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Abstract  

2 LiNH2 –1.1 MgH2 - 0.1 LiBH4 - 3 wt.% ZrCoH3 is a promising solid state hydrogen storage material 

with a hydrogen storage capacity of up to 5.3 wt.%. As the material shows sufficiently fast desorption 

rates at temperatures below 200 °C, it is used for a prototype solid state hydrogen storage tank that is 

coupled to a HT-PEM fuel cell. In order to perform design simulations for this prototype reactor with a 

hydrogen capacity of 2kWhel, model equations for the rate of hydrogen sorption reactions are required. 

Therefore, several material properties, like bulk density and thermodynamic data, have been 

measured and they are summarized in the present publication. Furthermore, isothermal absorption 

and desorption experiments are performed in a temperature and pressure range that is in the focus of 

the coupling procedure. Using this experimental data, two-step model equations have been fitted for 

the absorption and desorption reaction. These empirical model equations are able to capture the 

experimentally measured reaction rates and can be used for model validation of the design 

simulations.  
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1 Introduction 

Due to high theoretical storage densities, complex hydrides show the potential to improve the present 

state of the art of hydrogen storage for automotive applications [1]. As the hydrogen is strongly 

bonded to the powdered material, the amount of free gaseous hydrogen in equilibrium at room 

temperature and pressure is small. Therefore, hydrogen is just released when external heat is 

provided for the endothermal desorption reactions. In case the storage reactor is coupled to a fuel cell 

(FC), the required amount of hydrogen can be released by transfer of the waste heat from the FC. This 

kind of coupled system has already been studied by several simulations and experiments for 

conventional metal hydrides as well as NaAlH4 [2,3].  

The present work has been developed within a framework of activities aiming to realize a hydrogen 

storage tank that is studied in technically relevant scale, i.e. allowing for 2 h coupled operation with a 1 

kWel high temperature proton-exchange membrane (HT-PEM) fuel cell. As for an appropriate tank 

design modelling and simulation tools are used, reliable information on the properties of the selected 



I.Bürger et al. 

Page 2 of 20 

storage material are required, e.g., thermal conductivity, bulk density, storage capacity and reaction 

rate equations. In the present paper, these values are summarized for the selected material. 

The material that has been chosen for the prototype system is based on the Li-Mg-N-H system, as 

these materials release significant amounts of H2 at temperatures below the HT-PEM fuel cell 

operating temperatures, i.e. max. 200 °C. Thus, it is possible to maintain the tank at a temperature 

sufficiently high for good discharging rates by simply using waste heat of the fuel cell. Although the Li-

Mg-N-H system has been suggested for hydrogen storage in automotive applications previously [4], to 

our knowledge, applications have not been reported yet.  

While pure Li-N-H stores theoretically 11.5 wt.% [5], the partial substitution of LiH with MgH2 reduces 

the amount of H2 to 5.4 wt.% [6]. However, this substitution significantly reduces the thermodynamic 

barriers [7,8], and an experimental gravimetric density of 4.6 wt.% below 200 °C can be reached [6]. In 

the basic system for this study, the ratio of Lithium Amide to Magnesium Hydride is 2:1.1, and the 

reaction equation of this system is reported as [6,9] 

2LiNH2+MgH2 →⏟
1

Mg(NH2)2+2LiH ⇌⏟
2

 Li2Mg(NH)2+ 2H2. (1) 

The first step (1) is an irreversible exothermic metathesis reaction that just takes place during the first 

“activation“ procedure. The corresponding reaction enthalpy has been estimated by Araújo et al. as 

68.8 kJmol-1 [10] and experimentally verified by Luo [11]. The storing processes corresponds to the 

second reaction (2), that reversibly absorbs/desorbs hydrogen in two steps (2a and 2b). These steps 

have been verified by in-situ neutron diffraction [12] and can be written as 

 

Li2Mg(NH)2+ 4H→⏟
2𝑎𝑎

LiH+LiNH2+Li2Mg(NH)3 →⏟
2𝑏𝑏

4LiH+2Mg(NH2)2. (2) 

The first step (2a) appears in PCI curves as a sloping region, while the second step (2b) corresponds 

to a plateau [6].  

