrystals prepared by Norberg et al, a 

hydrogen capacity of nearly 5 wt% can be achieved within 1 h at 220 
o
C.

11
 

Mg-0.1TiH2 prepared through UHEHP can uptake nearly 4 wt% of hydrogen within 4 

h at room temperature.
15

 MgH2/TiH2 composite prepared through ball milling under 

high hydrogen pressure can only absorb 1.2 wt% of hydrogen after 5 h and 2 wt% of 

hydrogen after 20 h at 40 
o
C.

46
 Above results suggest that Ti added in the 

co-precipitated Mg-Ti nano-composite has drastic effects on accelerating the 

hydrogenation rate of Mg. The improved hydrogen absorption kinetics at low 

temperatures can be further investigated by calculating the activation energy (Ea) of 

the hydrogenation reaction. The hydrogen absorption data can be analyzed by 
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applying the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, which is one of the 

most effective ways to describe the nucleation and growth model,
48-50

 and the linear 

equation is described as follows: 

ln[-ln(1-α)]=ηlnk+ηlnt      (3), 

where α is the fraction of Mg transformed into MgH2 at time t, k an effective kinetics 

parameter and η is the Avrami exponent or reaction order. For the absorption at 25, 50 

and 75 
o
C, by plotting ln[-ln(1-α)] vs. lnt, the values of k and η at different 

temperatures can be obtained by calculting the values of η (the slope) and the ηlnk 

(intercept) of that straight line at each temperature. The apparent activation energy 

(Ea) for the absorption is usually evaluated according to Arrhenius equation :
48

 

k=A•Exp(-Ea/RT)      (4), 

where A is a temperature independent coefficient, R the universal gas constant, and T 

is the absolute temperature. The Arrhenius type plot of lnk vs. 1000/T is drawn in 

Figure 5b. Thus, Ea of the Mg-Ti nano-composite can be determined to be 50.2 

kJ/mol H2, which is much lower than that of Mg Nanocrystals with particle size of 25 

nm (122 kJ/mol H2).
11

 Though, Ea of the Mg-Ti nano-composite is larger than that of 

the MgH2-0.1TiH2 reported by Lu et al. (16.4 kJ/mol H2).
15

 The Mg-Ti 

nano-composite has shown faster hydogen absoption rate than that of the 

MgH2-0.1TiH2. The similar phenomenon was also observed in the Mg-TM-La 

(TM=transition metal) composite powders
51

 and the comparison study between 

Mg-Y2O3 and Mg-Y composites
52

, which is a result of the different values of A in 

different hydrogen storage systems.  
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It is known that the hydrogenation process of Mg involves the following steps: 

physisorption of hydrogen molecules, dissociation of H2 into hydrogen atoms, surface 

chemisorption of hydrogen atoms, diffusion of hydrogen atoms into bulk, nucleation 

and growth of the hydride phase.
53

 In general, the reduction of particle or crystallite 

size is an effective method to improve the hydrogen absorption kinetics of Mg, duo to 

the larger active surface area and shorter diffusion length for hydrogen atoms.
54

 

However, the nanosize effect alone cannot explain the quite large amount of hydrogen 

capacity of the Mg-Ti nano-composite obtained at room temperature as obseved in 

this work. The co-precipiated Ti is thus responsible for the drastic improvement in the 

hydrogen absorption kinetics. The energy of hydrogen dissociation on a pure 

Mg(0001) surfare is ~1.15ev,
55

 while for the Ti-incorporated Mg(0001) surface, the 

activated barrier decreases to 0.103 eV due to the strong interaction between the 

molecular orbital of hydrogen and the d shell of Ti.
56

 Also, Ti can help to split 

hydrogen molecule into atoms ready for diffusion into the bulk. Moreover, duo to the 

modified electronic configuration, the H atoms dissociated on Ti can detach from Ti 

and then spill over into the Mg matrix.
57

 Wang et al. have pointed out that the 

catalytic effectiveness depends not only on the intrinsic activity of the catalyst, but 

also on its distribution state.
58

 In this work, Ti and Mg particles were co-precipitated 

from the solution to obtain the Mg-Ti nano-composite with homogeneous distribution 

of Ti in Mg particles. The interaction between Ti and Mg can be enhanced by such a 

special distribution state, resulting in an improvement of the absorption kinetics.  

