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The limiting step of the dehydrogenation process and the desorption kinetic model of the

composite 0.7Mg(NH2)2e1.4LiHe0.2Li4(NH2)3BH4 under different hydrogen back pressures

at low temperature (200 �C) were studied in this work. It was determined that a single

mechanism model was not able to explain the behavior of the reaction at low and high

reacted fractions simultaneously. A combination of two controlling mechanisms, which

reproduce accurately the behavior of the system, was proposed. The rate equation deduced

involves the contribution of a second grade Avrami model and a 3D diffusion model as a

function of pressure and conversion. At low conversions, the limiting step of the reaction is

the formation of the products. Once a thin layer of product is formed on the surface, the

diffusion through it becomes the new limiting step. With pressure increase, the mecha-

nism change occurs later during desorption due to the higher difficulty in creating nucle-

ation points on a surface exposed to a higher concentration of hydrogen.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Solid-state hydrogen storage for mobile applications is a safe

and efficient method which provides improved volumetric

energy densities at moderate pressures and temperatures.

Among the complex metal hydrides storage systems inten-

sively explored in the past years, the Mg(NH2)2eLiH composite

has attractive features for onboard utilization owing to its

good reversibility, moderate operating temperatures, 5.5 wt%

hydrogen content, and suitable DH (~44.1 kJ mol�1 H2), deter-

mining a desorption temperature lower than 100 �C at
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atmospheric pressure [1e6]. The hydrogen sorption reaction

was presented by Hu et al. [4], according to the following

pathway:

2Mg(NH2)2 þ 3LiH / Li2Mg2(NH)3 þ LiNH2 þ 3H2 (1)

Li2Mg2(NH)3 þ LiNH2 þ LiH / 2Li2Mg(NH)2 þ H2 (2)

In all: 2Mg(NH2)2 þ 4LiH / 2Li2Mg(NH)2 þ 4H25.5 wt% (3)
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However, in order to achieve reasonable desorption rates,

temperatures over 200 �C are required, indicating the presence

of a relatively high kinetic barrier for this reaction to be sur-

mounted, inhibiting its application as a commercial hydrogen

storage material. One strategy in this direction, with positive

effects on its kinetics, is the addition of catalysts, such as al-

kalimetal compounds ormetal borohydrides [7e13]. However,

in order to improve the hydrogen desorption kinetics and

lower the operating temperature, the reactionmechanismhas

to be understood. As it will be presented, a deep analysis of the

kinetics of the LieMgeNeH systemhas not been conducted so

far and there is no doubt that such complete studies are

necessary in order to provide guidelines for improving the

kinetics of this type of systems in the future.

The mechanism of the transformation between lithium

amide and lithium imide for the LieNeH system was pro-

posed by David et al. [14]. They demonstrated that the rate

controlling step was the movement of Liþ in LiNH2 to create a

Frenkel defect pair, a charged interstitial [LiLiNH2]þ, and a

lithium vacancy [Li,NH2]� in a non-stoichiometric manner

[14]. Wu et al. [15] found that in addition to the migration of

the small mobile ions Liþ and Hþ, the mobile H� in hydrides

had a key role in the hydrogen storage of Li2Mg(NH)2. For the

heterogeneous solid-state reaction of Mg(NH2)2 and LiH, Chen

et al. [16] indicated that the reaction rate was controlled by the

interface reaction between amide and hydride in the pre-

liminary stage and mass transport through the imide layer in

the subsequent stage. Then, the kinetics is particle size

dependent. Concerned about the high operating temperature

and slow kinetics that retarded the practical applications of

the LieMgeNeH system, Liu et al. [6] investigated the depen-

dence on particle size of the hydrogen storage performance.

