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Abstract
The hydrogen storage properties of  MgH2–x wt%TiCN (x = 5, 10, 15) composites were systematically investigated and 
the results show that the addition of TiCN can effectively improve the de/rehydrogenation kinetics of  MgH2. Taken the 
onset dehydrogenation temperature and isothermal de/rehydrogenation kinetics into consideration, the  MgH2–10 wt% 
TiCN composite was shown to have the best performance. It was found that the  MgH2–10 wt% TiCN composite could 
release 4 wt%  H2 in 17.3 min at 300 °C while the as-synthesized  MgH2 could not release any hydrogen under the same 
condition. Besides, the  MgH2–10 wt% TiCN composite could absorb 4.63 wt%  H2 under 3.2 MPa hydrogen pressure at 
300 °C within 20 s. Compared with as-synthesized  MgH2, the activation energy of the  MgH2–10 wt% TiCN composite was 
significantly decreased from 183.76 ± 10 to 106.82 ± 5 kJ/mol. X-ray diffraction analysis revealed that the TiCN remained 
stable during the ball milling and the following de/rehydrogenation cycle. The catalytic mechanism was also proposed 
that the TiCN particles absorbed on  MgH2 not only served as charge transfer centers and accelerated the hydrogen 
incorporation and dissociation rate but also provided more diffusion channels for hydrogen, which contributed to the 
good de/rehydrogenation properties of  MgH2.
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1 Introduction

Nowadays, it is urgent to find a cost-effective and renew-
able energy source to replace fossil fuels for a sustainable 
and clean world [1]. Among various new energy carriers, 
hydrogen is one of the most promising candidates as it can 
be converted to electricity through fuel cell without emit-
ting pollutants [2]. However, the realization of the “hydro-
gen economy” requires a high energy density and safe 
hydrogen storage technology [3]. So far, numerous efforts 
have been made by researchers worldwide to develop 
hydrogen storage materials to meet the requirements of 

effective capacity, safety, mild reaction temperature and 
operating pressure. Magnesium hydride is hopeful to be 
used as hydrogen storage materials due to its high hydro-
gen capacity (7.6 wt% and 110 kg/m3). However, the high 
thermodynamic stability and slow kinetic properties hin-
der the practical use of  MgH2 [4, 5]. In recent years, it has 
been found that adding additives or catalysts to matrixes 
can reduce the energy of the metal-hydrogen bonds and 
lower the desorption energy of  MgH2 [6–15]. Sulaiman 
et al. [16] demonstrated that the onset dehydrogena-
tion temperature of  MgH2 doped with 10 wt%  K2NiF6 and 
5 wt% CNTs could be reduced to 245 °C. Antonio et al. 
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[17] revealed that  VNbO5 could lower the desorption 
temperature of  MgH2 from 330 to 235 °C. Yahya et al. [18] 
reported that the  MgH2–5 wt%  K2NbF7 composite started 
to release hydrogen at 255 °C, which was 75 °C lower than 
the as-milled  MgH2. Ali et al. [19] studied the effect of 
nanolayer-like-shaped  MgFe2O4 on the performance of 
 MgH2 for hydrogen storage, the isothermal desorption 
kinetic study showed that the doped sample could desorb 
approximately 4.8 wt%  H2 in 10 min while the milled  MgH2 
desorbed less than 1.0 wt%  H2 at 320 °C.

Compared with above additives and catalysts, Ti-based 
materials are superior because of their unique electrical 
and chemical properties [20–26]. For instance, Zhang et al. 
[27] found that the  MgH2–10 wt%  TiO2@C sample started 
releasing hydrogen at 205 °C, which was 95 °C lower than 
that of pristine  MgH2. Ma et al. [28]. found that the hydro-
gen absorption of  MgH2 can be largely completed within 
25 s at a moderate temperature range (40–100 °C) after 
adding 4 mol %  TiF3. Pandey et al. [29]. found that the 
desorption temperature of 50 nm  TiO2 modified  MgH2 
was 310 °C, which is 96 °C lower compared to that of com-
mercial  MgH2. Cui et al. [30]. coated a Ti nano-layer on the 
surface of Mg,which remarkably accelerated the hydrogen 
dissociation and recombination process. Recently, it has 
been demonstrated that TiC and TiN can greatly improve 
the hydrogen storage performances of  MgH2 [31–34]. For 
instance, Fan et al. [35] found that the  MgH2–10 wt% TiC 
composite could release 6.3 wt%  H2 at 300 °C and absorb 
4.1 wt%  H2 under 1 MPa at 100 °C. Wang et al. [36] suc-
cessfully synthesized TiN@rGO nanocomposites through a 
simple “urea glass” technique. The  MgH2–10 wt% TiN@rGO 
composite began to release hydrogen at 167 °C and could 
release 6.0 wt%  H2 within 18 min at 309 °C.