In order to improve this basic system, different additives have been investigated in the literature. LiBH4 

seemed to improve reaction rates and thermodynamics, when added in small ratios [13,14]. In 2010, 

Zhang et al. presented a system with 2-1.1-0.1 LiNH2-MgH2-LiBH4 and 3 wt.% ZrCoH3, showing a 

theoretical hydrogen capacity of 5.6 wt.% and experimentally observed capacities of 5.3 and 

3.75 wt.% for absorption and desorption, respectively [15]. Ulmer et al. studied the same system 

resulting in capacities of 3.5 to 4.2 wt.% [16]. According to Hu et al. [17], the effects of the two 

additives in this basic system are different. While the addition of LiBH4 facilitates the metathesis 

reaction for the first cycle and furthermore generally enhances kinetics, ZrCoH3 leads to powder 

pulverizing effects. For the development of the prototype reactor, this material has been chosen due to 

the acceptable storage capacity and sufficient reaction rates below 200 °C. In the following, this 

material will be abbreviated as Li-Mg-N-H.  

So far, in literature there do not exist model equations describing the reaction rates of this material for 

absorption and desorption, but rather qualitative comparative studies on the reaction rates using 

different dopants [13,17,18]. Thus, in the present paper, the focus is on the determination of simple 

but satisfying mathematical equations describing the reaction rate of the absorption and desorption 



I.Bürger et al. 

Page 3 of 20 

process of the material in the desired pressure and temperature range. Furthermore, thermodynamic 

data, as well as bulk density, will be summarized.  

 

2 Experimental  

2.1 Material preparation  

LiNH2 (95%, Sigma-Aldrich), MgH2 and LiBH4 (95%, Alfa Aesar) were purchased, stored in the glove 

box and used as received without pretreatment. ZrCoH3 was prepared from ZrCo ingot (SAES Getters 

S.p.A., Italy) by exposing to 1 MPa H2 at ambient temperature and milled before use.  

The starting chemicals with a composition of 2LiNH2-1.1MgH2-0.1LiBH4-3 wt.% ZrCoH3 were loaded 

into a 500 ml milling vial made of stainless steel and sealed inside the glovebox. Ball milling was 

conducted on a Retsch PM-400 planetary ball mill that can accommodate 4 milling vials in one run. 

Each vial contained 103 g of mixture, so that in total 412 g material was prepared in a single batch. 

The milling was operated at 250 rpm in a reverse mode at the interval of 10 min / 1 min for 100 h with 

a ball-to-powder ratio of 5. 

2.2 Activation procedure 

After synthesis, the material is still present in the basic form as Lithium Amide and Magnesium Hydride 

with only a small fraction reacted to Li2Mg(NH)2. Therefore, before the material is cycled, the total 

powder needs to be transformed by an exothermic metathesis reaction (see Equation 1) that also 

causes a clear change in material colour from dark black to light grey. 

For small amounts of material this is usually done by applying a slow heating ramp (2-5 Kmin-1) or just 

by cycling the material in an isothermal measurement setup. However, for larger amounts (2 g or even 

kg scale for the final prototype), it is not possible to keep the reaction bed at isothermal conditions. In 

contrast, the reaction of the material is accelerating due to the heat evolution of this metathesis 

reaction. Therefore, the activation of the material needs to be performed very carefully for larger 

volumes of materials and heat removal needs to be addressed by ,e.g. heating up the material in steps 

of several hours for every 10 K. 

2.3 Density 

As He pycnometry is a suitable method to obtain the density of powder samples at room temperature 

[19], this method has been applied to the selected Li-Mg-N-H material. The He pycnometry 

measurements took place in a home-made, well-calibrated Sievert´s apparatus. Expansions of He 

(purity 6.0) from a reservoir volume to the sample holder took place five times, and the maximum 

pressure was kept under 4 bar to minimize the effect of the gas compressibility.  

2.4 PCI measurements 

Hydrogen sorption experiments were performed in the 0–100 bar pressure range using a volumetric 

instrument (PCI instrument by Advanced Materials Corporation, Pittsburgh PA). Ultra-pure 6.0 grade 

H2 was used and the powders (about 500 mg) were transferred under nitrogen atmosphere in the 

measurement cell. For PCI measurements (performed at 170, 180 and 200°C), the sample was 
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previously activated by three cycles of absorption (100 bar)/desorption (vacuum) at 150°C. For each 

PCI run, new sample material has been used. 

2.5 Testing setup for measurement of reation rates 

 
Figure 1: Left: photo of the reactor used for the reaction rate measurements consisting of container 

and newel. Right: scheme of the Sievert´s type testing setup. 

 

For the measurements of the reaction rates, a reactor has been designed for approx. 2 g of material. 

The main requirement for this reactor has been to guarantee isothermal and isobaric reaction 

conditions over the powder bed. Thus, any heat or mass transport limitations that could affect the 

measured reaction rate have been avoided. This has been realized by the following three points [20]: 

• The contact surface with the surrounding steel has been designed to be as large as possible 
to enhance heat removal and avoid hot spots inside the powder bed.  

