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ABSTRACT   

Mg is promising as a new light-weight and low-cost hydrogen-storage material. We construct a 

numerical model to represent the hydrogen dynamics on Mg, comprising dissociative adsorption, 

desorption, bulk diffusion, and chemical reaction. Our calculation shows a good agreement with 

experimental data for hydrogen absorption and desorption on Mg. Our model clarifies the 

evolution of the rate-determining processes as absorption and desorption proceed. Furthermore, 

we investigate the optimal condition and materials design for efficient hydrogen storage in Mg. 

By properly understanding the rate-determining processes using our model, one can determine the 

design principle for high-performance hydrogen-storage systems. 
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1. INTRODUCTION 

Hydrogen storage in metals is an important technique for storing and transporting energy 

resources. Hydrogen-storage metals have high volumetric densities1-3 because they store hydrogen 

in the solid state. However, they have poor gravimetric densities (because of their high weight) 

and are expensive (because of their low abundance). Recently, Mg-based materials have attracted 

a lot of attention as a light and cheap hydrogen-storage system4,5 because Mg is a light-weight and 

earth-abundant material6 and is able to store a large density of hydrogen, represented by a capacity 

of 7.6 wt%. However, the absorption and desorption kinetics of Mg are impractically slow and 

require high temperatures (above 600 K) for use7. 

The dynamics of hydrogen in metals consists of surface adsorption and desorption, surface-

subsurface penetration, bulk diffusion, and hydride formation and decomposition reactions. There 

are three major reasons for the slow kinetics of hydrogen storage in Mg. First, the dissociative and 

recombinative activities of hydrogen molecules on the Mg surface are low; thus, the adsorption 

and desorption are slow. A large quantity of energy is required to dissociate hydrogen molecules 

on the Mg surface8, while hydrogen molecules easily dissociate with low activation potential 

barriers on transition metals, such as Pd and Ni9. Second, diffusion of hydrogen in Mg, especially 

in MgH2, is slow. The hydrogen diffusion rate in MgH2 is several orders of magnitude lower than 

that in Mg, and subsequent hydrogen absorption is significantly hindered once a MgH2 layer is 

generated on the surface10,11. Finally, MgH2 is very stable, so it requires a very high temperature 

for decomposition; the decomposition reaction is slow, requiring a large amount of energy to 

extract hydrogen from Mg12. 

Much research has been conducted to improve the sorption kinetics in the Mg-hydrogen system13. 

For instance, ball milling14,15, catalytic addition15-17, and the use of composite materials with other 
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elements18-20 are effective. Treatments that decrease the size of Mg21,22 or enhance hydrogen 

dissociation and recombination are effective, and combinations of such effects to improve the 

hydrogen sorption rates are generally implemented23,24. Most of these treatments on Mg have been 

conducted in an empirical manner, and a few examples quantitatively investigated the dependence 

of hydrogen sorption rates on the process parameters and operation conditions. However, to 

efficiently design and optimize the structures and operation conditions of hydrogen-storage 

devices for practical use, a systematic understanding of the corresponding chemical reaction and 

transportation system by constructing an overall kinetic model is demanded in the community. In 

this study, we develop a kinetic model of hydrogen absorption and desorption on Mg toward a 

quantitative understanding of the hydrogen sorption mechanism. 

    Many models have been proposed for hydrogen-storage metals, and several have also been 

reported for Mg25-27. So far, most modeling of hydrogen-storage metals has assumed only a single 

rate-determining process; in reality, the rate-limiting step should vary based on the operation 

conditions and extent of sorption. The shrinking-core model28,29, whereby the reaction occurs only 

at the surface of the core region, is commonly adopted to describe the chemical reaction; however, 

the reaction and diffusion occur simultaneously. Thus, we construct a model comprising multiple 

elementary processes to observe transitions of the rate-determining steps. 
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2. MODEL DEVELOPMENT 

Dissolution of hydrogen into metals is generally expressed by the reaction in eq 1. A metal 

absorbs a stoichiometric amount (n mole per mole) of hydrogen and generates a hydride, MHn: 

n

n






2
2

.         (1) 

For Mg, n = 2, and MgH2 is generated. The dynamics of hydrogen storage in Mg consists of: (i) 

dissociative adsorption and recombinative desorption at the surface, (ii) transportation between the 

surface and bulk regions, (iii) diffusion in the bulk, and (iv) hydriding and dehydriding reactions. 