In this work, the catalytic effect of TiCN on the hydro-
gen storage properties of  MgH2 was investigated. So far as 
we know, the hydrogen storage properties of  MgH2–TiCN 
composites have never been systematically studied 
before. Here, we use ball milling technology to prepare 
 MgH2–TiCN composites. The hydrogen absorption and 
desorption properties of  MgH2–TiCN composites were 
investigated and its catalytic mechanism was also dis-
cussed in detail.

2  Experimental

2.1  Preparation of as‑synthesized  MgH2

The  MgH2 used was synthesized by mechanical ball milling 
and hydrogenation heat treatment. In brief, 6 g Mg pow-
der (Sinopharm Chemical Reagent Co., Ltd, 99%, 100–200 
mesh) was hydrogenated at the hydrogen pressure of 
65 bar and 380 °C for 2 h. Then the power was divided 

into two parts and milled at 450 rpm for 5 h. Repeat the 
above steps and  MgH2 can be obtained after finally hydro-
genate the power at the hydrogen pressure of 65 bar and 
380 °C for 2 h.

2.2  Preparation of  MgH2–TiCN composites

The TiCN (aladdin, 1–2 µm, 99%) and the as-synthesized 
 MgH2 (0.5–2 µm, shown in Fig. S1) were mixed with a mass 
ratio of 5:95, 10:90, and 15:85, respectively. The mixtures 
were then ball milled at a speed of 450 rpm for 2 h under 
0.1 MPa argon atmosphere. The ball to material ratio was 
40:1. To avoid contamination, all the samples handling and 
transferring were carried out in an Ar-filled glove box (Mik-
rouna) with a water/oxygen content of less than 1 ppm.

2.3  Characterization

XRD tests of the samples were performed on an X’Pert Pro 
X-ray diffractometer (PANalytical, the Netherlands) with Cu 
K alpha radiation at 40 kV, 40 mA. During transferring and 
scanning, a home-made argon-filled device was adopted 
to avoid oxygen and moisture contamination. The mor-
phology and elemental distribution of the samples were 
further analyzed using a scanning electron microscope 
(SEM, Hitachi SU-70, 3.0 kV) equipped with an X-ray energy 
spectrometer (EDX, HORIBAX-MAX). The DSC curve was 
carried out on an analyzer model (Netzsch STA449F3) with 
flowing argon (99.999%, 50 mL/min) as protective gas. 
The quantitative de/rehydrogenation properties of the 
as-synthesized  MgH2 and as-prepared  MgH2–5 wt% TiCN, 
 MgH2–10 wt% TiCN,  MgH2–15 wt% TiCN composites were 
measured with a Sieverts apparatus. Dehydrogenation 
was carried out at a temperature of 275, 300 and 325 °C 
under a hydrogen pressure of 3 kpa, respectively. Rehy-
drogenation was performed at a temperature of 200, 250 
and 300 °C under an initial hydrogen pressure of 3.2 MPa, 
respectively. It is worth noting that the hydrogen capacity 
is given in weight percent of the entire composite includ-
ing the additives.

3  Results and discussion

In order to study the effect of TiCN on the hydrogen stor-
age performance of  MgH2, various amount of TiCN were 
added to  MgH2 by ball milling. Figure 1 shows the XRD 
patterns of as-synthesized  MgH2, commercial TiCN, as-
prepared  MgH2–5  wt% TiCN,  MgH2–10  wt% TiCN, and 
 MgH2–15 wt% TiCN, respectively. Just as commercial  MgH2 
[37], weak signal of Mg phase can be seen from Fig. 1a, 
indicating the impurity of as-synthesized  MgH2. After 
TiCN was introduced, TiCN can be easily distinguished 
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from Fig. 1c, d and e and the signal of TiCN phase became 
stronger with its increasing weight percent. From the XRD 
analysis, no new phases can be observed in the ball milled 

composites, indicating the as-prepared  MgH2–TiCN com-
posites are just physical mixtures.