They synthesized Li2Mg(NH)2 by sintering a mixture of

Mg(NH2)2e2LiNH2 with a subsequent ball milling of the prod-

uct for different periods to obtain particles of different sizes,

and they observed that the particle size reduction improved

sorption kinetic properties. For the dehydrogenation reaction,

a three-dimensional diffusion-controlled kinetic mechanism

was identified by analyzing isothermal hydrogen desorption

curves. In agreement with previous works, it was concluded

that the rate-controlling step for dehydrogenation of the

LieMgeNeH system should be the diffusion of the mobile

small ions in both the amide and the imide [6]. Markmaitree

et al. studied the isothermal hydrogenating kinetics of the

pure Li2Mg(NH)2 phase synthesized via dehydrogenating

treatment of a ball milled 2LiNH2eMgH2 mixture [17]. Even

though different possible controlling mechanisms were taken

into account, they concluded that the hydrogenation process

of Li2Mg(NH)2 at 180, 200, and 220 �C could be described as a

diffusion-controlled reaction [17]. A dependence of the onset

dehydrogenation temperature and the dehydrogenation rates

of the Mg(NH2)2e2LiH system on the gas back pressure was

presented by Liang et al. [18]. It was found to be the key factor

for the formation of different crystal structures of Li2Mg(NH)2
(cubic or orthorhombic). Considering all the information pre-

sented, it can be said that there seems to be a general agree-

ment that there is a diffusion-controlled kinetic mechanism

for both the LieNeH and the LieMgeNeH systems [6,17,19,20].

Recent works have demonstrated that lithium fast-ion

conductors have positive effects on the hydrogen storage
properties of the LieMgeNeH system [12,13,21,22]. In our

previous work, Li4(NH2)3BH4 doped Mg(NH2)2e2LiH was

formed by mechanical milling of the 2LiNH2eMgH2e0.2LiBH4

mixture and posterior annealing under hydrogen pressure

[23]. The ionic liquid Li4(NH2)3BH4 with low melting tempera-

ture showed a beneficial effect on the dehydrogenation

behavior after successive cycles in comparison to the pristine

material (Mg(NH2)2e2LiH). The dehydrogenation rate was

doubled, while hydrogenation could be performed 20 times

faster. Although the dehydrogenation rate decreased with the

cycle number, the presence of Li4(NH2)3BH4 stabilized the

hydrogen storage capacity with cycling. The catalytic role of

Li4(NH2)3BH4 in improving the dehydrogenation kinetics was

associated with the weakening of the N-H bond and the mo-

bile small ion mass transfer enhancing.

The aim of this work is to determine, in the first instance,

the limiting step during the dehydrogenation process of the

composite 0.7Mg(NH2)2e1.4LiHe0.2Li4(NH2)3BH4 under

different hydrogen back pressures at low temperature (200 �C).
Furthermore, it was attempted to model the desorption ki-

netics of the system taking into account the different models

and equations proposed in the literature to predict the ki-

netics of metal-hydrogen systems. A single model was insuf-

ficient to describe adequately the kinetic performance of the

doped composite in the complete range of the reaction at

different hydrogen back pressures. The rate equation deduced

involves the contribution of two models with different

weights during the dehydrogenation process.
Experimental

Synthesis of the composites

The starting materials were commercial LiNH2 (Aldrich, 95%),

MgH2 (Aldrich, 98%), and LiBH4 (Aldrich, 90%). Due to the high

reactivity of the samples, they were handled in an MBrau-

nUnilab argon-filled glove box, with oxygen and moisture

levels lower than 1 ppm. For all studies, high purity hydrogen

(Linde, 99.999%) and argon (Linde, 99.999%) were used. The

sample preparation was carried out by mechanical milling of

the 2LiNH2eMgH2e0.2LiBH4 mixture, using a sequence of

15 min milling and 10 min pause in a planetary ball mill

(Fritsch Pulverisette 6) at 500 rpm with a ball to powder mass

ratio of 53:1. The sample was milled for 20 h and to eliminate

possible dead zones, the material was manually mixed after

1 h, 3 h, 5 h, 10 h and 15 h. Then, the composite

0.7Mg(NH2)2e1.4LiHe0.2Li4(NH2)3BH4 was obtained by this

synthesis, followed by thermal treatment for 30 min at 200 �C
under 6000 kPa of hydrogen [23]. It is worth pointing out the

formation of the new phase Li4(NH2)3BH4 during mechanical

milling and that no excess of any reactive was detected.

Characterization of the composites

Hydrogen storage properties of the sample were studied using

modified Sieverts-type equipment, coupled with a mass flow

controller. The sample was transferred in the glove box into a

stainless steel reactor which was connected to the Sieverts

device. Before the first dehydrogenation, the sample was

http://dx.doi.org/10.1016/j.ijhydene.2016.11.079
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Fig. 1 e Second cycle of dehydrogenation at 200 �C of the

ball milled sample with a back pressure of 50 kPa.
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heated to the reaction temperature (200 �C) under hydrogen

pressure of 6000 kPa and kept at this temperature for 30 min.