• The steel mass of the reactor is big enough to limit the temperature increase to a maximum of 
∆T = 2 K inside the steel material, while taking up the total heat of reaction of the powder.  

• The amount of material inserted into the reactor has to be adapted to absorb 0.1 g H2, leading 
to a sufficient measurement accuracy for evaluation of conversion.  

As shown in Figure 1, the final geometry of the reactor is a newel with a gap of 0.5 mm. The reactor 

can then be filled by screwing the newel into the powder material. In order to control the temperature, 

one thermocouple is integrated into the reactor and placed at the powder. 

For the experiments, this reactor has been integrated into the setup shown in Figure 1. The general 

principle of this setup is a volumetric measurement based on the measured pressure difference in a 

known reference volume before and after the experiment (Sievert´s type) [21]. Before the experiment 

starts, in the known Sievert´s volume a certain pressure (PS4) is applied. Furthermore, the 

temperature in the reactor is controlled by a thermostatic bath at the defined set temperature. After 

opening a pneumatic valve, the gas from this volume can enter the volume of the reactor, and the 

absorption reaction is initiated. From the decrease in pressure that is measured by a differential 
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pressure sensor (DPS1) and may not exceed 2 bar in order to guarantee isobaric conditions, the mass 

of hydrogen absorbed can be calculated while accounting for the extra void space in the reactor. In 

case of desorption, the same procedure is inversed and the pressure is increased in the Sievert´s 

volume.  

 

3 Results and Discussion 

In the following, the results of the important properties of the Li-Mg-N-H material for reactor design 

simulations are presented and summarized. 

3.1 Bulk properties  

The material density is a very important property in order to estimate the volume the material occupies 

in the reactor and thus an important input parameter for the reactor design simulations. Using the 

setup described in Section 2, the density of the as-milled sample has been determined to be 

1.00·103 kgm-3 The sample was afterwards heated up to 500 °C at 2 °C/min and was kept isothermally 

for 8 h. Then, it was let to cool down to room temperature where pycnometry measurements took 

place. Its density in the desobed state was 0.79·103 kgm-3. These values are in accordance with 

literature values of 0.54·103 kgm-3 for the bulk density, when an open porosity of 50 to 60% is 

assumed [22]. 

3.2 Thermodynamic properties  

As during lab-scale experiments high equilibrium temperatures (220-250 °C) have been reached at 

pressures of 70 or 85 bar, experimental PCI measurements as well as experimental lab-scale results 

have been used for the determination of the thermodynamic parameters. From the corresponding van’t 

Hoff plot, the enthalpy (∆RH) of the sorption reaction is ∆RH = -38 kJ·mol-1H2 and 45 kJ·mol-1H2, and the 

entropy (∆RS) of the reaction is ∆RS = -111 J·mol-1H2·K-1 and 124 J·mol-1H2·K-1 for absorption and 

desorption, respectively. These values are in good agreement with those reported in ref. [23].  

3.3 Reaction rates 

In order to simulate basic absorption or desorption scenarios in a reactor, the reaction rate of the 

material is necessary. Therefore, empirical equations for the absorption and desorption of the present 

Li-Mg-N-H material have been developed and the according results are summarized in this section.  

The procedure that is used for the fitting of all rate equations is based on the assumption that the 

effective reaction rate can be described by the following equation  

 
𝜕𝜕𝑥𝑥
𝜕𝜕𝑡𝑡

= −𝐴𝐴 ∙ exp �−
𝐸𝐸𝑎𝑎
ℜ𝑇𝑇

� ∙ 𝑓𝑓(𝑃𝑃)���������������
𝑘

∙ 𝑓𝑓(𝑥𝑥), (3) 

where x is the transformed fraction, t is the time and P is the pressure. The first term on the right hand 

side refers to the Arrhenius equation describing the temperature dependency of the reaction rate, 

where A is the pre-exponential factor, Ea is the effective activation energy and ℜ is the gas constant. 

The second term represents the thermodynamic information by a dependency of the rate on the 
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distance to the equilibrium pressure. For this term, two basic mechanisms which are common for 

metal hydrides according to [24,25] or [26,27]  

 

𝑓𝑓(𝑃𝑃) = �𝑃𝑃−𝑃𝑃eq

𝑃𝑃eq
�,  or 𝑓𝑓(𝑃𝑃) = ln�

𝑃𝑃
𝑃𝑃eq
�, 

(4) 

have been used, where Peq is the equilibrium hydrogen pressure. As indicated in Equation 3, the 

product of the Arrhenius and the pressure term is also referred to as rate coefficient k.  

