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ABSTRACT We examined the catalytic effect of nano-particle 3d-transition metals on hydrogen 

desorption (HD) properties of MgH2 prepared by mechanical ball milling method. All the MgH2 

composites prepared by adding a small amount of nano-particle Fenano, Conano, Ninano and Cunano metals 

and by ball milling for 2h showed much better HD properties than the pure ball-milled MgH2 itself. 

Especially, the 2 mol% Ninano-doped MgH2 composite prepared by soft milling for a short milling time 

of 15 min under a slow milling revolution speed of 200 rpm shows the most superior hydrogen storage 
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properties: A large amount of hydrogen (~6.5 wt.%) is desorbed in the temperature range from 150 to 

250 ºC at a heating rate of 5 ºC /min under He gas flow with no partial pressure of hydrogen. The EDX 

micrographs corresponding to Mg and Ni elemental profiles indicated that nano-particle Ni metals as 

catalyst homogeneously dispersed on the surface of MgH2. In addition, it was confirmed that the 

product revealed good reversible hydriding/dehydriding cycles even at 150 ºC. The hydrogen desorption 

kinetics of catalyzed and non-catalyzed MgH2 could be understood by a modified first order reaction 

model, in which the surface condition was taken into account. 

Hydrogen storage materials, Magnesium hydride, Mechanical milling, catalytic effect, nano-particle 

metal 
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composite, 3.5 Estimation of activation energy in pure MgH2 and Ni-catalyzed MgH2 composite, 4. 

Conclusion  

1. Introduction 

Magnesium hydride MgH2 is one of the attractive hydrogen storage materials because it is directly 

formed from the reaction of Mg metal with gaseous hydrogen and reaches a high hydrogen capacity 

(~7.6 wt.%). However, the reaction is too slow for practical use and needs higher temperature than 300 

ºC for progressing hydrogen absorption and desorption reactions [1-3].  

Recently, the hydrogen storage (H-storage) properties of the composites composed of Mg or MgH2 

and a small amount of transition metals Ti, V, Mn, Fe, Co, Ni, Cu and Pd or transition metal oxides has 

been studied to improve the hydriding/dehydriding kinetics without reducing its high hydrogen capacity 

[4-18].  
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Liang et al. have reported some good H-storage properties of MgH2 with 5 mol% transition micro-

particle metals (Ti, V, Mn, Fe and Ni) milled for 20 h [4-8], in which the composite with V desorbed ~5 

wt.% hydrogen within 200 s at 300 ºC under a hydrogen pressure of 0.015MPa. Furthermore, Zaluska et 

al. have studied H-storage properties of Mg composites prepared by ball milling with 1 wt.% transition 

micro-particle metals (corresponding to 0.3 mol% Pd and 0.5 mol% Fe doping), and ~6 wt.% of 

hydrogen was desorbed at 330 ºC within 30min (1800 sec) under a hydrogen pressure of 0.1 MPa [9]. 

They claimed that the doped metals uniformly distributed on the magnesium surface in the form of 

nano-particles. This indicates that when very small size particles (diameter of several tens nanometers) 

of the metal catalyst are uniformly distributed on the Mg surface, even a small amount of catalyst is 

sufficient for improving the reaction kinetics. Recently, Kanoya et al. have investigated H-storage 

properties of some ball milled Mg with a small amount of nanometer sized metals (Ni and Fe) as 

catalyst [10]. Their results indicated that a Mg-0.33Ni-0.17Fe (at.%) composite prepared by ball milling 

for only 15 min could absorb and desorb 7.49 wt.% of hydrogen at 350 ºC. 

On the other hand, Oelerich et al. have reported some catalytic effects of the transition micro-particle 

metal oxides for MgH2 [11-14]. The MgH2 composites prepared by ball milling for 100 h with 0.2 

mol% Nb2O5 revealed the best H-storage properties among all the metal oxide catalysts:  ~7 wt.% of 

hydrogen was desorbed within 150 s at 300 ºC under vacuum [14].  