The morphology of as-synthesized  MgH2, as-prepared 
 MgH2–5 wt% TiCN,  MgH2–10 wt% TiCN and  MgH2–15 wt% 
TiCN composites were investigated by SEM measurement. 
As can be seen from Fig. S1 that the particle sizes of TiCN 
are in micron scales. Most of the particles are ca. 2 um in 
size, and many small particles of 1 um aggregate around 
these large particles. It can be observed from Fig. 2 and 
that there was no obvious change in the size of  MgH2 after 
the addition of TiCN, and many small particles absorbed 
on  MgH2 after ball milling.

As shown in Fig. 3, the dehydrogenation performance 
of as-prepared  MgH2–TiCN composites were firstly investi-
gated by differential scanning calorimetry (DSC) measure-
ment at a heating rate of 5 °C/min under flowing Ar condi-
tion. For comparison, the DSC curves of commercial  MgH2 
and as-synthesized  MgH2 were also presented. Commer-
cial  MgH2 started to decompose at 405.9 °C with a peak 
temperature of 420 °C. The as-synthesized  MgH2 shows 
a lower onset dehydrogenation and peak temperature of 
322.0 °C and 353.5 °C, which was caused by the ball milling 
effect during the synthesize process [38]. It is noteworthy 
that both the onset dehydrogenation temperature and 
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Fig. 1  XRD patterns of a as-synthesized  MgH2, b bulk TiCN, c 
as-prepared  MgH2–5  wt% TiCN, d  MgH2–10  wt% TiCN and e 
 MgH2–15 wt% TiCN

Fig. 2  SEM images of a as-synthesized  MgH2, b as-prepared  MgH2–5 wt% TiCN, c  MgH2–10 wt% TiCN and d  MgH2–15 wt% TiCN
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the peak temperature of  MgH2–TiCN composites are sig-
nificantly reduced by the addition of different amount of 
TiCN (see Table 1 for details). The onset dehydrogenation 
temperature and peak temperature of  MgH2–5 wt% TiCN 
and  MgH2–10 wt% TiCN composites are 298.4 °C, 280.9 °C 
and 332.8 °C, 316.8 °C, respectively, which are lower than 
that of commercial  MgH2 by around 100 °C. Compared 
with  MgH2–10 wt% TiCN, the onset dehydrogenation tem-
perature and peak temperature of  MgH2–15 wt% TiCN are 
almost the same. As shown by the DSC curves, the dehy-
drogenation temperature of the  MgH2–10 wt% TiCN com-
posite material is significantly reduced, indicating that the 
addition of 10 wt% TiCN has an excellent catalytic effect 
and its performance is superior to that of  MgH2–5 wt% 
TiCN. Further increase the amount of TiCN to 15 wt%, the 
catalytic effect of TiCN on  MgH2 has not been significantly 
improved.

To compare the hydrogen desorption kinetics of 5 wt% 
TiCN, 10 wt% TiCN and 15 wt% TiCN modified  MgH2, isother-
mal dehydrogenation tests were conducted at 275, 300 and 
325 °C, respectively. Figure 4 displays the dehydrogenation 

