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Abstract >> To investigate the effect of microstructure on the formation of the desorption peak, the volumetric

thermal analysis technique (VTA) was applied to the Mg-13.5 wt% Ni hydride system. The sample made by the 

HCS (hydriding combustion synthesis) process had two kinds of Mg microstructures. Linear heating was started with 

various constant heating rates. Only one peak was appeared in the case of the small initial hydrogen wt% (0.83 wt%).

Yet, two peaks were appeared with increasing initial hydrogen wt% (1.85 and 3.73 wt%) when only Mg was 

hydrogenated. The first peak was formed through the evolution of hydrogen from MgH2, made by eutectic Mg. The

second peak was formed through the evolution of hydrogen from MgH2, made by primary Mg. Therefore, this result

shows that the microstructure also has a considerable effect on forming the desorption peak. We have also derived

the hydrogen desorption equations by VTA to get apparent activation energy when the rate-controlling step for the

desorption of the hydrided system is the diffusion of hydrogen through the   phase and the chemical reaction → .
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Nomenclature 

A : constant in eq.(1) or area of flat plate in eq.(5)

b : the heating rate

C : hydrogen concentration which are in 

equilibrium with a phase

D : diffusion coefficient of hydrogen in the a phase

E : apparent activation energy 

F : reacted fraction of hydride

∆ : reaction heat for the → reaction

∆ : partial molar heat of the solution

K : rate constant of a reaction

L : original thickness of flat plate

l : unreacted thickness of flat plate

n : number of moles of hydrogen
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P : reaction pressure of hydrogen or constant 

in eq.(1)

Q : activation energy for specific step reaction 

r : radius of a particle

T : reaction temperature

Subscripts

C : chemical reaction (→)

D : diffusion of hydrogen through the   phase

eq : equilibrium of hydrogen at a temperature 

H : hydrogen

O : original or initial

s :  interface

 :   phase

 :  phase

1. Introduction

Among various hydrogen storage materials magnesium 

has several advantages, such as large hydrogen storage 

capacity (7.6wt%) and low cost. However, its hydriding 

and dehydriding rates are very slow. To improve the 

reaction rate, many works have been done by alloying 

with many transition metals
1,2) 

and by different alloying 

methods, such as conventional melting, mechanical 

alloy and Hydriding Combustion Synthesis (HCS)
3-12)

. 

We also studied the hydriding properties of Mg-x wt% 

Ni (x=13.5, 23.5 and 33.5) prepared by HCS. In our 

previous study, Mg-13.5 wt% Ni had the highest 

hydrogen-storage capacity and hydriding rate. Our 

previous sample made by the HCS process had two kinds 

of the Mg microstructure. The effect of the microstructure 

on the reaction rate is still not entirely known. The 

desorption rate of a gas as a function of the temperature 

gives a spectrum, which is related to the hydrogen 

binding energies and to the occupation sites. This technique 

has been applied to the desorption of hydrogen from the 

hydrogen storage materials
13,14)

. Generally, the desorption 

rate of hydrogen from a hydride can be expressed as 

follows. 

    

When the desorption reaction is carried out at constant 

pressure, the desorption rate can be described by two 

terms,   and  . If the hydride is heated with a 

uniform heating rate at constant pressure, the term   

increases while the   term, the amount of hydrogen 

remaining in the occupation site decreases with time, 

forming a peak in the  vs.   plot. If the hydride 

material has several hydrogen occupation sites with 

different binding energies, there should be a corresponding 

number of peaks in the plot. Using this specific property 

of hydrogen desorption, we can find out the effect of the 

microstructure on the formation of the desorption peak. 

In this work, to investigate the effect of the micro-

structure on the formation of the desorption peak the 

volumetric thermal analysis technique was applied to the 

Mg-13.5 wt% Ni hydride system. To analyze the 

experimental results, a continuous moving boundary 

model
15,16)

 was derived which can be adapted to the 

shape of a flat plate. 