As it was shown in our previous work [23], this pressure is

more than enough to ensure that the sample does not dehy-

drogenate while heating. Dehydrogenation curves were ob-

tained at a constant temperature of 200 �C. Different hydrogen

back pressures (50, 450, 1000, 1500 and 2000 kPa) were

employed to evaluate the effect of the pressure on the ki-

netics. These hydrogen back pressures were selected consid-

ering the equilibrium hydrogen pressure during

dehydrogenation at 200 �C as 3000 kPa [23]. The rehydroge-

nation was performed at 200 �C with a constant hydrogen

pressure of 6000 kPa. In order to obtain more reliable results,

three measurements were performed at each back pressure

using different samples every time, which allowed the intro-

duction of error bars in the calculation of the principal pa-

rameters (x0, K1 and K2). The amount of absorbed/desorbed

hydrogen was determined with a relative error ±5%.

To determine the limiting step of the reaction during the

dehydrogenation process and to find a model of the desorp-

tion kinetics of the system, different controlling mechanisms,

such as nucleation, geometrical contraction, diffusion and

reaction order were taken into account as a departing point

and were then modified to consider pressure effects [24].

Computational details

The fitting of the desorption curves and the parameter deter-

mination was performed using a least squares method

implemented in Matlab. In order to determine the parameters,

a genetic algorithm was used to select a set of parameters for

each iteration step [25]. This algorithm was successfully

applied previously for the modeling of the Ni-catalyzed MgH2

hydrogen absorption rate [26,27]. The total population for the

algorithm was 200 sets of parameters and it was evolved until

the convergence criterion was met. With these parameters, it

was possible to simulate the desorption curve using the ode45

method provided by Matlab. The curve obtained was then

compared to the experimental one and the goodness of the

fitting was determined calculating the sum of the squared

differences between the experimental and the calculated data.

To advance into the next step of the iteration, the better fitting

parameters were utilized to determine the new parameters.

Each new generation was composed of: 25% of the most suit-

able sets from the previous generation, 25% of the sets gener-

ated by crossover from the previous ones, averaging all the

parameters in the set, 25% of mutations obtained by the

modification of one of the parameters in one of the selected

sets by an order of magnitude, and 25% of immigrants gener-

ated randomly in the same way as the initial population. A

difference smaller than 0.1% between the 25% best fitting sets

of parameters within one generation was used as convergence

criteria (an artificial minimum of 30 generations was imposed

in order to prevent undesired early exits of the calculations).
Fig. 2 e Desorption curve fitted with AvramieErofeev's
nucleation model (A2), first order reaction model (F1), 3D

diffusion model (D3) and a combination of two of them

(A2 þ D3).
Results and discussion

Hydrogen reaction kinetics of the samples were studied by

continuous cycling in the Sieverts device at 200 �C with
different back pressures (50e2000 kPa). The samples showed

an absorption capacity between 4 and 4.5 wt% after several

cycles of hydrogen absorption/desorption. Details about the

hydrogen storage capacity and stability are presented else-

where [23]. In our previous work, XRPD and FTIR analyses of

the milled and cycled samples have been presented showing

the phases present in the samples before and after the

hydrogen cycling. The milled sample obtained was proved to

be a mixture of Mg(NH2)2, Li4(NH2)3BH4 and LiH with a small

amount of residual LiNH2 and MgH2. After submitting it to

thermal treatment under hydrogen, neither LiNH2, nor MgH2,

nor LiBH4were identified as unreacted phases. In the absorbed

state, Mg(NH2)2, LiH and Li4(NH2)3BH4 were identified, and the

presence of Li2Mg2(NH)3 showed that the sample was partially

rehydrogenated. For the dehydrogenated sample, only

Li4(NH2)3BH4 and Li2Mg(NH)2 were identified, which evidenced

the Mg(NH2)2 complete dehydrogenation [23]. Fig. 1 shows a

http://dx.doi.org/10.1016/j.ijhydene.2016.11.079
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typical desorption curve at 200 �C and 450 kPa of back

pressure.