kinetics of as-synthesized  MgH2, as-prepared  MgH2–5 wt% 
TiCN,  MgH2–10 wt% TiCN and  MgH2–15 wt% TiCN com-
posites, respectively. It can be seen from Fig. 4a that the 
as-synthesized  MgH2 could not release any hydrogen at 
275 °C while the addition of TiCN can significantly improve 
the hydrogen release kinetics of  MgH2–TiCN composites. The 
 MgH2–5 wt% TiCN,  MgH2–10 wt% TiCN and  MgH2–15 wt% 
TiCN composites only need 102.5, 61.8 and 49.3 min to 
release 4 wt%  H2, respectively. It can be seen from Fig. 4b, 
with the operation temperature increased to 300 °C, the as-
synthesized  MgH2 still did not release any hydrogen, while 
the time needed to release 4 wt%  H2 for  MgH2–5 wt% TiCN, 
 MgH2–10 wt% TiCN and  MgH2–15 wt% TiCN composites 
was decreased to 24.6, 17.3 and 16.3 min, respectively. In 
Fig. 4c, the as-synthesized  MgH2 started to release a little 
hydrogen (0.5 wt%  H2 in 43 min) when further increasing 
the operation temperature to 325 °C. For the  MgH2–5 wt% 
TiCN,  MgH2–10 wt% TiCN and  MgH2–15 wt% TiCN compos-
ites, with an equivalent amount of 4 wt% hydrogen was 
released, the time taken was 11.8, 8.5, and 7 min, respec-
tively. Obviously, the  MgH2–TiCN composites show faster 
hydrogen release kinetics with the increasing operation 
temperature. Comparing the three different  MgH2–TiCN 
composites, the dehydrogenation kinetics of  MgH2–10 wt% 
TiCN is superior to that of  MgH2–5 wt% TiCN, but it is similar 
to that of  MgH2–15 wt% TiCN, which is in consistent with 
the DSC results. In addition, it can ben seen from Fig. 4 that 
the total hydrogen capacity decreases with the increasing 
addition of TiCN. Considering the onset dehydrogenation 
temperature, dehydrogenation kinetics and the hydrogen 
capacity,  MgH2–10 wt% TiCN composite was chosen for fur-
ther investigation.

The isothermal rehydrogenation measurement of the 
 MgH2–10 wt% TiCN composite after complete dehydro-
genation was further carried out under 3.2 MPa hydrogen 
pressure at 200, 250 and 300 °C, respectively. As well as the 
improved desorption kinetics, the  MgH2–10 wt%TiCN com-
posite also exhibits enhanced absorption kinetics, as shown 
in Fig. 5. It is clearly shown in Fig. 5b that the  MgH2–10 wt% 
TiCN composite could absorb 0.64, 4.16, 4.63 wt%  H2 within 
20 s at 200, 250 and 300 °C, respectively, while the as-synthe-
sized  MgH2 could only absorb 2.91 wt%  H2 at 300 °C. From 
above experimental results, it is verified that the hydrogen 
storage property of  MgH2 can be remarkably enhanced by 
the addition of TiCN.

For better understanding the reason of the enhanced 
dehydrogenation kinetics of the  MgH2–TiCN system, the 
Kissinger’s method was adopted to calculate the activation 
energy  (Ea) via the equation:

ln
(

β∕T2
p

)

= −Ea∕RTp + ln
(

AR/Ea
)
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Fig. 3  DSC curves of commercial  MgH2, as-synthesized  MgH2, 
as-prepared  MgH2–5  wt% TiCN,  MgH2–10  wt% TiCN, and 
 MgH2–15 wt% TiCN composites

Table 1  The operating temperatures of different samples from DSC

Sample Initial temperature 
(°C)

Peak tem-
perature 
(°C)

Commercial  MgH2 405.9 420.0
As-synthesized  MgH2 322.0 353.5
MgH2–5 wt% TiCN 298.4 332.8
MgH2–10 wt% TiCN 280.9 316.8
MgH2–15 wt% TiCN 278.5 315.6
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 where β,  Tp, A, and R represents the heating rate, the 
absolute temperature at the maximum hydrogen evo-
lution rate, the pre-exponential factor and the gas con-
stant, respectively [39]. In this paper,  Tp can be obtained 
from the DSC curves from Fig.  6a and b. Figure  6c 
shows the dependence of ln (β/Tp

2) on 1/Tp. The  Ea of the 

as-synthesized  MgH2 is calculated to be 183.76 ± 10 kJ/
mol, which is similar to that of commercial  MgH2 [37]. 
However, the  Ea of  MgH2–10 wt% TiCN composite is esti-
mated to be 106.82 ± 5 kJ/mol, which is ca. 77 kJ/mol lower 
than that of as-synthesized  MgH2. As can be seen from 
Table 2, compared with other modified  MgH2 system, the 

Fig. 4  Isothermal desorption curves of as-synthesized  MgH2, as-prepared  MgH2–5 wt% TiCN,  MgH2–10 wt% TiCN and  MgH2–15 wt% TiCN 
composites at a 275 °C, b 300 °C, c 325 °C

Fig. 5  a Isothermal absorption curves of the dehydrogenated sample of  MgH2–10 wt% TiCN at different temperatures under 3.2 MPa hydro-
gen pressure; b the enlarged portion of the first 20 s in (a)
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 MgH2–10 wt% TiCN composite shows the lowest activation 
energy [40–43], demonstrating the great catalytic effect of 
TiCN. The remarkable decrease in the activation energy of 
 MgH2–10 wt% TiCN composite shows direct evidence of 
the improvement in the dehydrogenation kinetics resulted 
from the addition of TiCN.