The last term on the right hand side of Equation 3 defines the influence of the reaction mechanism. 

Several different functions are possible that represent according model concepts, e.g., reaction order, 

diffusion, 2D or 3D growth, etc. [28]. In this case, the following three different mechanisms will be used 

for the empirical description of the absorption and desorption reaction rate for the mixed materials:  

1st order 𝑓𝑓(𝑥𝑥) = (1 − 𝑥𝑥). (5) 

0th order 𝑓𝑓(𝑥𝑥) = 1. (6) 

general Avrami-Erofeev 
𝑓𝑓(𝑥𝑥) = 𝑛𝑛(1 − 𝑥𝑥)[− ln(1 − 𝑥𝑥)]

𝑛𝑛−1
𝑛𝑛 . (7) 

For the determination of the different terms and parameters in Equation 3, isothermal reaction rate 

measurements are performed, and the following four fitting steps summarize the applied procedure 

[29]: 

i. The thermodynamics of the reaction step are determined and mathematically described by the 
van´t Hoff equation. 

ii. The correct reaction mechanism for the reaction rate 𝑓𝑓(𝑥𝑥) = 1
𝑘

 𝜕𝑥
𝜕𝑡

 is determined. The 

mechanism is correct, when the integral value versus the time follows a straight line, 𝑔𝑔(𝑥𝑥) =
𝑘𝑘 ∙ 𝑡𝑡, where the slope refers to the rate coefficient k. 

iii. For the determination of a correct pressure term, the rate coefficient k is divided by different 
pressure terms (see Equation 4). A sufficient fit is achieved, when the values for experiments 
at the same temperature but different pressures match each other. 

iv. In the last step, the activation energy Ea, as well as the pre-exponential factor A are 

determined. According to ln � 𝑘
𝑓(𝑃𝑃)

� = ln𝐴𝐴 − 𝐸𝑎
ℜ

1
𝑇
, A refers to the exponent of the value of the 

intersection with the ordinate, while Ea refers to the slope times R, when ln � 𝑘
𝑓(𝑃𝑃)

� is plotted 

versus  1
𝑇
. 

This scheme is applied for the fitting procedure of all reaction rate equations presented in the following 

for absorption and desorption of the Li-Mg-N-H material. For all fitting procedures, the minimum range 

of fitted values for the transformed fraction has been set between 10 and 80 % for both, absorption 

and desorption data. 

3.3.1 Absorption reaction 

The absorption experiments have been performed at three different pressures and up to five different 

temperatures 

• 100 bar: (100), 125, 160 °C 
• 85 bar: 125,150,160,170°C 
• 70 bar: (100), 125, 150 - repeat, 160, 170°C 
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The first experiments show reproducibility, however, after the last experiment at 170 °C, the reaction 

rate for the absorption experiment decreases, probably due to degradation effects. For the 

determination of model equations, the experiments after the degradation process have been excluded. 

The experiments at 100 °C have also been removed from the fitting procedure, as the measurements 

of the pressure signal have not been significant due to very slow reaction rates. For all remaining 

experiments, the experimental data have been fitted with reaction rate equations for the first 1800 s. 

Furthermore, the data have been normalized referring to a maximum H2 fraction of 3.2 wt.%. For 

longer timescales, the material is still absorbing some H2. However, the reaction rate is very slow and 

in scale-up experiments, longer reaction times exceed the appropriate timeframe for an absorption 

experiment (e.g. automotive fuelling).  

Figure 2 shows all experiments performed in one plot. Different colours indicate different pressures. It 

can be clearly seen that the reaction is rather slow below 150 °C. However, above this temperature, 

the rates increase very rapidly with increasing temperatures. At 170 °C, the absorption of the material 

can be completed in less than 5 minutes. It is very important to capture correctly this strong 

temperature dependency of the reaction rate, as the temperature behaviour in a lab-scale tank can be 

strongly non-isothermal due to heat transfer resistance of the powder material. Furthermore, Figure 2 

indicates that besides the strong temperature dependency, the reaction rate also increases with 

increasing hydrogen pressure. 