Several equations proposed in literature were considered

to fit the data [28]. A complete summary of the different ki-

netic models, grouped in four subtypes according to the con-

trolling mechanism: nucleation, geometrical contraction,

diffusion and reaction order, has been presented [24]. Fig. 2

shows the comparison of a desorption curve fitted with
Fig. 3 e Curves calculated with the model combination A2 þ D3

desorption cycles with a back pressure of 450 kPa.
three different single models, such as the AvramieErofeev's
nucleation model (A2), the first order reaction model (F1), and

the three-dimensional diffusion model (D3). It can be seen

that none of the models were able to fit the experimental

values at the beginning and at the end of the reaction simul-

taneously. In particular, the 3D diffusion model, which is

agreed to be the controlling kinetic mechanism for LieNeH

systems, did not show good agreement. In order to overcome
and the corresponding experimental data for different

http://dx.doi.org/10.1016/j.ijhydene.2016.11.079
http://dx.doi.org/10.1016/j.ijhydene.2016.11.079


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 6 1 2 7e6 1 3 6 6131
this issue, a better approach could be reached by taking into

account the contribution of two of the previously studied

models, one that could fit the first stage and the other that

could reproduce the behavior at higher conversions. A similar

approach has been presented by Lozano et al. for sodium

alanate [29].

Then, all the possible combinations between models were

considered. A fitting algorithm which required the determi-

nation of the parameters K1, K2 (the kinetic constants for each

model) and x0 was prepared in order to determine the most

adequate models. Physically, this can be considered as a

change in the limiting step of the reaction during the dehy-

drogenation process. The general equation for the reaction

rate using this approach is:

r ¼ a1r1 þ a2r2 01

where r1 and r2 are the reaction rates obtained using the ex-

pressions from the selected initial and final models, and a1

and a2 are the coefficients that weight the contribution of each

model for a given conversion. For these factors, a step-like

function was proposed; in particular, the logistic function

was selected:

a1 ¼ 1� 1
1þ e�40ðx�x0Þ 02A
Fig. 4 e Curves calculated with the model combination A2 þ D3

hydrogen back pressures (50, 450, 1000 and 1500 kPa) for the 4
a2 ¼ 1� a1 02B

where x0 is the reacted fraction value at which the system

changes from one controlling mechanism to the other. The

reacted fraction x was defined as the ratio between the

amount of hydrogen desorbed at a given time and the final

amount of hydrogen released at the end of the reaction. The

value 40 represents the steepness of the curve and was

selected in order to ensure that the reaction transitioned from

90% of the firstmodel to 90% of the secondmodel, in a range of

0.1 for x. To obtain this value, the parameters were allowed to

vary for all themeasurements, and once obtained, the average

value was selected, and then all the fittings were redone with

this new value fixed.

The best fits were obtained using a second grade Avra-

mieErofeev's model as the initial controlling mechanism

and a 3D diffusion model as the final controlling

mechanism.

Fig. 3 shows the curves calculated with the combined

model and the corresponding experimental data for several

desorption cycles. The first desorption is omitted because the

system presented a different behavior in the initial desorption

compared to the following cycles. This phenomenon is usual

in Mg(NH2)2 based systems [23].

The combined model was also used to fit the desorption

curves in a range of pressures between 50 kPa and 2000 kPa.
and the corresponding experimental data with different

th cycle.

http://dx.doi.org/10.1016/j.ijhydene.2016.11.079
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Fig. 5 e Evolution of the reacted fraction value at the controlling mechanism change (x0) with the number of cycles for

different hydrogen back pressures (AeE) and calculated xsteady0 for each back pressure.
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The calculated curves were able to reproduce the experi-

mental data very accurately as it can be seen in the example

of the 4th cycle in Fig. 4 (the fitting corresponding to

2000 kPa is omitted since it has already been presented in

Fig. 2).
Once all the measurements were adequately fitted, the

values of the obtained parameters and the dependence on

pressure and cycle number were analyzed in order to clarify

the behavior of the system. Fig. 5AeE shows the evolution of

the parameter x0 with the number of absorption/desorption

http://dx.doi.org/10.1016/j.ijhydene.2016.11.079
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cycles. It can be noticed that the variation of the parameter

becomes less pronounced with increasing pressures. At

2000 kPa, x0 seems to be constant within the error margin.