The above results demonstrate that TiCN can both 
enhance desorption and absorption kinetics of  MgH2. 
However, the catalytic mechanism of  MgH2–10 wt% TiCN 
composite remains unknown. In order to shed light on 
the catalytic mechanism of TiCN, XRD patterns of bulk 
TiCN, ball-milled, dehydrogenated and rehydrogenated 

 MgH2–10 wt% TiCN samples are presented, shown in Fig. 7. 
It can be seen that all the four samples show the signal of 
TiCN phase and no diffraction signal pertinent to Ti/C/N 
phases or other Ti/C/N related compounds appear after 

Fig. 6  DSC profiles of a as-synthesized  MgH2 for various heating rates (2, 5, 8 and 10 °C/min), b  MgH2–10 wt% TiCN for various heating rates 
(5, 8, 10 and 12 °C/min) and c estimation of the apparent activation energies (Ea) using the Kissinger method

Table 2  The apparent activation energy of  MgH2 modified systems

Sample The apparent activation 
energy (kJ/mol)

References

MgH2–Nb2O5–MWCNT 141.46 [40]
MgH2–10 wt%  SrTiO3 109 [41]
MgH2–10 wt%  SrFe12O19 114.22 [42]
MgH2–10 wt%  CeCl3 149 [43]
MgH2–10 wt% TiCN 106.82 This work
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the de/rehydrogenation process, indicating that no evolu-
tion of the physical–chemical state of TiCN has occurred 
during the reversible hydrogen storage process. The XRD 
results provide direct evidence for the good stability of 
the doped TiCN, which serves as active specie in enhanc-
ing the hydrogen storage properties of  MgH2. Besides, the 
EDX mapping data in Fig. S2 shows that the small parti-
cles around  MgH2 were TiCN, demonstrating a uniform 
dispersion of TiCN, which may provide pathways for the 
hydrogen diffusion during de/rehydrogenation process, 
thus improving the hydrogen storage properties of  MgH2.

Based on the above analysis, Fig. 8 shows a schematic 
illustration of synthesis and de/rehydrogenation process 
of the  MgH2–TiCN composite. After ball milling, big TiCN 
particles were smashed to small ones, which were embed-
ded in  MgH2. During the de/rehydrogenation cycles, the 
TiCN remained stable and acted as active specie, which not 
only acted as charge transfer between Mg/MgH2 but also 
provided pathways for hydrogen diffusion, thus greatly 
improve the hydrogen de/rehydrogenation properties of 
 MgH2.

4  Conclusion

In summary, the  MgH2–x wt%TiCN (x = 5, 10, 15) com-
posites prepared by ball milling and their microstructure 
and hydrogen storage properties were systematically 
investigated. Studies found that the de/rehydrogenation 
kinetics of  MgH2 can be significantly improved by the 
addition of TiCN. Considering the onset dehydrogenation 
temperature and isothermal de/rehydrogenation kinet-
ics, the  MgH2–10 wt% TiCN composite showed the best 

performance. The  MgH2–10 wt% TiCN composite only 
needed 61.8, 17.3 and 8.5 min to release 4 wt% hydrogen 
at 275, 300 and 325 °C, respectively. However, as-synthe-
sized  MgH2 did not release any  H2 at 275 °C and 300 °C. 
Besides,  MgH2–10  wt% TiCN composite could absorb 
4.63 wt%  H2 under 3.2 MPa hydrogen pressure at 300 °C 
within 20 s. The activation energy of  MgH2–10 wt% TiCN 
was reduced to 106.82 ± 5 kJ/mol. XRD analysis demon-
strated that the TiCN remains stable and acts as active 
catalytic specie during the de/rehydrogenation process. 
Based on the experimental results, a mechanism was pro-
posed to illustrate how the TiCN acted as charge transfer 
between Mg/MgH2 and  H2, consequently enhancing the 
de/rehydrogenation properties of  MgH2–TiCN composite.
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