Referring to the literature [12], (compare Equation 2), the reaction proceeds in two steps and the 

according transition is indicated by the horizontal line in Figure 2. The normalized transformed fraction 

of the first step of absorption (Xabs,I) here refers to the first 33 % of transformed fraction xabs, for the 

second step (Xabs,II) to the following 67 %, respectively. The mathematical formulation of the 

normalization is 𝑋𝑋abs,I = 𝑥
0.33

 for 0 ≤ x ≤ 0.33 and 𝑋𝑋abs,II = 𝑥−0.33
0.67

  for 0.33 ≤ x ≤ 1.  
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Figure 2: Transformed fraction vs. time for all absorption experiments. ■, □ (repro): 70 bar, ▲: 85 bar, 

●: 100 bar. Temperatures as indicated by numbers and colours (black: 125 °C, blue: 150 °C, red: 160 

°C, green: 170 °C). The horizontal line refers to the transition between 1st and 2nd reaction step. 

 

In order to follow the 4-step procedure described in Section 3.3, a description of reaction 

thermodynamics is required. In the present case, it is assumed that the thermodynamic data of both 

steps can be described by one single van´t Hoff equation, as experimental data are not available for a 

more detailed description. Even though this is a rather strong assumption, the resulting fits show a 

sufficient accuracy in the required temperature and pressure range. This is mainly due to the fact that 

all application relevant conditions are far from the thermodynamic equilibrium (Pset = 70 bar Peq,abs < 20 

bar for T < 170 °C). Thus, this empirical approach can be used in order to sufficiently describe the 

thermodynamic information in the reaction rate equations necessary for reactor design simulations. 

The according values refer to Section 3.2  

ln �
𝑃𝑃eq

𝑃𝑃0
� =  

∆𝑅𝑅𝐻𝐻
ℜ𝑇𝑇

−
∆𝑅𝑅𝑆𝑆
ℜ

, (8) 

  

where P0 is the reference pressure (1 bar). Using this information, the last three steps to fit the 

parameters for the empirical rate equations can be performed for both absorption steps. 

3.3.1.1 1st absorption step 

In the first step, just one reagent (i.e. gaseous hydrogen) that is very abundant is involved in the 

reaction and the measured transformed fraction versus time data show a linear behaviour (see Figure 

2). Therefore, a model with 0th reaction order has been chosen that includes an Arrhenius-type 

temperature dependency as well as a dependency on the thermodynamic equilibrium 
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𝑋𝑋I,abs

𝜕𝜕𝜕𝜕
= 𝐴𝐴abs,I ∙ exp �−

𝐸𝐸a,abs,I

ℜ𝑇𝑇
� ∙ 𝑓𝑓(𝑃𝑃,𝑃𝑃eq,abs) ∙ (1). (9) 

Due to the 0th order characteristic of the reaction, the integral equation for the transformed fraction can 

be written as 

𝑔𝑔�𝑋𝑋I,abs� =  𝑋𝑋I,abs(𝑡𝑡) = 𝑘𝑘 ∙ 𝑡𝑡, (10) 

where k refers to the rate coefficient  

𝑘𝑘 = 𝐴𝐴abs,I𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸a,abs,I

ℜ𝑇𝑇
� ∙ �

𝑃𝑃 − 𝑃𝑃eq,abs

𝑃𝑃eq,abs
�. (11) 

By fitting a straight line to the transformed fraction versus time plot (Figure 2), this coefficient k can be 

determined as the corresponding slope. Additionally, using the second fitting step the pressure 

dependency of the reaction rate is determined. In this case, the best fit can be achieved, when the 

expression 𝑓𝑓(𝑃𝑃) =  �𝑃𝑃−𝑃𝑃eq,abs

𝑃𝑃eq,abs
� is used. The corresponding Arrhenius plot, with the 95 % confidence 

intervals (dotted lines), is shown in Figure 3. Finally, by fitting a straight line to this data, the kinetic 

parameters can be determined: the slope refers to the effective activation energy Ea,abs,I, and the 

intersection with the ordinate to the pre-exponential parameter Aabs,I.  

3.3.1.2 2nd absorption step 

The determination of the rate equation for the 2nd reaction step is performed analogously. Due to the 

decelerating behaviour in the transformed fraction versus time plot (compare results obtained at 

varying temperatures in Figure 2), the reaction mechanism for this step is described as a 1st order 

reaction. Complementing this term for the mechanism, again an Arrhenius-type temperature behaviour 

and a dependency on the thermodynamic equilibrium are included into the rate equation 

𝜕𝜕𝑋𝑋abs,II

𝜕𝜕𝜕𝜕
= 𝐴𝐴abs,II ∙ exp �−

𝐸𝐸a,abs,II

ℜ𝑇𝑇
� ∙ 𝑓𝑓(𝑃𝑃,𝑃𝑃eq,abs) ∙ �1 − 𝑋𝑋abs,II�. (12) 

According to the 1st order mechanism, the experimental data follow a straight line, when plotted 

according to the integrated rate equation 

𝑔𝑔�𝑋𝑋abs,II� = − ln�1 − 𝑋𝑋abs,II� = 𝑘𝑘 ∙ 𝑡𝑡. (13) 

The slopes of these lines again refer to the rate coefficients k. The best fit for the pressure term has 

been determined to 𝑓𝑓(𝑃𝑃) =  �𝑃𝑃−𝑃𝑃eq,abs

𝑃𝑃eq,abs
�, and the according Arrhenius plot with the 95 % confidence 

intervals (dotted lines) is shown in Figure 3. 