In our group, it has been clarified that Pd-coated nano-structured Mg films prepared by a RF 

sputtering method absorbed ~5 wt.% of hydrogen at 373 K under hydrogen atmosphere of 0.1 MPa and 

completely desorbed below 373 K in vacuum [15-16]. This indicates that MgH2 is suitable for practical 

uses as well by modification of bulk MgH2 into suitable nano-structure and catalyzing with suitable 

metals on it. In addition, we examined the correlation between H-storage properties and structural 

characteristics on the mechanically milled MgH2 itself as a function of milling time, before studying the 

catalytic effect on H-storage properties of MgH2 [19]. The results indicated that at the early stage within 

2 h milling, the amount of desorbed hydrogen decreased ~16 % from 7.3 to 6.1 wt.% and the onset 

temperature of dehydrogenation decreased by 70 ºC from 400 ºC to 330 ºC, while both the powder size 
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and the crystallite size in powder decreased with increasing the milling time down to 1 μm and ~10 nm, 

respectively. On the other hand, the lattice strain of 0.3 % was quickly introduced, but it was completely 

released after 2 h milling. Finally, after 80h milling the hydrogen capacity and desorption temperature 

reached to saturation of 6.5wt. % and 330 ºC, while the crystalline size and the lattice strain reached to 

saturation for ~7 nm and again 0.2 %, respectively.  

At the next step of systematic studies of improving H-storage properties in Mg systems, in this paper, 

we examined the catalytic effect of nanometer-sized 3d-transition metals (Fenano, Conano, Ninano, and 

Cunano) on H-storage properties in MgH2 prepared by mechanically milling method without exposing in 

air the products in all the preparing and measuring processes. The reason why we used nano-particle 

size metals as catalyst for MgH2 is that they can be uniformly dispersed on the surface of MgH2 by short 

ball milling and can avoid severe internal strains. As a result of such careful treatments, the obtained 

results indicated the most superior kinetic properties for hydrogen storage in the MgH2 composites 

doped by 3d transition metals so far reported as far as we know. 

 

2. Experimental procedures 

 Magnesium hydride powder MgH2 (the purity is 90 wt.%, with several micron meter sizes, 9 wt% is 

no reacted Mg and the rest of 1 wt% are impurities) was purchased from Sigma-Aldrich. The catalyst 

nanometer-particle metals Fenano, Conano, Ninano and Cunano with diameter of several ten nanometers and 

micro-particle Nimicro with diameter of 3 micrometer were purchased from Shinku-Yakin Company and 

Rare metallic, respectively. The size of nanometer particles were determined by a TEM sampling 

method. In those nanometer-particle metals, any existence of the Ni, Fe and Cu oxide phases were not 

detected by XRD examination. Only Co nano-particles indicated the Co3O4 phase in addition to the pure 

Co metal phase. Prior to milling, the mixture of 300 mg with MgH2 and 1~2 mol% Fenano, Conano , Ninano, 

and Cunano was put into a Cr steel pot (30 cm3 in volume) together with 20 steel balls (7 mm in 

diameter). Then, after the pot was degassed below 41 10−× Pa for 12 h, high-purity hydrogen gas (7 N) of 

1.0 MPa was introduced into it. After then, the mixture was mechanically milled for 15 min~2 h at 
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200~400 rpm using a planetary ball milling apparatus (Fritsch P7). The samples before and after milling 

were always handled in a glove-box filled with purified Ar gas so as to minimize the oxidation on the 

samples. It is to be noted that this treatment in clean limit is also quite important to avoid surface 

oxidation. 

The morphology of the composite particle was examined by Scanning Electron Microscopy (SEM) 

observation (Hitachi S-2380N), and metal distribution on the milled particles was detected by the EDX 

equipment (EMAX-7000). The structural properties were examined by X-ray diffraction measurement 

(Rigaku RINT2000) using a Cu Kα radiation. The hydrogen desorption (HD) properties of the products 

were examined by a thermal desorption mass spectroscopy (TDMS) (Anelva M-QA200TS) in the 

heating process up to 450 ºC with a heating rate of 5 ºC/min under high-purity He gas (purity > 

99.9999 %) flow with no partial pressure of hydrogen, in which a thermogravimetry (TG) (Rigaku 

TG8120) is also equipped.  This equipment was specially designed and installed in a glove-box filled 

with purified Ar gas, so that the measurements of TDMS and TG could be achieved simultaneously 

without exposing the samples to air.  