Further more, as mentioned above, γ-TiH2 can be formed during the absoption 
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process. Cuevas et al. have found that TiH2 phase formed during the early stage of 

absorption, while MgH2 phase is obseved during the later stage, for Mg-Ti powder 

mixtures prepared by reactive ball milling under hydrogen gas.
27

 Griessen et al. have 

reported that the standard enthalpy of TiH2 is -149.24 kJ/mol H2,
59

 which is much 

lower than that of MgH2 (-74.1± 2.9 kJ/mol H2).
45

 These results suggest that TiH2 

may form before the formation of MgH2 during the initial absoption process of the 

Mg-Ti nano-composite. It is well known that TiH2 is a good catalyst for improving 

the absorption kinetics of Mg.
15, 28, 46

 The interfaces between TiH2 and Mg matrix can 

act as active sites to provide the nucleation and growth centers for the MgH2 phase. In 

our work, the tetragonal γ-TiH2 is not the same as what is observed in other Mg-Ti-H 

systems, which likely results in a better catalytic effect on the absorption kinetics of 

Mg. Therefore, the co-operation between Ti and the tetragonal γ-TiH2 formed later 

leads to a high catalytic efficiency on enhancing the absorption kinetics performance 

of Mg. 

DSC curves and the corresponding ln(β/Tp
2
)-1000/Tp plots for the hydrogenated 

Mg-Ti nano-composite are shown in Figure 6. As can be seen in Figure 6a, a broad 

endothermic peak corresponding to the desorption of β-MgH2 and γ-MgH2 phases 

appears upon heating of the hydrogenated Mg-Ti nano-composite. The peak 

desorption temperatures of the hydrogenated Mg-Ti nano-composite at heating rates 

of 3, 5 and 10 
o
C/min are 317.5, 326.9 and 340.0 

o
C, respectively. The onset 

dehydrogenation temperature at a heating rate of 3 
o
C/min is 296.1

o
C. In contrast, it is 

about 340 
o
C for the MgH2 without catalysts after 100 h of ball milling.

60 
The 
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desorption activation energy, Ed, of the Mg-Ti nano-composite can be estimated by 

using the Kissinger equation:
61

 

ln(β/Tp
2
)=A-Ed/(RTp)            (5),  

where β is the heating rate, Tp the peak temperature, and A is a linear constant. The Ed 

value for the Mg-Ti nano-composite is determined to be 170.9 kJ/mol H2 based on the 

plot of ln(β/Tp
2
) vs.1000/Tp, as shown in Figure 6b. This value is lower than 250 

kJ/mol H2 reported for the ball milled pure MgH2 and 208 kJ/mol H2 reported for the 

Mg-1at%Ti.
62

 The improved hydrogen desorption kinetics and lower Ed value indicate 

that the γ-TiH2 formed during the absorption process has high catalytic efficiency in 

enhancing the desorption kinetics of nanosized Mg. 

4. Conclusions  

In this work, a Mg-Ti nano-composite was successfully co-precipitated from a 

homogeneous THF solution including anhydrous MgCl2, TiCl4 and LiNp as the 

reducing agent. The microsturcture features and hydrogen sorption properties of the 

Mg-Ti nano-composite were carefully investigated. The main conclusions are as 

follows: 

(1) TEM and STEM observations revealed that the Mg-Ti nano-composite 

contained nearly 1.0 wt% of Ti distributed homogenously on the surface or 

inside those Mg nano-particles.  

(2) γ-MgH2 and the tetragonal γ-TiH2 were obtained when the Mg-Ti 

nano-composite was hydrogenated at 75 
o
C.  

(3) The Mg-Ti nano-composite showed superior hydrogen absorption properties. 
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For instance, its maximum hydrogen capacity can reach up to 6.2 wt% within 

2 h at room temperature under a hydrogen pressure of 3 MPa. The improved 

hydrogen absorption kinetics at low temperatures was in consistent with the 

low activation energy for hydrogen absorption (50.2 kJ/mol H2).  

(4) Based on the PCT measurements, the hydrogenation and dehydrogenation 

enthalpies of the nano-composite were calculated to be-73.0±1.8 and 75.8±4.7 

kJ/mol H2, close to the standard values for Mg (-74.1± 2.9 kJ/mol H2).  

