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Magnesium has been deeply studied as a possible hydrogen storage material for both,
mobile and static applications. In this work, hydrogen absorption in Ni-catalyzed magne-
sium was measured in a wide range of pressure (500 kPa—5000 kPa) and temperature (498 K
—573 K). Using this information, a model for the absorption kinetics and thermal behavior
of the hydrogen storage system was proposed. This model could be used in the design of
Ni-catalyzed magnesium storage tanks and other applications. It considers the indepen-
dent contribution of three variables: temperature, pressure and reacted fraction to esti-
mate the hydrogen absorption rate. An activation energy for the process was estimated and
the value obtained (92 kJ/mol) was concordant with previous values reported in the
literature.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
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reserved.

1. Introduction

One of the mostimportant obstacles in the design of hydrogen-
powered vehicles is the lack of safe and efficient hydrogen
storage systems for on-board applications. Magnesium is
considered a very promising material for hydrogen storage for
various reasons: relatively high abundance, low price, high
storage capacity (7.6 wt.%) and excellent reversibility [1,2].
However, it has some important drawbacks, in particular the
high temperature needed for the hydrogen sorption and the
slow reaction kinetics and the difficulty of absorbing the
theoretical hydrogen storage capacity of the material.

In order to lower the sorption temperature several studies
have been carried out, most of them focused on the use of
transition metals and transition metal halides or oxides as

additives [3—6]. The main reasons for this choice are the high
affinity between transition metals and hydrogen atoms, and
their ability to exchange electrons during the reaction
(changing their valence and allowing an easier dissociation of
the hydrogen molecule as well as the possibility of chemical
interaction between the transition metal and the magnesium
[3]). These characteristics allow the transition metals and its
oxides and halides to strongly improve the kinetic behavior of
the magnesium-hydrogen system at low temperature [6].
However, these temperatures are still too high for mobile
applications. To enhance the sorption kinetics, it is of great
importance to determine the mechanism which governs the
reaction rate or the contribution of each step.

Different models and equations have been proposed to
predict the kinetic behavior of metal-hydrogen systems and to
determine the controlling step of the reaction [7,8]. Flanagan
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et al. [7] proposed various equations for a wide range of re-
actions, classified in four different subtypes according to the
controlling mechanism: nucleation, geometrical contraction,
diffusion and reaction-order. Chou [8] proposed a new model
for hydrogen absorption in intermetallic systems based on a
core—shell structure which could predict the rate limiting step
of gas—solid reactions. Both cases present functions which only
consider one variable: the reacted fraction [7,8]. Other authors
have presented rate equations which depend on the system
pressure with several pressure dependence functions [9—11].
Pressure and reacted fraction can be independent or not, ac-
cording to how the measure was made. These last analyses
were specially developed for metal-hydrogen systems and then
involve as variable the equilibrium pressure of a hydride phase.

In previous work we could determine that the MgH,—Ni
system presents favorable properties as a hydrogen carrier,
showing fast absorption, and a little dependence on tempera-
ture on the absorption behavior over 473 K [12]. To identify the
factors which determine the reaction rate of the MgH,—Ni
system, a model based on hydrogen absorption measurements
is presented in the current paper. A reaction rate function
based on three independent contributions (pressure (P), tem-
perature (T) and the reacted fraction (x)) has been considered:

r(x,P,T) = f(T)g(P)h(x) (1)
The reacted fraction x was calculated as the ratio between

the amount of hydrogen absorbed at a given time and the

weight of hydrogen absorbed at the end of the reaction.

In order to recognize the variable that mostly influences the
hydrogen absorption rate, the behavior of the Ni-catalyzed
MgH, in a wide range of pressure and temperature was
analyzed. The current work is focused on the modeling of
hydrogen absorption rather than desorption, for the absorption
kinetics is faster and leads to greater thermal differences. This
would allow to focus the effort to make the system viable. The
finalequation provides a quite accurate prediction of the system
behavior and could be used to estimate the effect that temper-
ature and hydrogen pressure could have on the reaction rate.

2. Experimental

The samples were prepared by milling a mixture of MgH,
(Sigma—Aldrich hydrogen storage grade) and Ni (Alfa Aesar
powder mesh <300) in a 50:1 molar proportion. The milling
was performed for 10 h under Ar atmosphere at 400 rpm with
a Fritsch Pulverisette 6 planetary mill with stainless steel vial
and balls. A ball/sample weight ratio of 40:1 was used. All the
sample manipulation was handled in an Ar-filled glove box
equipped with a purification system, in which the typical H,O/
O, levels were below 1 ppm.