The final full set of parameters for the two reaction steps is given in Table 1. 
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Figure 3: Arrhenius plots with experimental data (symbols) and fit with 95 % confidence intervals 

(straight and dashed line, respectively) for 1st reaction step: ▲, and 2nd reaction step: ■. 

3.3.1.3 Discussion 

The values for the activation energy presented in Table 1 are in the same range as literature values for 

the same reaction (128 kJ·mol-1 [17]). However, the errors in the activation energies, which refer to the 

exponent of the error in the slope of the straight lines, are rather large. Therefore, all values presented 

in Table 1 should not be referred to the actual physical properties, but to apparent values for a 

sufficient fit of the effective reaction rate. Furthermore, these values are only valid in the measured 

temperature and pressure range and can therefore not be extrapolated.  

Figure 4 A and B show the comparison between experimental and model data for the experiments at 

different temperatures and pressures of 70 and 85 bar, respectively. Changes in the slope of 

calculated curves for xabs = 0.33 are related to the selected two step model. Obviously, the empirical 

two-step model is able to capture the temperature and pressure behaviour very well from 125 to 

170 °C. Only in the first range of the 2nd reaction step for the experiements at temperatures above 

150 °C, the simulations underestimates the experimental effects. This behaviour can be explained by 

very fast reactions leading to non perfect isothermal conditions in the reactor and thus faster reaction 

rates in the experiment. As a conclusion, it can be stated that the model can capture the temperature 

and pressure dependency of the absorption reaction rate. Therefore, it can be implemented into 

models that are used for tank design development. 
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Figure 4: Experimental (symbols) and model (lines) data for transformed fraction in both steps vs. time 

at indicated temperatures. A) at 85 bar B) at 70 bar. 

 

3.3.2 Desorption reaction  

For desorption characterization, experiments have been performed at three different temperatures and 

up to four different starting pressures. The lowest starting pressures are indicated with s.v. for static 

vacuum at 5 mbar. 

• 155 °C: s.v. (1.33 bar)  
• 165 °C: s.v. (1.14), 1.4 (2.43), 3 (4.3) bar 
• 175°C: s.v. (1.35), 1.4 (2.42), 3 (4.24), 4.5 (5.55) bar. 

Results of experiments are shown in Figure 5 for the first 3600 s. For experiments with very slow 

rates, or experiments at high desorption pressures, at the end of an experiment the temperature has 

been set to 180 °C and the pressure to static vacuum (5 mbar) in order to guarantee full conversion. 

As the experiments have been performed in the Sievert´s type apparatus described in Section 2, the 

pressures, which have been set in the beginning, increased by the additional hydrogen released 

during the experiment due to the compressed gas in the void fraction and due to the reaction (approx. 

1 bar and 0.9 bar, respectively). Therefore, the pressures set in parentheses indicate the pressure 

0.0

0.2

0.4

0.6

0.8

1.0

0 600 1200 1800
0.0

0.2

0.4

0.6

0.8

A

 
tra

ns
fo

rm
ed

 fr
ac

tio
n 

x ab
s i

n 
1

125°C

150°C
160°C

170°C

B

 

tra
ns

fo
rm

ed
 fr

ac
tio

n 
x ab

s i
n 

1

time t in s

125°C

150°C

160°C170°C



I.Bürger et al. 

Page 12 of 20 

present in the system at 0.25 transformed fraction. These values are also used for the fit of the 

pressure dependency. Analogous to the absorption experiments, the maximum gravimetric capacity is 

3.2 wt.%.  

A summary of all measured transformed fraction as a function of time is given in Figure 5. From this 

plot, a clear sigmoidal shape of the curves can be observed, as well as a very slow reaction rate 

above 0.6-0.7 of transformed fraction. In accordance with the modelling of the absorption reaction, the 

desorption reaction is divided into two steps, where the transformed fraction of the first step Xdes,I 

refers to 0 ≤ xdes ≤ 0.67 and for the second step Xdes,II refers to 0.67 ≤ xdes ≤ 1, respectively.  