The slow kinetics of hydrogen absorption and desorption in Mg stems from the low surface 

hydrogen activity, slow hydrogen diffusion in Mg (particularly in the hydride phase), and high 

stability of MgH2. We develop a model that accounts for steps (i) and (iii), and the dehydriding 

reaction in step (iv) for the hydrogen desorption process. Figure 1 shows a schematic of the model, 

and Figure 2 shows a potential energy diagram of hydrogen in the gas phase and in Mg. We assume 

that the Mg particle is a sphere with radius R0, and consider the hydrogen concentration distribution 

only in the radial direction. We neglect the volume change of Mg during hydrogen absorption and 

desorption for simplification as the first construction of an all-process-inclusive model (n.b., Our 

model still exhibits excellent reproduction of experimental results, as shown in the following.). 

We categorize the hydrogen states in the metal as one in which interlattice hydrogen exists as an 

atom and can freely diffuse, and another in which hydrogen is confined in the metal lattice. We 

define the hydrogen local concentration at the position of radius r in the Mg particle as CH(r) and 

CMH(r) for each of the states, respectively. The total hydrogen concentration, C(r), is described as 

the sum of CH(r) and CMH(r), as shown in eq 2. This conceptual division of the concentrations of 

the hydrogen atom and the hydride provides convenient simplification and clarification in the 

formulation and computation as a development of practical model. Also experimentally, spatially 
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random, patchy distribution of the hydride regions are observed30, and therefore the hydrogen and 

hydride regions may actually coexist at a radial position r, unlikely for the conventional, 

spherically symmetric shrinking-core model. The surface coverage fraction,  on the Mg particle 

surface is defined in eq 3, where n is the stoichiometric coefficient for hydrogen relative to the 

metal as appearing in eq. 1. We define the overall hydrogen content, X, in eq 4. 

     Η ΜΗC r C r C r          (2) 

   0 H 0C R C R

n n
           (3) 

 
0

0

2

3

0

d
3 R

rrCr
R

X         (4) 

The dissociative-adsorption flux of the hydrogen atoms onto the metal surface is described as: 

 2ads
H

0

ads 1exp2
2











RT

E
Γsj ,       (5) 

where s0, Eads, R, and T are the capturing coefficient, activation energy, gas constant, and absolute 

temperature, respectively31. The impingement rate of hydrogen molecules, 
2HΓ , is described by eq 

6 from the kinetic theory of gases: 

2

2

2

H

H

H2π

P
Γ

M RT
 ,         (6) 

where 
2HP  and 

2HM  are the partial pressure and molar mass of hydrogen molecules, respectively. 

The recombinative-desorption rate is described as: 

0 2des
des des surfexp

E
j k N

RT


 
  

 
,       (7) 

where 0

desk , Edes, and Nsurf are the frequency constant, activation energy, and number of surface 

sites30. The bulk-diffusion flux of hydrogen atoms in Mg is described as: 
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 
r

C
Drj




 H

Hdif .         (8) 

The diffusion coefficient, DH, is dependent on the temperature and hydrogen concentration, as in 

eq 9. We determine  from the diffusion-coefficient data for Mg32 and MgH2
33: 

 0 dif
H H exp exp

C rE
D D

RT n


  
    

   
.      (9) 

Generally, the chemical reaction comprises the hydriding and dehydriding reactions; in this work, 

we only account for the MgH2 decomposition reaction and neglect the hydriding reaction, which 

is sufficiently fast. The rate of the decomposition reaction in the absorption and desorption 

processes is expressed by: 

 0 dec
dec

dec MH

0 (in absorption process)

exp (in desorption process)
Eu k C r
RT

     
  

,    (10) 

where 0

deck  and Edec are the frequency factor and activation energy, respectively. By using the 

calculated flux and reaction rate, the time evolution of , CH, and CMH are described as follows: 




