 

3. Results and Discussion 

3.1 Catalytic effect of nano-particle 3d-transition metals 

 Figure 1 shows profiles of thermal desorption mass spectra (TDMS) of hydrogen (H2) for pure non-

catalyzed MgH2 and catalyzed MgH2 composites with 1 mol% Fenano, Conano, Ninano and Cunano nano-

particle metals prepared by ball milling for 2 h under a hydrogen gas pressure of 1 MPa. It can be seen 

that all the composites with nano-particle metals as catalyst exhibit better hydrogen desorption 

properties than the pure MgH2 by only 2 h milling: Their peak temperatures of hydrogen desorption are 

lower than that of pure MgH2 and the amounts of desorbed hydrogen deduced from TG measurement 

are ~7 wt.% until 450 ºC and almost the same as that of pure MgH2 because only a small amount of 

nano-particle metals (1 mol%) are added to MgH2. Thus, we notice that a small amount of nano-particle 

metals reveal a significant catalytic effect on the HD properties in MgH2 without reducing its high 
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hydrogen capacity. The Ninano-catalyzed MgH2 composite shows the best hydrogen desorption 

properties among all the catalyzed MgH2 composites and the peak temperature (260 ºC) is about 100 ºC 

lower than that of the pure milled MgH2. In addition, it seems likely that these HD properties depend on 

the states of 3d-electorns because the peak temperature of hydrogen desorption decreases with 

increasing a number of occupied 3d-electrons on those transition metals except for Cu, which is known 

as one of non-catalytic materials from the fact that the 3d-electron shell of Cu metal is fully occupied 

[20].  In the bottom of Fig. 1, the TDMS profile of the MgH2 composite milled with 1 mol% micro-

particle Nimicro for 2 h is shown, for comparison with that of the 1 mol% Ninano- doped MgH2 composite. 

It is noticed that the latter is much better than the former in the HD properties. This indicates that the 

smaller particle as a catalytic metal leads to better H-storage kinetic properties by short milling.  

Figure 2 shows X-ray diffraction profiles for the MgH2 composites with 1 mol% Fenano, Conano, Ninano 

and Cunano. The main profiles for the above catalyzed samples exhibit the same peaks corresponding to 

β-MgH2 and γ-MgH2 as in the pure milled MgH2. Except for the Conano-doped composite, small peaks 

corresponding to Ni, Fe and Cu metals additionally exist in their patterns. Since the Cu radiation is used 

in this work, the XRD method is not useful for the Co element in composites because the absorption 

cross section of Co element is the largest among 4 period elements for the Cu Kα radiation. 

 

3.2 Optimization of milling condition for Ni catalyst 

As described above, the Ninano-catalyzed MgH2 composite showed the best HD properties among the 

3d-transition metal catalyzed composites. For optimizing the milling conditions, we next examined how 

the HD properties in the Ninano-catalyzed system are kinetically improved by changing the milling time, 

the milling revolution speed and the amount of Ninano catalyst.   

First of all, the 1 mol% Ninano-catalyzed MgH2 composite was prepared by changing the milling time 

from 15 min to 2 h at 400 rpm and examined the TDMS profiles. As shown in Fig. 3, the milling for 1 h 

leads the onset temperature to about 150 ºC, while the milling for 15 min leads the peak temperature to 

about 210 ºC as well. Thus, the result indicates that the short time milling brings the better HD 
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properties by using nano-particle Ninano as catalyst. However, the TDMS profile shows a shoulder 

structure and widely distributes in the temperature range from 150 to 300 ºC. 

At the second step, the milling revolution speed from 400 rpm to 200 rpm was changed under the 

condition of the short milling time for 15 min. In Figs. 4 (a) and (b), the TDMS profiles are shown for 

the 1 mol.% Ninano-catalyzed MgH2 composite milled at 400 rpm and 200 rpm, respectively. It can be 

seen that the profile of the composite milled at 200 rpm reveals a single hydrogen desorption peak, but 

the desorption temperature range still widely distributes from 150 ºC to 300 ºC.  