2. Experimental procedures

Commercially available Mg powders (99.98 mass%, 

Hananics Co., 40-70μm) and Ni powders (99.7 mass%, 

Alfa Aesar, ~38 μm) were used in this study. 

Before the HCS process, the powders were mixed 
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Fig. 1 The plateau pressure of Mg2Ni and Mg at 643K

well in the weight ratio of 45.3:54.7 (Mg:Ni) by an 

ultrasonic homogenizer in acetone for one hour. After 

being completely dried in air, this product was com-

pressed to form cylindrical pellet 1.0 g in weight and 

10mm in diameter by a uniaxial single-acting press at a 

pressure of 550 GPa. The HCS process for this sample 

was carried out in a stainless steel reactor under 2 MPa of 

hydrogen. The sample was heated to 823 K at a heating 

rate of 10 K/min, and then was held for 10 minutes. After 

the holding period, the sample was naturally cooled to 

less than 323 K. 

After full activation, HCS products were examined by 

XRD and SEM. The Rietveld refinement program Rietica 

was used for the quantitative phase analysis of the XRD 

patterns obtained for the HCS product
17)

. 

The hydrogen desorption from the hydride was mea-

sured by a volumetric apparatus based on Sievert’s 

method. Therefore, this thermal desorption technique 

was termed as Volumetric Thermal Analysis (VTA)
18)

. 

Before VTA, the hydride was evacuated at 623 K for 10 

minutes to release the hydrogen absorbed during the 

HCS process. After full activation, the VTA were 

performed.

The microstructure of Mg-13.5 wt% Ni had primary 

Mg, eutectic Mg and eutectic Mg2Ni. The procedure of 

thermal desorption was performed as follows. To get 

only MgH2 from Mg-13.5 wt% Ni alloy the hydriding 

pressure was 12.38 atm at 643 K as shown in Fig. 1. 

The reactor was cooled slowly to 473 K. When the 

reactor was cooling down, the pressure in the reactor was 

controlled to get only MgH2. The amount of hydrogen 

absorbed was calculated by the pressure drop. The 

amount of hydrogen absorbed was converted to the wt% 

of the hydride, which was called as the initial hydrogen 

wt%. Then, the hydrogen pressure was reduced to 0.1 

atm and linear heating was started with various constant 

heating rates. The samples were linearly heated from 

473 K to 673 K. As the desorption of hydrogen from the 

hydride began, the hydrogen pressure of the system was 

increased. When the pressure of the system with a 

volume of 118.9 cm
2
 reached 0.2 atm, the system opened 

to the vacuum until the hydrogen pressure of the system 

returned to 0.1 atm. These procedures were repeated. 

The evolution rate was defined as the amount of hydrogen 

desorbed from 0.1 to 0.2 atm divided by the reaction 

time in the pressure range.

3. Theoretical equations for 

volumetric Analysis

One of the authors had derived the volumetric thermal 

desorption equation to get apparent activation energy 

when the rate-controlling step for the desorption of the 

hydrided system is the diffusion of hydrogen through the 

  phase (section 3.1) and the chemical reaction →  

(section 3.2)
19,20)

. In that case for simplicity the alloy 

particles were assumed to have a spherical shape with a 

uniform diameter. We need also the volumetric thermal 

desorption equation when the sample has the shape of a 

flat plate.
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3.1 The diffusion of hydrogen through 

 phase (spherical shape)
19,20)

When the rate-controlling step for desorption of 

hydrided system is the diffusion of hydrogen through α 

phase, the equation is written as follows

ln

  ln



















 








 

(1)

E is expressed as follows.



∆


∆ (2)

Where Equation (1) shows the relation of the heating 

rate to the reacted fraction (convert to F) and peak 

temperature. At a constantly reacted fraction, E can be 

obtained from the slope of the plot of ln   us.   

(termed as Han plot).