0

H
Hbulkdesads

surf

1

d

d

R
r

C
DNjj

Nt


      (11) 

2

H H H H H
H dec2

( ) 2C r D C C C
D u

t r r r r r

     
    

     
     (12) 

dec
MH )(

u
t

rC





,         (13) 

where Nbulk is the site density in Mg. In eq 12, note the existence of the first term of the right-hand 

side due to the spatial variation of DH. Incidentally, the time evolution of CMH is analytically solved 

for eqs 10 and 13 as: 
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    0 dec
MH

MH dec

0 (in absorption process)

, ,0 exp exp (in desorption process)
EC r t C r k t
RT


        
   

. (14) 

Because of the spherical symmetry, there assumed to be no flux of hydrogen at the core (r = 0) as: 

 dif 0 0j  .          (15) 

Considering hydrogen absorption into the Mg particles and hydrogen desorption from the MgH2 

particles, the initial conditions of concentration distribution are given by: 

     H MH 00: 0,  0,  0 0t C r C r r R           (16) 

for the absorption process, and 

     H MH 00: 1,  0,   0t C r C r n r R           (17) 

for the desorption process. We solve the mass balance equations (eqs 11-13), under the conditions 

of eqs 3 and 15-17, using the finite-difference method to compute the time evolution of the 

hydrogen concentration profile. 
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3. RESULTS AND DISCUSSION 

3.1. Reproduction of experimental results by the model 

In this study, we adopted the experimental data of Huot et al.14 for hydrogen absorption and 

desorption on Mg particles with a radius of 10 μm to evaluate the validity of our model and to 

determine the parameters. By varying s0, Eads, 
0

desk , Edes, 
0

deck , and Edec, we reproduced the 

experimental data for the absorption and desorption processes using our model, as shown in Figure 

3. The determined parameters and the parameters we used are listed in Table 1. We incidentally 

set different Edes values for the absorption and desorption processes, assuming different hydrogen 

potentials in the metals for the two processes because the hydrogen absorption and desorption 

processes on metals show hysteresis. The determined Eads and Edes for the desorption process are 

consistent with the data presented in Reference 25 (Eads = 72 kJ mol-1, Edes = 136 kJ mol-1). On the 

other hand, Edes for the absorption process was calculated to be larger than that for the desorption 

process, presumably because of the ease of desorption due to the lattice-structure change by the 

hydrogen intake. It should be noted that for nanostructured metals the mechanical stress in the 

material induces significant effects on the kinetic as well as equilibrium properties for 

transportation on conditions, as experimentally and numerically reported.34-36 Our present model 

is thus valid for metal particles with diameters larger than ~100 nm, and a proper formulation 

modification for the strain effect will be needed to apply for nanoscale particles. 

 

3.2. Analysis of the absorption/desorption rates 

The overall rate of absorption and desorption, v, is defined in eq 18. We compare the observed 

absorption and desorption rates, vobs, with the virtual rates to clarify the rate-determining steps in 

the absorption and desorption processes by assuming that some elementary step(s) are rate-
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determining. Namely, we compared vobs with the virtual rates (vsurf, vdif, vdif-reac, and vreac) when the 

surface adsorption/desorption, internal diffusion, internal diffusion/chemical reaction, and 

chemical reaction, respectively, are rate-determining. 

t

X
v

d

d
           (18) 

Next, we investigate the regimes of the surface absorption and desorption control. For surface 

control, diffusion is sufficiently fast; therefore, the hydrogen concentration can be considered 

uniform in the Mg particle. We can calculate the time evolution of X using eq 19 under the 

condition of eq 20. 

 desads

bulk

surf

0

3

d

d
jj

N

N

Rt

X
         (19) 

   0 0X C r r R           (20) 

We investigate the diffusion-controlled absorption processes and the diffusion-and-reaction-

controlled desorption processes. In these cases, hydrogen adsorption and desorption on the Mg 

surface are assumed to be in equilibrium; therefore, the surface coverage is given by eqs 21 and 

22: 

eq            (21) 