  Finally, the amount of Ninano catalyst was increased from 1 mol.% to 2 mol.% under the same 

conditions concerning with short milling time for 15 min and the slow milling revolution speed at 200 

rpm. As is shown in Fig. 4 (c), the MgH2 composite with 2 mol% Ninano shows the most superior HD 

profile in the TDMS curves among all the composites examined in this work. Thus, it has been found 

that the 2 mol% Ninano-catalyzed MgH2 prepared by the optimum condition desorbs a large amount of 

hydrogen (~6.5 wt.%) in the temperature from 150 to 250 ºC at the heating rate of 5 ºC /min. From these 

results, it is concluded that the short milling time and slow milling revolution speed brings better HD 

properties for the 2 mol% Ninano-catalyzed MgH2 composite.  

To clarify the reason why the HD kinetic properties for MgH2 are so improved by a small amount of 

Ninano catalyst, the EDX micrographs corresponding to the Mg and Ni elemental profiles were examined 

for the optimum MgH2 composite, i.e. 2 mol% Ninano-catalyzed MgH2 milled for 15 min at 200 rpm, 

which is shown in Fig. 5. It can be seen that the micrograph pattern of Mg is almost the same as that of 

Ni. This indicates that the Ninano-particles uniformly disperses on the surface of the several micron-sized 

MgH2 particles by ball milling even for the short time and under the slow milling revolution speed. 

 

3.3 Cyclic properties of hydrogenation/dehydrogenation reactions for the 2 mol% Ninano-catalyzed 

MgH2 composite 

Next, the cyclic properties of hydriding/dehydriding reactions were examined for the 2 mol% Ninano-

catalyzed MgH2 composite prepared by milling for 15 min at 200 rpm. The durability was tested by the 
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following cyclic processes: the dehydrogenation was performed by keeping the following two different 

temperatures; (1) 150ºC (corresponding to the onset temperature for dehydrogenation) and (2) 200 ºC 

(corresponding to the peak temperature for dehydrogenation) for 12 h under high vacuum, respectively, 

while the hydrogenation was performed under pure hydrogen gas up to 3 MPa at (1) 150 and (2) 200 ºC 

for 12 h, respectively, as well. After completing those (1) and (2) hydrogen absorbing/desorbing cycles, 

the HD properties were examined by the TG-TDMS measurement. The results obtained are shown in 

Fig. 6. The dehydrogenation property after 2nd cycle at 150 ºC is better than that after 2nd cycle at 200 

ºC in a viewpoint of the temperature range of hydrogen desorption and the amount of desorbed 

hydrogen, but it is slightly worse than that after 1st cycle. As is seen in Figs. 7(a) and (b), the X-ray 

diffraction profiles indicate that both products after just milling and after dehydrogenating at 150ºC 

have a small peak corresponding to pure Ni-metal phase in addition to the main peaks for MgH2 and Mg, 

respectively. On the other hand, as shown in Fig.7(c) for the product after dehydrogenation at 200ºC, 

there are the additional peaks corresponding to the Mg2Ni phase. Since the catalytic effect of Mg2Ni for 

improving the H-storage properties is weaker than Ni-metal, the existence of Mg2Ni in the Ninano-

catalyzed MgH2 composite would make the dehydrogenation properties worse. 

This may be also the reason why the short milling time and slow milling revolution speed brings the 

better HD properties for Ninano-catalyzed MgH2 in the section 3.2. When the milling time and revolution 

speed are, respectively, too long and too high, the Mg2Ni phase could be easily formed at the phase 

boundaries between Ni and main Mg phases because the affinity of Mg and Ni is very strong with each 

other. Thus, the formation of Mg2Ni leads to worse HD properties with increasing the milling time and 

milling revolution speed for MgH2 as well.  