3.2 The chemical reaction →

(spherical shape)
18,19)

When the rate-controlling step for desorption of 

hydrided system is the chemical reaction → , the 

equation is written as follows.

ln
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And E is expressed as follows.
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 (4)

Because the shape of eutectic Mg is a flat plate the 

above equation can not be adapted. Therefore an equation 

can be adapted to analyze a flat plate shape should be 

derived. 

3.3 The chemical reaction → 

(the shape of a flat plate)

When the rate-controlling step for desorption of 

hydrided system is the chemical reaction, the equation is 

written as follows (the shape of a flat plate).

For simplicity the alloy particles were assumed to 

have the shape of a flat plate with a uniform thickness. 

The rate of desorption of hydrogen, based on unit area of 

unreacted plate is expressed as 














  (5)

 

The left-hand side of eqn. (5) can be written











  






 (6)

 

By combining eqns. (5) and (6) and integrating, one 

can find how the unreacted plate shrinks with time.
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In our experimental range 
 is almost constant 

and thus eqn. (7) can be converted to
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 (8)
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Ks can be written as follows:


 exp 

   (9)

Because the solubility of hydrogen in the α phase 

follows Sievert's law,  

and  can be expressed as
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 (10)
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 (11)

If eqns. (9) - (11) are substituted into eqn. (8) the 

following equation is obtained:

∴
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(12)

If the same technique from eqn. (10) is applied to eqn. 

(12), one obtains














 

 exp
   (13)

Taking logarithms of both sides and rearranging, eqn. 

(13) can be written as follows:

∴ ln
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 (14)

3.4 The diffusion of hydrogen through 

 phase (the shape of a flat plate)

When the rate-controlling step for desorption of 

hydrided system is the diffusion of hydrogen through α 

phase, the equation is written as follows (the shape of a 

flat plate).

The rate of desorption of hydrogen is expressed as 











   (15) 

In whole region in the α phase eqn. (15) can be written 

as follows:




















 
 (16)

Rearranging eqn. (16) we get following equation.

















 (17)

And we also get following equation.

















 









  

(18)

By combining eqns. (17) and (18) and integrating, 

one can get following equation. 













 







  (19)



Mg-13.5wt%Ni 합금 수소화합물의 수소방출에 대한 부피법에 의한 열분석

제26권 제4호 2015년 8월

313

Fig. 2 XRD patterns of the HCS Mg-13.5%Ni

Fig. 3 SEM images of Ni(a), Mg(b) and HCS Mg-13.5%Ni (c)

Here 
 is almost constant and 

exp


   (20)

If eqns. (10), (11) and (20) are substituted into eqn. 

(19) the left-hand side of eqn. (19) can be written:
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(21)

If the same technique from eq.(10) is applied to eqn. 

(21), one obtains

ln


 


 ln











 






 (22)

We have derived the thermal desorption equations to 

get apparent activation energy from the rate-controlling 

step for the desorption of the hydrided system is the 

diffusion of hydrogen through the   phase and the 

chemical reaction → . Equation (1) and (3) were 

derived from assumption that the sample has the shape of 

a sphere. Equation (14) and (22) were derived from 

assumption that the sample has the shape of a flat plate. 

The equations which were derived have the same type by 

chance. Equations show the relation of the heating rate 

() to the reacted fraction () and temperature (). At a 

constant , the apparent activation energy () can be 

obtained from the slope of the plot of ln   vs.  . 

Because of same type of equations that were derived 

even if the rate-controlling step for the desorption of the 

system is not known, the equations can be adapted to 

analyze a desorption peak. 

4. Results and Discussion

Fig. 2 shows the XRD patterns of Mg-13.5 w% Ni 

alloy prepared by the HCS process. 

As shown the Fig. 2 sample was composed of the Mg 

phase and the Mg2Ni phase. An unreacted Ni phase did 

not exist. From this result, compared to the conventional 

melting process the HCS method is also a very convenient 

method for the making of Mg alloy under low temperature 

in a short period of time. 