 
2

2
0 0 2ads des

H eq dec surf eq2 exp 1 exp 0
E E

s Γ k N
RT RT

 
   
       
   

.   (22) 

We can thus determine the time evolution of the hydrogen concentration using eqs 12 and 13 under 

the condition of eq 21. Lastly, we investigate the reaction-controlled desorption processes. For 

reaction-control, the hydrogen concentration is uniform in the Mg particle and the surface 

adsorption and desorption are always in equilibrium. We can therefore calculate the time evolution 

of the hydrogen concentration using eq 13 under the condition of eq 23:  
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MH
dec

d

d

C
u

t
   and 

H eqC n .       (23) 

 

Figure 4 shows a comparison of observed hydrogen absorption rate, surface-controlled 

absorption rate, and diffusion-controlled absorption rates. For the absorption process, surface 

adsorption and desorption are rate-determining in the initial, low-loading regime because vobs and 

vsurf are almost equal. For the experimental conditions of Huot et al., shown in Figure 4a, the entire 

absorption process is likely surface-sorption controlled. However, as the Mg particle size or 

hydrogen partial pressure increases, as shown in Figures 4b-f, the influence of hydrogen diffusion 

in Mg becomes unignorable and diffusion becomes the rate-determining step in the high-loading 

regime after absorption proceeds (Figure 4f). The tendency that the system shifts toward diffusion-

control as the particle size increases is simply attributed to the increased hydrogen diffusion 

distance. The tendency that the system shifts toward diffusion-control under a high hydrogen 

partial pressure is likely caused by a high hydrogen concentration region formed around the 

particle surface that hinders hydrogen diffusion—the high pressure increases the hydrogen flux 

toward the surface. This phenomenon is called the shell effect, and it is consistent with 

experimental reports10,11. 

 

Figure 5 shows results that compare observed hydrogen desorption rate, surface-controlled 

desorption rate, diffusion and reaction-controlled desorption rates, and reaction-controlled 

desorption rates for various particle sizes. The system is assumed to be almost reaction-controlled 

as the particle radius decreases to approximately 1 μm (Figure 5a) while shifting toward surface-

sorption-control as the particle size increases (Figure 5c). In Figure 5b, transportation in the system 

is dominated by hydrogen diffusion in the hydride region in the initial, high-loading regime. The 
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desorption rate is extremely slow, but a rate-determining-process transition is seen, in which the 

desorption rate approaches the rate for the surface-control condition as desorption proceeds. 
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3.3. Effects of transition-metal doping 

As a case study to utilize our model for designing improved Mg-based hydrogen-storage systems, 

we investigate the effect of adding a catalyst to Mg. Many reports have examined the enhancement 

of hydrogen dissociation and recombination on a Mg surface by doping transition metals in the 

Mg surface. Pozzo et al.37, for example, showed the large effectiveness of Ni doping, and 

calculated an activation energy of 5.76 kJ mol-1 for hydrogen dissociation on a Ni-doped Mg 

surface. From this result, we calculate a decrease in the activation energy (E) for hydrogen 

dissociation and recombination on the Mg adsorption sites of 66.24 kJ mol-1. We then assume that 

Eads and Edes both decrease by E because of Ni doping, as shown in Figure 2. We investigate the 

change in the absorption and desorption rates for Ni doping in Mg using our model. The surface 

adsorption and desorption flux for transition-metal doping to the Mg surface is described by eqs 

24 and 25. 

     
2 2

2 20 0ads ads

ads H H2 exp 1 2 exp 1 1
E E E

j s Γ s Γ
RT RT


   

   
         

   
  (24) 

 0 2 0 2des des

des des surf des surfexp exp 1
E E E

j k N k N
RT RT


   

   
       

   
,   (25) 

where  is the doping ratio, which is the molar fraction of the additive on the Mg surface. 