 

3.4 Kinetics for hydrogen desorption (HD) reaction in pure MgH2 and Ninano-catalyzed MgH2 

composite 

In this work, the kinetics of the HD reaction was examined for the 2 mol.% Ninano-catalyzed MgH2 

and pure non-catalyzed MgH2 produced by ball milling for 15 min at 200 rpm. Figure 8 shows amount 
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of desorbed hydrogen as a function of time at ~163 ºC and ~308 ºC for the catalyzed and non-catalyzed 

MgH2, respectively, which were deduced by the TG measurements. It can be seen that the HD curve of 

Ninano-catalyzed MgH2 is of exponential type, while that of non-catalyzed MgH2 is of sigmoid shape as 

same as in non-milled MgH2 itself [25]. In this work, it takes more than 200 min at 308 °C to reach 

complete hydrogen desorption from non-catalyzed MgH2 after milling for 15 min. Results in literature 

indicate that the desorption times of milled MgH2 are typically between 30-100 min at 300 °C [11,24]. 

However, it should be noted that all of those data were examined after milling for longer time than 15 

min. Therefore, it seems that longer milling leads to better kinetics for non-catalyzed MgH2 by creating 

activated surface. On the other hand, after catalyzing by 2 mol% Ninano on MgH2, it is noteworthy that 

90 % of hydrogen is desorbed within 100 min at 163 °C under He gas flow with no partial pressure of 

hydrogen, indicating drastic improvement of the kinetics. It should be described in this connection that 

90 % of hydrogen is absorbed within 15 min at the same temperature under a hydrogen gas pressure of 3 

MPa vice versa. 

On the basis of the above results, modified residual hydrogen functions,  and )(ln)( 11 tytF =

( 1/ 2
2 2( ) ln ( )F t y t= − )

)1

 are plotted as a function of time in Fig. 9, where y1(t) and y2(t) indicate residual 

hydrogen concentrations (  normalized by the hydrogen content at t = 0 for the catalyzed and 

non-catalyzed MgH

0 y≤ ≤

2, respectively. It can be seen that both the functions linearly decrease with 

increasing time, after the sample temperatures have reached the programmed ones of about 163ºC and 

308ºC, respectively. For the Ninano-catalyzed MgH2, the good linearity in Fig. 9(a) indicates that the 

desorbing reaction is a first order one. Huot et al. [5] have so far claimed that the hydrogen desorption 

reaction for 5 mol% TMmicro-doped MgH2 where TM = Ti, V, Mn, Fe and Ni at 250 °C under 0.015 

MPa followed the interface controlling law of [1- y1/2] = kt.  Appearance of the first order reaction in 

this work might be ascribed to the catalytic effect of the nano-particle Ni metal on the sample surface. 

Generally, it is well-known that the first order reaction obeys the following differential equation,  

yk
dt
dy

−=   (1), 
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where k is the reaction rate constant, that is, the HD reaction rate is proportional to the residual 

hydrogen content. On the other hand, for the non-catalyzed MgH2, ( 1/ 2
2 2( ) ln ( )F t y t= − )  linearly 

changes as a function of time as shown in Fig. 9(b). This function has been generally expressed as the 

Johnson-Mehl-Avrami (JMA) equation for a nucleation and growth process [21-23] and the exponent 

1/2 might remind us zero nucleation rate and two dimensional growth of nuclei or a constant nucleation 

rate and one dimensional growth of nuclei as a rate determining step. In some papers, it has been 

concluded that the rate determining step of the HD reaction for pure MgH2 was the nucleation and 

growth of Mg phase on the basis of similar experimental results to ours [24-25]. In other words, these 

considerations by means of the JMA equation are based on the dynamics of inner MgH2 particle like 

nucleation and growth. However, we have only modified the surface condition of the MgH2 powder by 

Ni catalyst and HD reaction was significantly improved and transformed into a first order one. Since 

Mg has no strong catalytic effect for dissociating H2 molecule into H atoms on the surface vice versa 

[26], the recombination process on the MgH2 surface should be taken into account as a rate determining 

step of the HD reaction for pure MgH2. 