The absorption kinetics measurements were performed in
a Sieverts-like device, with temperatures varying from 423 K
to 573K and an initial pressure range from 500 kPa to 5000 kPa.
This range was selected because the vapor pressure of the
magnesium is relatively high for temperature over 573 K,
restraining its application to temperatures below this limit.

Different sample holders were proposed to minimize the
effect of the reaction enthalpy during the absorption. An

estimation of the maximum expected raise in temperature
was done prior to the selection of the sample holder.
Assuming an adiabatic system, and considering the
AH = —70 kJ/mol of H, and a magnesium heat capacity value
(Cp) 0f 29.2 J/mol K [13], the temperature would be increased to
more than 2000 K, if the reaction was fully completed.
Although this value is much higher than the real one observed
during the absorption, it indicates the relevance of the ther-
mal effects that occur in the system. In order to reduce the
impact of this effect, the sample holder was designed with a
central mass that acts as a buffer absorbing part of the heat
released and dissipating it.

The sample holder and its central mass are made of Cu,
which- compared to steel- has higher thermal conductivity
[13]. Hence, once the sample is in contact with the holder
surface a better heat transfer occurs. Taking this Cu mass into
account, the temperature increment was recalculated and the
new value obtained was lower than 150 K. This holder shows
more thermal stability than others. As a reference, the amount
of sample used in the experimental measurements was 0.15 g
and the weight of the Cu central mass was about 10 g.

Due to the sudden expansion of the hydrogen at the
beginning of each experiment and the fast kinetics of ab-
sorption reaction it is very difficult to obtain a first measured
point without an inherent error. The first measured pressure
could be different from the real one. To correct this effect, all
absorption curves were processed adjusting the first point so
that the final capacity of the absorption matches the capacity
of the subsequent experiment of hydrogen desorption.

The temperature was measured outside the reactor. Fig. 1
shows a scheme of the device, indicating the spot in which
the thermocouple is located. It is possible to notice that a
stainless steel wall separates the sample holder from the ther-
mocouple as it is usual in these devices. This configuration is
the mostcommon and the simplest to scale up to a storage tank.
For this reason is important to be able to predict the thermal
behavior of the system based in the outside temperature.

The thermocouple was calibrated for stationary condi-
tions, which allows to know accurately the initial temperature
inside the reactor. However, measured and sample tempera-
tures could be significantly different as the reaction proceeds.
Therefore, the variation of the temperature measured is not
an accurate representation of the variations that occur in the
sample. Considering the values calculated previously, the
system was not considered isothermal, and the following heat
dissipation equation was used for the thermal behavior:

dT AHdx
a <cTa —Rer(T - m)) @

in which kr is a dissipation factor and Tsp is the temperature
outside the reactor. This equation considers the heat pro-
duced by the reaction inside the sample holder and the heat
dissipated through the reactor walls. The simulation of the
curves was done with an Euler method for both, the reacted
fraction and the thermal equations.

A genetic algorithm was used as a parameter adjusting
method. This algorithm takes at random a population of
possible parameters and evaluates its goodness of fit. Then it
creates a new generation of parameters by mixing the ones
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Fig. 1 — Reactor, sample holder and thermocouple location
(TC) scheme.

which best fitted the previous generation. In this way, with
each generation, the population “evolves” to better results. In
this case, an initial population of 200 individuals was selected
and it evolved for 30 generations.

3. Results
3.1. Hydrogen absorption kinetics of Ni-catalyzed MgH,
samples

Hydrogen reaction kinetics of the samples was studied by
continuous cycling in the Sieverts device. The samples
showed an absorption capacity of 5.4 wt.% and high stability

after more than 40 cycles of hydrogen absorption/desorption
as shown in Fig. 2A. This reduced capacity respect to the
theoretical one (7.6 wt.%) is obtained due to the difficult of
accessing to the core of the magnesium particles in a
reasonable absorption time. In our previous work [12], an XRD
analysis of the cycled samples has been presented and the
only phases present in the sample were MgH, and small
amounts of Mg,NiHy/Mg,Ni. No MgO or other compounds
have been observed in the studied samples. These results
from XRD analysis evidence that the studied material is
magnesium hydride, and the Ni composites act as catalysts.

Some of these absorption curves corresponding to different
temperatures are shown in Fig. 2B. In all curves the reaction
was almost completed in less than 30 s (obtaining a conver-
sion fraction of 0.9). The initial pressure of the system for all
the absorption reactions in the figure was 3500 kPa. As ex-
pected, the reaction is slightly faster at higher temperatures.