Similar to the procedure for the determination of the rate equations of the absorption reaction, first a 

description of the thermodynamic equilibrium is necessary. These values differ from absorption due to 

a hysteresis behaviour of the reaction system and are summarized in Section 3.2.  

 

Figure 5: Transformed fraction vs. time plot for all experimental measurements at temperatures 

indicated by values and colours. s.v.: ■, 1.4 bar: ▲, 3 bar: ●, 4.5 bar: ▼. 
 

3.3.2.1 1st desorption step 

Due to the sigmoidal shape of the 1st reaction step, a model with a general Avrami-Erofeev 

mechanism is used, where the best value for the variable n has been determined to 1.5. Thus, the 

following equation describes the mechanism, the Arrhenius type temperature dependency as well as 

the pressure term  

𝜕𝜕𝑋𝑋des,I

𝜕𝜕𝜕𝜕
= 𝐴𝐴des,I ∙ exp �−

𝐸𝐸a,des,I
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.𝑓𝑓�𝑃𝑃,𝑃𝑃eq,des� ∙ 

 𝑛𝑛�1 − 𝑋𝑋des,I� ∙ �−𝑙𝑙𝑙𝑙�1 − 𝑋𝑋des,I��
𝑛𝑛−1
𝑛𝑛    

(14) 
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𝑔𝑔�𝑋𝑋des,I� = �− ln�1 − 𝑋𝑋des,I��
1
𝑛𝑛 = 𝑘𝑘 ∙ 𝑡𝑡, (15) 

which is plotted in Figure 6 as a function of time. As the plotted data follows straight lines, the chosen 

mechanism sufficiently captures this reaction step, and the according slopes refer to the rate 

coefficients k. In this case, the thermodynamic contribution to the reaction rate is well described by a 

logarithmic pressure expression 𝑓𝑓(𝑃𝑃) =  ln �𝑃𝑃eq,des

𝑃𝑃
�. The corresponding Arrhenius plot is shown in 

Figure 7.  

 
Figure 6: Experimental data and fit for reaction mechanism of 1st desorption step. Initial pressures at 

s.v.: ■, 1.4 bar: ▲, 3 bar: ●, 4.5 bar: ▼. Temperatures at 175 °C: green: 165 °C red, 155 °C: black.  
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Figure 7: Arrhenius plot for 1st desorption step with experimental data (symbols) and fit (red line) as 

well as 95 % confidence intervals (dashed line). 

3.3.2.2 2nd desorption step 

For the second desorption step, the fitting procedure is difficult as the rate of reactions are very slow 

leading to unsatisfying accuracies in the experiments. Therefore, the focus for the empirical reaction 

equations has been to capture the behaviour in a very small temperature and pressure range that is 

most interesting for the coupling to a HT-PEM fuel cell, i.e. 165 °C and < 3 bar.  

Analogous to the 1st absorption step, for the 2nd desorption step, a 0th order mechanism has been 

chosen  

𝜕𝜕𝑋𝑋des,II

𝜕𝜕𝜕𝜕
= 𝐴𝐴des,II ∙ exp �−

𝐸𝐸a,des,II

ℜ𝑇𝑇
�   ∙ f�𝑃𝑃,𝑋𝑋des,II

max �  ∙ 1. (16) 

As in the PCI diagrams a strong sloping region can be observed [6], the pressure terms for the 2nd 

desorption step basically represents a dependency of the final transformed fraction (𝑋𝑋II
max) on the final 

back pressure applied. With lower desorption pressures, higher storage capacities can be reached. 

The implemented function is therefore 

𝑓𝑓�𝑃𝑃,𝑋𝑋des,II
max � = �1 − 0.1515 (𝑃𝑃 − 1.1[𝑏𝑏𝑏𝑏𝑏𝑏])� ∙ 𝑋𝑋des,II

max , (17) 

which is only valid for the technically relevant boundary condition of P < 7.7 bar. The according 

parameters for the Arrhenius type temperature dependency have been determined in analogy to the 

previous rate equations using only the experiments starting from static vacuum (5 mbar).  

The final set of parameters for both steps is shown in Table 1. 

3.3.2.3 Discussion 

Figure 8 shows the experimental and simulated data for the 1st desorption step. From this plot it can 

be stated that the model is able to capture the measured data in the relevant range of transformed 

fraction quite well. Furthermore, Figure 9 shows experimental and simulated data for the complete 

desorption reaction at 165 °C with various back pressures. These parameters refer to the technically 

relevant conditions during a coupling procedure with a HT-PEM fuel cell. The agreement between the 

experimental data and the simulation using the empirical model equations is acceptable. However, it 

has to be emphasized, that the experimental data especially for the 2nd desorption step have been 

scarce. Thus, extrapolation to other temperatures should be avoided or checked carefully.  