This could be an indication that the path followed by the

material at 2000 kPa is different from the one observed at

lower pressures.

In order to determine the contribution of each stage to the

reaction, the steady state value of x0 was calculated as the

average of the values of the last 5 cycles, since all the samples

had already reached the steady state at this point. This value

allows determining the behavior of the system after several

hydrogen absorption/desorption cycles.

As can be seen in Fig. 5F, the (steady state) value of the

parameter x0 increases with increasing pressures, this is an

indication that, at lower pressures, diffusion becomes the

controlling mechanism sooner than at higher pressures. This

observation is in agreement with previous works [6,17,19,20].

A possible explanation for this is that, at higher pressures, the

higher amount of hydrogen molecules surrounding the ma-

terial inhibits desorption on the surface. Since at the begin-

ning of the desorption process the controlling mechanism is

related to the new phase nucleation and growth, the inhibi-

tion of the reaction couldmake this process slower. The lower

pressures may allow a higher number of possible nucleation

points that can rapidly create a thin dehydrogenated shell.

When this happens, the hydrogen diffusion through this shell,

from the core of the material to the surface, becomes the

limiting step. At higher pressures, the lower quantity of

nucleation locations causes a delay in the shell formation and

thus the nucleationmechanism keeps controlling the reaction

up to much higher values than the reacted fraction. This

evolution for low and high back pressures is schematized in

Fig. 6.

The dependence of the steady state value of x0 with back

pressure was fitted with a linear model. This allows to deter-

mine the contribution of each mechanism to the desorption

reaction at a given pressure. The obtained expression is the

following:

xSteady
0 ¼ 0:16þ 5:9 10�5 P: 03

While understanding the desorption mechanism and its

limiting steps can be useful to determine the path to follow to

improve the system performance, the most important factors
Fig. 6 e Scheme of the evolution of the dehydrogenated
to analyze are the reactions kinetic constants of the two

models and their evolution with the hydrogen absorption/

desorption cycles.

Fig. 7 shows the evolution, with the number of cycles, of

the kinetic constants (K1 and K2) associated with the two

different kinetic equations normalized to the first cycle (K1
1

and K2
1 respectively). As it can be seen in the figures, at all

pressures, the reaction kinetics becomes slower after the first

cycle.

This effect is particularly notorious at higher pressures,

where the values decrease even steeper. The kinetic constant

variation with cycles was fitted with a function with the form

K ¼ Ksteady þ Ae�n=t, where Ksteady is the steady state (final)

value of the kinetic constant, A is the pre-exponential factor, n

is the cycle number, and t is the factor that takes into account

the amount of cycles required to reach the steady state. The

analyses of some of these parameters can give information

about the different phenomena occurring in the system at

different pressures. The magnitude of the parameters t and A

for K1 can be considered as indicators of the process that occur

in the first dehydrogenation cycles that may lead to different

pathways of hydrogen absorption/desorption at different back

pressures. They also provide information about how long it

takes to the system to complete the process. The obtained

values of A for the desorptions at 2000 kPa (8.4$10�3 s�1) were

one order of magnitude higher than the corresponding values

for the desorptions at 50, 450 and 1000 kPa (7.7$10�4, 8.1$10�4

and 9.2$10�4 s�1 respectively), indicating that the evolution of

the system is much faster at higher back pressures.

Similarly, the parameter t is smaller for the high pressure

desorptions, which relates to a faster evolution. For hydrogen

storage applications, the most important parameter is the

Ksteady since it is the one that will define the desorption rate in-

operando.

Fig. 8 A shows the dependence of the kinetic constant of

the initial model with pressure. The values can be fitted with

very good agreement to a linear model as shown in the figure.