Hence, to systematically understand the HD reaction kinetics for non-catalyzed MgH2 as well as 

catalyzed MgH2, a new HD reaction model is necessary and proposed in this paper. Then, we assume 

that the HD reaction from MgH2 to Mg+H2 follows a modified first order reaction model, in which a 

surface condition is taken into account. As the surface condition, we introduce an activated surface area 

)(1 tθ−  and a non-activated surface area )(tθ on the non-catalyzed MgH2 powder, which are normalized 

by a total surface area. On the activated surface area, we assume that hydrogen atoms are easily 

recombined into hydrogen molecules and are released into He flow gas. Furthermore, we assume that 

the non-activated surface area )(tθ  is an exponential type decreasing function for reaction time as 

follows,  

 )exp()( tt νθ −=   (2), 
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where ν is a reaction rate constant. Thus, the activated surface area )(1 tθ−  increases with time 

evolution and finally reaches to 1.  This assumption suggests that the recombination rate of H2 on the 

surface gradually increases with the increasing time by a surface modification during the HD reaction. 

Microscopic behavior of the surface modification during HD reaction is considered that the MgO layers 

on the MgH2 surface are reduced by desorption hydrogen to Mg or the surface structure of non-activated 

surface is reconstructed to activated surface. 

Therefore, the HD rate of non-catalyzed MgH2 should be proportional to both the normalized residual 

hydrogen content y(t) and the activated surface factor )(1 tθ− , as follows, 

))(1( tky
dt
dy

θ−−=   (3). 

By integrating Eq. (3), we can obtain the following expression  

∫ ν−−−=
t

dttky
0

]]exp[1[ln  (4). 

Actually, in the case of pure milled MgH2, we can well fit the desorption reaction by Eq.(4). Here, if 

νt <<1, then )(1 tθ− is expanded as 2 31 exp( ) ( ) 2 ( ) 6t t t t tν ν ν ν ν− − = − + ⋅⋅⋅ ≅ . Then, Eq.(4) is rewritten 

as follows, 

2

0

1ln
2

t
y k tdt k tν ν≅ − = −∫   (5). 

By transforming Eq.(5), we obtain the following equation, that is the same function as F2(t) 

1/ 2
2 ( ) ( ln )F t y= − = at ,  where 1

2
a kν= −      (6). 

Thus, we can understand the HD reaction of MgH2 by the modified first order model, in which the 

surface activation condition is taken into account as well. From the experimental data, we deduced the 

value of max 0.008tν ≅ , tmax= 260 min, which really satisfies the condition of νt <<1 in the above 

assumption. 

In the case of the Ninano-catalyzed MgH2, we can also understand the HD reaction using the modified 

first order model. Then, it is considered that the non-activated surface area is 0)( =tθ  at any time, 
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because 3d-transition metal Ninano has the strong catalytic effect for recombining H atoms to H2 

molecules. Therefore, the activated surface area is 1)(1 =− tθ  at any time in Eq. (2) and the desorption 

reaction rate should be described by Eq.(1), being a first order reaction. 

 

3.5 Estimation of activation energy in pure MgH2 and Ninano-catalyzed MgH2 composite 

If the HD reaction as a function of time is described by Eqs. (1) and (3), we can estimate the 

activation energy, E, by the Kissinger method [27] according to the following consideration. In the 

constant heating process like 0T T tβ= + , where T0 is the initial temperature of the reaction and β the 

heating rate, Eq. (3) (where )(1 tθ−  ≈ νt) for the modified first order reaction is generalized to 

1dy Tky
dT

ν
β β

= −    (7). 

Here, k and ν can be respectively expressed by the Arrhenius equation as follows, 

                    k(T) = k0 exp [-(EA1/RT)]           (8),    and 

ν(T) = ν0 exp [-(EA2/RT)]           (9), 

where k0 and ν0 are the frequency factors, R the gas constant, EA1 and EA2 the activation energies for the 

HD process with an activated surface and the surface activating process, respectively. By substituting 

Eqs.(8) and (9) into Eq.(7), we obtain the following equation, 

     1 2
0 0 2

A AE Edy Tk exp y
dT RT

ν
β

+⎡ ⎤= − −⎢ ⎥⎣ ⎦
 (10). 

12

Using the substitutions of 0 0 0K k ν= 1 2, A A AE E E= + , we obtain 

0 2
AEdy TK exp y

dT RT β
⎡ ⎤= − −⎢ ⎥⎣ ⎦

  (11). 