To explore the morphology of Mg-13.5%Ni made by 

the HCS, the sample was investigated by SEM measu-

rement as shown in Fig. 3. 

It can be seen from Fig. 3 that the starting materials of 

Ni(a) and Mg(b) were spheres and HCS Mg-13.5%Ni 

particles(c) were actually agglomerates of particles. These 

agglomerates were easily crushed by weak force. The 

microstructure of sample was also investigated by SEM 
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Fig. 4 The microstructure of Mg-13.5% Ni sample

Fig. 5 The desorption spectra of Mg-13.5%Ni hydride for 

various initial hydrogen wt% at constant heating rate of 1.0 

K/min

measurement as shown in Fig. 4. 

Primary Mg, eutectic Mg and eutectic Mg2Ni can be 

observed. By calculation from phase diagram the quantity 

of primary Mg is 42.8 atomic %, that of eutectic Mg is 

39.2 atomic % and that of eutectic Mg2Ni is 18.0 atomic %.

To get only MgH2 from the sample composed of Mg 

and Mg2Ni the hydriding pressure was 12.4 atm at 643 

K. When the reactor was cooling down, the pressure in 

the reactor was controlled to get only MgH2.

After that VTA was conducted. Fig. 5 shows the 

results of VTA at various initial hydrogen wt% from 

0.83 to 3.73 for MgH2 as the sample was heated from 473 

to 723 K at a rate of 1.0 K/min. 

Fig. 5 shows only one peak in case of small initial 

hydrogen wt% (0.83 wt%). Two peaks were appeared 

with increasing initial hydrogen wt% (1.85 and 3.73 

wt%). Only one type of hydrogen occupation site was 

available in magnesium
21)

. In the desorption of Mg 

hydride only one peak was appeared
18)

. But two peaks 

were appeared in case of Mg-13.5%Ni hydride although 

only MgH2 was formed. The first peak was formed through 

the evolution of hydrogen from MgH2 made by eutectic 

Mg. The second peak was formed through the evolution 

of hydrogen from MgH2 made by primary Mg. 

In the case of small initial hydrogen wt% (0.83 wt%) 

because of Ni effect and because the diffusion of 

hydrogen through Mg/Mg2Ni interface was fast and the 

size of eutectic Mg was very small compared to primary 

Mg, MgH2 by eutectic Mg was first formed at the 

hydriding stage. When VTA is conducted, MgH2 by 

eutectic Mg desorbed first. Therefore, the first peak was 

formed through the evolution of hydrogen from MgH2 

made by eutectic Mg. 

In the case of high initial hydrogen wt % (1.85 and 

3.73) after all of eutectic Mg changes to MgH2, primary 

Mg forms MgH2. When VTA was conducted, MgH2 

made by eutectic Mg desorbed first and then MgH2 made 

by primary Mg desorbed. Therefore, two peaks were 

formed. This result meant that the microstructure also 

has a considerable effect on forming the desorption peak. 

By the peak separation technique the area of two 

peaks were calculated. The area of the second peak was 

slightly smaller compared to that of the first peak 

although the quantity of primary Mg was slightly more 

than that of eutectic Mg as mentioned before. Generally, 

we know that large sized Mg can’t be fully hydrided. 

That is the reason why the area of the second peak was 
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Fig. 6 The desorption spectra of Mg-13.5%Ni hydride for 

constant initial hydrogen wt% at various heating rate Fig. 7 The plot of ln(b/T²) against reciprocal temperature

slightly smaller compared to that of the first peak. 