(5) The co-precipitated Ti and the tetragonal γ-TiH2 formed during 

hydrogenation process have a high catalytic efficiency in enhancing the 

asorption kinetics of the nanosized Mg without changing the hydrogen 

sorption themodynamics. 
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Figure captions 

Figure 1. XRD patterns of the Mg-Ti nano-composite in varying states. (a) as 

prepared, (b) hydrogenated at 75 
o
C for 2 h, and (c) rehydrogenated at 75 

o
C after 

dehydrogenation at 300 
o
C. Inset shows XRD patterns of b and c in the 2Theta range 

of 25~45°.  

Figure 2. (a) STEM micrograph and (b) SAED pattern of the Mg-Ti nano-composite, 

and along with (c, d) EDS elemental maps of Mg and Ti.  

Figure 3. (a) TEM micrograph and (b) SAED pattern of the Mg-Ti nano-composite 

hydrogenated at 75 
o
C, and (c) the corresponding dark field TEM image of 

γ-TiH2/MgO nanoparticles. 

Figure 4. (a) PCT curves of the Mg-Ti nano-composite measured at different 

temperatures and (b) the corresponding van’t Hoff plots. Ab-absorption, 

De-desorption. 

Figure 5. (a) Hydrogen absorption curves of the Mg-Ti nano-composite measured at 

different temperatures for 2 h, and (b) the corresponding lnk-1000/T plot. Inset of (a) 

shows the hydrogen absorption curve measured at 25 
o
C for 10 h. 

Figure 6. DSC curves (a) and the corresponding ln(β/Tp
2
)-1000/Tp plots (b) for the 

hydrogenated Mg-Ti nano-composite. 

Table captions 

Table 1. Hydrogen absorption data for the Mg-Ti nano-composite obtained at 

different temperatures  
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Figure 1. XRD patterns of the Mg-Ti nano-composite in varying states. (a) as 

prepared, (b) hydrogenated at 75 
o
C for 2 h, and (c) rehydrogenated at 75 

o
C after 

dehydrogenation at 300 
o
C. Inset shows XRD patterns of b and c in the 2Theta range 

of 25~45°.  
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Figure 2. (a) STEM micrograph and (b) SAED pattern of the Mg-Ti nano-composite, 

and along with (c, d) EDS elemental maps of Mg and Ti.  
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Figure 3. (a) TEM micrograph and (b) SAED pattern of the Mg-Ti nano-composite 

hydrogenated at 75 
o
C, and (c) the corresponding dark field TEM image of 

γ-TiH2/MgO nanoparticles. 
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Figure 4. (a) PCT curves of the Mg-Ti nano-composite measured at different 

temperatures and (b) the corresponding van’t Hoff plots. Ab-absorption, 

De-desorption. 

  

Page 25 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



25 

 

0 1000 2000 3000 4000 5000 6000 7000
0

1

2

3

4

5

6

7

 

 

 

 

75 
o
C

50 
o
C

25 
o
C

H
y
d
e
o
g
e
n
 c
o
n
te
n
t,
 w
t%

Time, s

H
y
d
e
o
g
e
n
 c
o
n
te
n
t,
 w
t%

Time, h

a

0 2 4 6 8 10
0

1

2

3

4

5

6

7

25 
O

C

 

 

 

 

 

2.8 2.9 3.0 3.1 3.2 3.3 3.4

-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

 

  

 

E
a
=50.2 kJ/mol H

2

R
2
=0.98225

ln
k

1000/T,1/K

b

 

Figure 5. (a) Hydrogen absorption curves of the Mg-Ti nano-composite measured at 

different temperatures for 2 h, and (b) the corresponding lnk-1000/T plot. Inset of (a) 

shows the hydrogen absorption curve measured at 25 
o
C for 10 h. 
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Figure 6. (a) DSC curves and (b) the corresponding ln(β/Tp
2
)-1000/Tp plots for the 

hydrogenated Mg-Ti nano-composite. 
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Table 1. Hydrogen absorption data for the Mg-Ti nano-composite obtained at 

different temperatures 

Temperature 

(
o
C) 

Cmax-hydrogen capacity 

after 2 h (wt %) 

Time needed to 

90 % Cmax (s) 

Time needed to 

80 % Cmax (s) 

Time needed to 

70 % Cmax (s) 

75 6.6 499 144 46 

50 6.5 1665 915 639 

25 6.2 3559 2478 1873 
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