The maximum desorption fraction rate is found by making d2y/dT2=0, and thus we obtain the 

relationship 

   
2

2
0

1AE Eexp
RT K T RT

β⎡ ⎤ ⎡− = +⎢ ⎥ ⎢⎣ ⎦ ⎣
A ⎤

⎥⎦
  (12). 

 



If we assume that 1AE
RT

≥  (usually / 100AE RT ≅ ), it is possible to put 1A AE E
RT R

+ ≅
T

A

, and then we 

obtain the following equation, 

2 3
0ln[ / ] / ln[ / ]P A PT E RT K R Eβ = − +   (13). 

From Eq.(1) for the first order reaction, we similarly obtain the usual Kissinger equation as follows, 

]/ln[/]/ln[ 101
2

APAP ERkRTET +−=β   (14). 

Using the different Kissinger equations (13) or (14), the activation energy EA and EA1 was estimated 

for the pure and catalyzed MgH2 respectively as follows. We measured the TDMS profiles at several 

heating rates from 1 ºC/min to 20 ºC /min as a function of temperature for non-catalyzed and Ninano-

catalyzed MgH2. The results are plotted in Figs. 10 (a) and (b). From the peak temperature TP observed 

at the heating rate of β, the Kissinger plots, i.e., ln [β2/TPP

3] and ln [β/T 2
PP ] as a function of the inverse of 

TP
 are given in Figs. 11 (a) and (b) for non-catalyzed and catalyzed MgH2, respectively. From the slope 

of these straight lines, the activation energies of EA and EA1 were estimated to be 323±40 kJ/molH2 and 

94±3 kJ/molH2, respectively. The difference value of ~230 kJ/molH2 between these activation energies 

indicates the activation energy of EA2 corresponding to surface activation process in pure MgH2. Thus, 

Ninano-catalyzed MgH2 possessing the activated surface significantly decreases the activation energy of 

hydrogen desorption. 

   Fernández et al. [25] also have determined the activation energy in the HD process for the pure MgH2 

by deducing the reaction rate constant k at several different temperatures assuming the Johnson-Mehl-

Avrami (JMA) equation for a nucleation and growth process model. The estimated value was ~160 

kJ/molH2, which is much smaller than our estimated one. This disagreement may be due to the 

difference between the used models. Because if we adapt the first order reaction model without 

considering surface activation process, the activation energy is deduced to be 159±20 kJ/molH2 using 

the usual Kissinger plot from our experimental data, which is corresponding to almost the same value 

with Fernández’s estimation. 
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4. Conclusion 

In this work, the hydrogen desorption (HD) properties of the catalyzed MgH2 composite prepared by 

mechanically milling the mixture of MgH2 and a small amount of Fenano, Conano, Ninano and Cunano nano-

particle metals as a catalyst were carefully examined. All the catalyzed MgH2 composite showed much 

better HD properties than the pure milled MgH2 by only 2h milling. Especially, the 2 mol% Ninano-

doped MgH2 composite prepared by soft milling for a short milling time of 15 min under a slow milling 

revolution speed of 200 rpm shows the most superior hydrogen storage properties: The product has a 

quite sharp peak at ~200 ºC in the TDMS curve and a large amount of hydrogen (~6.5 wt.%) is 

desorbed in the temperature range from 150 to 250 ºC under a heating rate of 5 ºC /min. The EDX 

micrographs corresponding to Mg and Ni element profiles indicated that a small amount of nano-

particle Ninano metals homogeneously dispersed on the surface of MgH2. 

We confirmed that the Ninano-catalyzed product revealed better reversible hydriding and dehydriding 

cycles at 150 ºC than those at 200 ºC, though the 2nd cycle data is slightly worse than that after 1st cycle 

after milling. This degradation at 200 ºC is due to the fact that Mg2Ni phase grows up in the boundary 

between MgH2 phase and Ni catalyst after hydrogen was desorbed at 200 ºC. From the studies of 

kinetics, the HD reactions in non-catalyzed and Ninano-catalyzed MgH2 could be understood by the 

modified first order model, in which the surface activation condition was taken into account.  