Comparing to the previous result of VTA of pure 

MgH2
17)

 the behavior of the evolution of hydrogen is 

different. In pure MgH2 at the initial thermal desorption 

stage, the lower the initial hydrogen wt% hydride of a 

specimen, the faster the desorption rate. In Mg-13.5%Ni 

system at the initial thermal desorption stage, the desorption 

rate is always the same even if the initial hydrogen wt% 

hydride of a specimen is different. This means that a 

continuous moving boundary was formed at an early 

hydriding stage. When a continuous moving boundary is 

formed because of small thickness in case of eutectic Mg 

at an early hydriding stage, the evolution rate at the 

initial stage of desorption for the sample should be the 

same as the one shown in Fig. 5. More detailed reason is 

explained at ref. 17. This behavior has no relation with 

the rate-controlling step for the desorption of Mg-13.5%Ni 

system. 

Fig. 6 shows the results of the thermal desorption for 

various heating rates using a constant initial hydrogen wt % 

of 0.41. 

As the heating rate was increasing, the peak temperature 

was increased. The first peak temperatures for heating 

rates of 1, 2, 3 and 4 K/min were 561, 574, 580 and 585 

K respectively. The second peak temperatures at the 

same condition were 589, 606, 619 and 627 K respectively. 

It is not known as to what the rate-controlling step was 

for the desorption of Mg-13.5%Ni-H system. Yet, 

because of the same type of equations that were derived 

even if the rate-controlling step for the desorption of the 

system is not known, the equations can be adapted to 

analyze the first peak and the second peak.

In order to obtain the activation energy using equations 

derived the first term of the right-hand side of the 

equation should be constant namely, in the ln   vs. 

  plot,   is the temperature at a time during the 

thermal decomposition when a constant  is reached. 

Therefore, to substitute the peak temperature obtained 

with various heating rates for   in equations an assumption 

is needed: although the heating rate is different, the peak 

temperature is formed at constant  if the initial  is 

constant. Instead of , wt % was used. In Fig. 6, the 

shapes of the thermal desorption curves did not change 

even if the heating rate was different. This result implies 

that the above assumption is reasonable. In order to obtain 

the activation energy for the desorption of magnesium 
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Table 1 Calculated variables of two peaks

Peak
Heating

Rate (K)
10

3
/T(K

-1
)

Ln(b/T
2
),

(min
-1

K
-1

)

Peak1

1 1.782 -12.659

2 1.741 -12.012

3 1.722 -11.629

4 1.709 -11.356

Peak2

1 1.696 -12.758

2 1.647 -12.123

3 1.615 -11.758

4 1.594 -11.496

hydride, ln   vs.   is plotted in Fig. 7. 

The calculated variables of two peaks were shown in 

Table 1. The activation energies obtained by first and 

second peak were 147.13 and 102.42 kJ/mol respectively. 

5. Conclusion

To investigate the effect of microstructure on the 

formation of the desorption peak, the volumetric thermal 

analysis technique was applied to the Mg-13.5 wt% Ni 

hydride system. 

For VTA the theoretical rate equation based on the 

continuous moving boundary model is derived when the 

interface chemical reaction and the diffusion of hydrogen 

through   phase are the rate-controlling steps when the 

shape of powder is a flat plate. 

The sample made by the HCS process had two kinds 

of Mg microstructures; primary Mg and eutectic Mg, 

and eutectic Mg2Ni. The sample was hydrided and linear 

heating was started with various constant heating rates. 

Only one peak was observed in the case of small initial 

hydrogen wt% (0.83 wt%). But two peaks were appeared 

with increasing initial hydrogen wt% (1.85 and 3.73 

wt%) although only Mg was hydrogenated. The first 

peak was formed through the evolution of hydrogen 

from MgH2 made by eutectic Mg. The second peak was 

formed through the evolution of hydrogen from MgH2 

made by primary Mg.

Therefore, this result shows that the microstructure 

also has a considerable effect on forming the desorption 

peak. Volumetric Thermal Analysis (VTA) by a volu-

metric apparatus based on Sievert’s method can be used 

to obtain information about the characteristics of hydrogen 

storage materials.
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