 

Figure 6 shows our simulation result. The addition of a small amount of Ni significantly 

enhances the absorption rate, as shown in Figure 6a, and the absorption-rate changes by doping at 

423 K. Most of the absorption process is limited by surface adsorption, which causes the 

enhancement. Sufficient rates are obtained by doping, even at temperatures as low as room 

temperature, because the equilibrium absorption amount is larger at lower temperatures. Figure 6b 

shows the changes in the desorption rate at 623 K and 648 K. The desorption rate also increases 
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after doping, but the change is not as dramatic as that for the absorption rate. This result likely 

occurs because surface sorption and the internal diffusion and reaction dominate the desorption 

process. Heating to approximately 600 K may be required, even though the desorption rate is 

slightly improved by doping, because higher temperatures are advantageous for desorption in 

equilibrium; therefore, another treatment may be needed to decrease the operational desorption 

temperature. It should be noted that while this case study is calculated for Ni doping, our model is 

applicable also for other effective transition-metal dopants such as Fe38, Co39, Nb40, and Rh37, 

simply by adopting corresponding activation energies37 for hydrogen dissociation on the doped 

Mg surfaces. 
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4. CONCLUSION 

A detailed model was constructed to account for multiple elementary steps in the kinetics of 

hydrogen absorption and desorption on Mg. Our model successfully reproduced a series of 

experimental data for both absorption and desorption processes. We clarified the transitions of the 

rate-determining steps in the absorption and desorption processes from surface sorption to 

diffusion and chemical reaction as the hydrogen concentration in Mg increased. We demonstrated 

that our model can quantitatively estimate the changes in the absorption and desorption rates based 

on changes in the operational conditions, such as the metal particle size, temperature, pressure, 

and surface doping of transition metals. Our model is thus likely to be a useful tool to provide 

design principles to improve the performance of metal hydrogen-storage systems. 
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Table 1. Model parameters for the simulation 

Parameter Value Units Reference 

s0 0.0024 - This work 

k0
des

 1.2×1013 s-1 This work 

k0
dec 1.69×1014 - This work 

D0
H 1.54×10-6 m2 s-1 Nishimura, 199932 

Eads 72 kJ mol-1 This work 

Edes 170a, 136b kJ mol-1 This work 

Edif 24.1 kJ mol-1 Nishimura, 199932 

Edec 205 kJ mol-1 This work 

β 16.6 - This work 

Nsurf 3.22×10-5 mol m-2 Johansson, 200625 

Nbulk 7.15×104 mol m-3 This work 

aParameter for the absorption process. bParameter for the desorption process. 
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Figure Captions 

Figure 1. Conceptual schematic of our hydrogen-dynamic model.  jads, jdes, and jdif denote the 

fluxes of hydrogen dissociative adsorption, recombinative desorption, and diffusion, respectively. 

Figure 2. Potential energy diagram of hydrogen in the gas phase and in Mg. Eads, Edes, and Edif 

denote the activation energies of surface adsorption, desorption, and diffusion, respectively. ΔE 

denotes suppression of the activation energy of surface adsorption and desorption by addition of a 

catalyst. 

Figure 3. (a) Hydrogen absorption curves for Mg particles under a hydrogen pressure of 1.0 MPa. 

(b) Hydrogen desorption curves for MgH2 particles under a hydrogen pressure of 0.015 MPa. 

(marks: experimental data, lines: calculation result). 

Figure 4. Calculated observed hydrogen absorption rate, vobs (dark blue lines), surface-controlled 

absorption rate, vsurf (red lines), and diffusion-controlled absorption rates, vdif (green lines). Red 

shaded regions indicate the surface-controlled regimes, and green shaded regions indicate 

diffusion-controlled regimes. In this simulation, T = 673 K. 

Figure 5. Calculated observed hydrogen desorption rate, vobs (dark blue lines), surface-controlled 

desorption rate, vsurf (red lines), diffusion and reaction-controlled desorption rates, vdif-reac (green 

lines), and reaction-controlled desorption rates, vreac (light blue lines). Red shaded regions indicate 

surface-controlled regimes, and blue shaded regions indicate reaction-controlled regimes. In this 

simulation, T = 648 K and 
2H 0.015 MPaP  . 

Figure 6. Effect of doping ratio of Ni on kinetics of hydrogen (a) absorption and (b) desorption 

for Mg particles. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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