Using this linear regression, it is possible to obtain an

expression for the kinetic constant of the hydrogen desorption

in the first stages of the reaction:

KSteady
1 ¼ 0:0064� 2:63 10�6P: 04

with P in kPa.
phase at low and high hydrogen back pressures.

http://dx.doi.org/10.1016/j.ijhydene.2016.11.079
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Fig. 7 e Evolution of the normalized kinetic constants K1 and K2 with cycling for different hydrogen back pressures.
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Fig. 8 e Dependence of the kinetic constant ðKSteady
1 Þ of the

initial Avrami mechanism (A2) (A) and ðKSteady
2 Þ of the final

diffusion mechanism (D3) (B) with different hydrogen back

pressures.
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The same analysis can be performed with the kinetic

constants of the final model as shown in Fig. 8B. Again, the

data was fitted to a linear model in order to obtain the

dependence of the kinetic constant with pressure. In this case

it is important to note that the values of K2 are the steady state

values. If the values for the first cycle are considered, the trend

is reverted, with K2
1 increasing at higher pressures. However,

the most interesting values for hydrogen storage are the

values obtained after several cycles, which have been pre-

sented in the figure. From the regression presented, it was

possible to calculate the kinetic constant as a function of the

hydrogen back pressure:

KSteady
2 ¼ 3:3 10�4 � 1:11 10�7P: 05

with P in kPa.

Combining equations (02A), (02B) (03), (04) and (05), it is

possible to obtain an expression for the isothermal reaction

rate of hydrogen desorption in the Mg(NH2)2e2LiH system

with Li4(NH2)3BH4 as additive. In the steady state, the reaction

rate can be expressed as:

r ¼ a1r1 þ a2r2 01

with:

a1 ¼ 1� 1

1þ e�40ðx�0:17þ5:2 10�5PÞ
a2 ¼ 1

1þ e�40ðx�0:17þ5:2 10�5PÞ

r1 ¼ 2
�
0:0064� 2:63 10�6P

�ð1� xÞð � lnð1� xÞÞ1

=

2

r2 ¼ ð3:3 10�4 � 1:11 10�7PÞ 3ð1� xÞ2

=

3

2ð1� ð1� xÞ1

=

3
�

These equations allow the prediction of hydrogen desorp-

tion rate as a function of pressure and the reacted fraction in

the Li4(NH2)3BH4 doped Mg(NH2)2e2LiH, which can be used for

simulations of hydrogen storage tanks in real operation

conditions.
Conclusions

In this work, the hydrogen desorption performance in the

Li4(NH2)3BH4 doped Mg(NH2)2e2LiH was studied at a wide

range of pressures. The evolution of the system during suc-

cessive hydrogen absorption/desorption cycles was also

evaluated. The dehydrogenation behavior under cycling

showed a beneficial effect of Li4(NH2)3BH4 in the composite in

the experimental conditions studied and can be associated

with a catalytic effect. The changes observed in the system

during the first cycles before reaching the steady state could

be related to the formation of Li4(NH2)3BH4 from the original

LiBH4 initially introduced in the mixture. By proposing and

fitting several model equations, it was possible to determine

that a single mechanismmodel was not able to reproduce the

behavior of the reaction at both lower and higher reaction

fractions simultaneously. For this reason, a combination of

two controlling mechanism models was proposed. This

combinedmodelwas able to reproducewith high accuracy the

behavior of the system for the pressure range studied.

The combination of controlling mechanisms that showed

the best accuracy was a second grade Avrami mechanism

model at lower conversions which evolved to a 3D diffusion

model through the course of the dehydrogenation. Since the

second grade Avrami model can be physically related to a

nucleation and growth phenomenon, these results suggest

that, at the beginning, the limiting step of the reaction is the

formation of the products, until a thin layer of product is

formed on the surface. At this transition point, the diffusion

through this layer becomes the new limiting step.

This suggestion is further reinforced by the observation of

the evolution of thementioned transition point with pressure,

which indicates that at high pressures themechanism change

occurs later during desorption. This could be related to the

higher difficulty in creating nucleation points on a surface

exposed to a higher concentration of hydrogen.

The main contribution of this work is that it enables the

prediction of the systembehavior. These results are crucial for

the design of solid-state based hydrogen storage tanks, since

the obtained final equation could be used to estimate the

dehydrogenation rate as a function of the reacted fraction and

http://dx.doi.org/10.1016/j.ijhydene.2016.11.079
http://dx.doi.org/10.1016/j.ijhydene.2016.11.079
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hydrogen back pressure. Moreover, this study provides inter-

esting guidelines for improving the reaction kinetics of the

system. In fact, it shows that the strategies to enhance

hydrogen desorption should be addressed to not only modify

the diffusion through the product layer, but also the nucle-

ation and growth step.
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