Finally, it can be concluded that the given desorption model equations are able to sufficiently describe 

the temperature, pressure and transformed fraction behaviour of the material in an application relevant 

range. Thus, the model equations can be used for solid state hydrogen storage tank design 

simulations.  
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Figure 8: Transformed fraction vs. time for the 1st reaction step of desorption. Symbols refer to 

experiments, lines to model equations. Black: 155 °C, red: 165 °C, green: 175 °C. s.v.: ■, 1.4 bar: ▲, 

3 bar: ●, 4.5 bar: ▼.  

 
Figure 9: Transformed fraction vs. time for complete desorption experiments at 165 °C. Symbols refer 

to experiments, lines to model equations. s.v.: ■, 1.4 bar: ▲, 3 bar: ●.  
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4 Conclusions 

Important parameters for the modelling of a hydrogen storage reactor based on 2LiNH2–1.1MgH2-

0.1LiBH4-3wt.-%ZrCoH3 have been determined. For the bulk density in the absorbed state a value of 

1.00 10-3 kgm-3 has been measured for the as-milled sample and 0.79 10-3 kgm-3 for the desorbed 

state. Furthermore, the enthalpy and entropy of the absorption reaction have been determined to  

∆Habs = - 38 kJ mol-1H2 and ∆Sabs = -111 J mol-1H2 K-1, and for desorption to ∆RH = 45 kJ mol-1H2 and 

∆RS 124 J mol-1H2K-1, respectively.  

Regarding the rate of reactions, for absorption, a 2-step model has been fitted to experimental data 

using a 0th order model for the first and a 1st order model for the second reaction step. The comparison 

between simulated and experimental data shows a good agreement, especially for the temperature 

dependence that is very important for the simulation of strongly non-isothermal solid state hydrogen 

storage tanks. 

The desorption behaviour is best captured with an Avrami-Erofeev model using n = 1.5 for the first 

step, while for the second step a dependency of the transformed freaction from the equilibrium 

pressure has been included. Using these empirical equations, the first reaction step can be captured 

by the model over the experimentally determined temperature and pressure range. However, for the 

second step, the determined equations are just valid for the boundary conditions (~ 165 °C and  

< 3 bar) that occure during the coupling to a fuel cell.  

In general, the given material data enables a complete mathematical description for the conversion of 

the reaction system 2LiNH2–1.1MgH2-0.1LiBH4-3wt.-%ZrCoH3 at technically relevant boundary 

conditions that can be used for future tank simulation and development. 
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Table 1: Model parameters for 1st and 2nd reaction step of Li-Mg-N-H absorption (abs) and desorption 
(des) with according error values as well as the R2 value for the quality of the fit. 

 
Table 2: Nomenclature 

A  pre-exponential factor   s-1 

Ea  activation energy   kJ·mol-1 

k  rate coefficient    s-1 

P  gas pressure    bar 

P0  standard pressure   bar 

Peq  gas pressure at equilibrium conditions bar 

ℜ  Gas constant (8.314)   J·kg-1·K-1 

s.v.  static vacuum (here: 5 mbar) 

t  time     s 

T  temperature    K 

x  transformed fraction   1 

XI  transformed fraction of 1st step  1 

XII  transformed fraction of 2nd step  1 

  value accuracy 
1st step abs Ea,abs,I 

in kJmol-1 
164.8 ±4.6 

�
𝑃𝑃 − 𝑃𝑃eq,abs

𝑃𝑃eq,abs
� 

Aabs,I 
in kJmol-1 

2.729 1017 ·e1.31 = 3.71, ·e-1.31 = 0.27 

2nd step abs Ea,abs,II 
in kJmol-1 

147.8 ±7.9 

�
𝑃𝑃 − 𝑃𝑃eq,abs

𝑃𝑃eq,abs
� 

Aa,II 
in kJmol-1 

4.678 1014 ·e0.95 = 2.59, ·e-0.95 = 0.39 

1st step des Ea,des,I 
in kJmol-1 

131.800 ±7.1 

ln �
𝑃𝑃eq,des

𝑃𝑃
� Ades,I 

in kJmol-1 
2.35 1012 ·e1.92 = 6.82, ·e-1.92 = 0.15 

2nd step des Ea,des,II 
in kJmol-1 

161.400 - 

 Ades,II 
in kJmol-1 

3.044 1015 - 
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