In addition, from the Kissinger plots, the activation energy was estimated to be 323±40 kJ/molH2 and 

94±3 kJ/molH2 for the non-catalyzed and the catalyzed MgH2, respectively. The activation energy of 

surface activation process on the MgH2 surface in the HD reaction was estimated to be ~230 kJ/mol, 

which is the difference value between these activation energies. This indicates that the catalytic effect 

due to Ninano-doping significantly decreases the activation energy for hydrogen desorption by surface 

activation. 
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Figure 1.  Thermal desorption mass spectra (TDMS) of hydrogen for pure MgH2 milled for 2 h and 

catalyzed MgH2 with 1 mol% Cunano, Fenano, Conano and Ninano nano-particle metals milled for 2 h at 400 

rpm under He gas flow with no partial pressure of hydrogen. In this figure, TDMS profile for MgH2 

with 1 mol% Nimicro micro-particle metals milled for 2 h at 400 rpm are also shown for comparison with 

that of the 1 mol% Ninano- catalyzed MgH2 composite 

Figure 2. X-ray diffraction profiles for pure MgH2 and catalyzed MgH2 with 1mol% Cunano, Fenano, 

Conano and Ninano nano-particle metals milled for 2 h at 400 rpm.  

Figure 3. Thermal desorption mass spectra of hydrogen from the MgH2 composites with 1mol% Ninano 

in the milling conditions for 15 min, 1 h, and 2 h at 400 rpm. 

Figure 4. Thermal desorption mass spectra of hydrogen for the MgH2 composites milled for 15 min at 

(a) 400 rpm with 1mol% Ninano, (b) 200 rpm with 1mol% Ninano, and (c) 200 rpm with 2mol% Ninano, 

respectively. 

Figure 5. EDX micrographs of (a) Mg and (b) Ni elements in the MgH2 composite with 2 mol% Ninano 

prepared by milling for 15 min at 200 rpm. 

Figure 6. Thermal desorption mass spectra of hydrogen and TG profiles for the 2 mol% Ninano catalyzed 

MgH2 composite prepared by milling for 15 min at 200 rpm. The solid line is the product after milling 

for 15 min at 200 rpm, the dashed line is for the sample after the 2nd hydriding/dehydriding cycle at 150 

˚C and the dotted line for the sample after 2nd cycle at 200 ˚C. 

Figure 7. X-ray diffraction profiles for the 2mol% Ninano-catalyzed MgH2 composite prepared (a) after 

milling for 15 min at 200 rpm, (b) the product after dehydrogenation at 150 ˚C and (c) the sample after 

dehydrogenation at 200 ˚C, respectively. 
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Figure 8. Weight loss due to hydrogen desorption and the aspect of temperature fluctuation around 

fixed temperatures as a function of HD reaction time for (a) the 2 mol% Ninano-catalyzed MgH2 

composite prepared by milling for 15 min at 200 rpm and (b) the pure MgH2 milled for 15 min at 200 

rpm, respectively. 

Figure 9. Normalized residual hydrogen function F(t), and the aspect of temperature fluctuation around 

fixed temperatures as a function of HD reaction time for (a) the 2 mol% Ninano-catalyzed MgH2 

composite prepared by milling for 15 min at 200 rpm and (b) the pure MgH2 milled for 15 min at 200 

rpm, respectively. 

Figure 10. Thermal desorption mass spectra of hydrogen under various heating rates 

(β=1,5,10,20ºC/nim) from (a) the pure MgH2 milled for 15 min at 200 rpm and (b) the 2mol% Ninano- 

catalyzed MgH2 composite prepared by milling for 15 min at 200 rpm, respectively. The intensities of 

longitudinal axis indicates the amount of hydrogen desorption per unit time. 

Figure 11. Two kinds of Kissinger plots for the hydrogen desorption reaction for (a) pure MgH2 milled 

for 15 min at 200 rpm and (b) the 2mol% Ninano- catalyzed MgH2 composite prepared by milling for 15 

min at 200 rpm, respectively. Notations: Tp indicates the peak temperatures in thermal desorption 

spectra (a) and (b) respectively. 
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