To obtain the dependence (on temperature and pressure)
of the reaction rate, the measurements were done in a wide
range of pressure (500 kPa—5000 kPa) and temperature
(423 K—573 K). From this set of hydrogen absorption curves,
the reaction rate was calculated. Considering that the differ-
ence between the curves is minor and for a better study of the
system, the reaction rate for every data point in the mea-
surements was calculated by a finite difference method, using
the slope of the secant between the two closest points (the
previous and the following).

Fig. 3 shows the calculated reaction rate at different pres-
sures and temperatures, at a converted fraction of 0.5. Some
measurements performed at intermediate temperatures are
not shown in the figure. The points in the figure represent the
average reaction rate of the measurements performed under
the referred conditions. All the data point includes the reac-
tion rate calculated from 5 to 10 absorption measurements
each. The high temperature absorption curves (>468 K) in
Fig. 3 seem to overlap. The low temperature curves (<438 K)
also overlap with each other but not with the high tempera-
ture curves. It is noticeable that in the intermediate temper-
ature curves (438 K—468 K) the samples present a dual
behavior: at low pressure the rate is similar to the low tem-
perature rates, but at higher pressure the rate is closer to the
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Fig. 2 — Hydrogen absorption curves of the Ni-catalyzed magnesium samples after a different number of cycles (A) and at

different temperatures (B).
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Fig. 3 — Hydrogen absorption rates against system
pressure at different temperatures.

high temperature rate. This strongly indicates that a different
mechanism controls the low and high pressure absorption
reaction for intermediate temperatures.

To analyze the variation of the driving force of the reaction
at each temperature, the reaction rates were plotted against a
reduced pressure, defined as the ratio between the actual
pressure of the system and the equilibrium pressure (Pyeq = P/
Peg). The hydrogen absorption rate as a function of the
reduced pressure at different temperatures is shown in
Figure A1l from the supplementary material. It is also possible
to see the temperature dependence of the system even at high
temperatures, but it is still possible to note that some of the
curves show the previously mentioned dual behavior.

In the current work the absorption reaction in all the range
of pressures and high temperatures is studied and modeled
with Equation (1). The study of absorption reactions at low
pressure and temperature will be presented in a future article.
Due to the methodology of the experiments these variables
are not strictly independent; x and P are tied by the volume of
the Sieverts device and the weight of the sample. Besides, Peq
is a function of temperature, as described in the Van't Hoff
equation. However, as the aim of the current work is to
determine a general equation to describe the behavior of the
system in different conditions, these three variables have
been separated and treated independently. From Equation (1),
the rate equation can be expressed as follows:

r(Tpx) =RFg (5 ) €)
Peq Peq

Equation 3 shows the dependence of the reaction rate on
the three mentioned variables: the temperature dependence
(f), the effects of the driving force (g), and the influence of the
reacted fraction (h). R is a parameter to be determined in the
simulation of the absorption kinetics.

For the analysis, two of the variables were set at constant
values and the absorption rate was calculated for different
values of the third variable. Then, a fitted function was tried
out, which should be the independent equation of the corre-
sponding variable.

3.2 Temperature dependence

For the temperature dependence an Arrhenius-like equation
was proposed:

7(T) = F-Ae T (4)

in which R, is the gas-law constant, A is a pre-exponential
factor, E is the activation energy of the process and F is the
contribution of the other two equations to the reaction rate.

The result of the fitting for a reduced pressure value of 20
and a reacted fraction value of 0.5 is shown in Fig. 4. The fitting
is not very accurate in the high temperature data points. This
happens because the temperatures considered were assumed
as the initial temperature; however, these values will be cor-
rected with the results obtained from the temperature varia-
tion simulations. The activation energy obtained was 121 kJ/
mol H,.

3.3. Reacted fraction dependence

Fig. 5A and B presents the absorption rate dependence on the
reacted fraction for four different temperatures at reduced
pressure equal to 20 (Figure 5A) and 30 (Fig. 5B). The simplest
function to fit the data was a linear model. While this model
could be considered a good approximation because it allowed
the fitting for the values in the 0.25—-0.75 range, it was unable
to reproduce the experimental data for reacted fractions close
to 1 because it reached a value of 0 at a converted value of 0.8.
Therefore, a new data point corresponding to converted
fraction equal to 1 and a reaction rate value of 0 was added,
and an equation which fulfills this condition was proposed:

7H17x

T(x) = b+x

()
In Equation (5), His a constant which takes into account the
product between f(T) and g(Preq) (see Equation (3)); and b is an

Temperature [K]
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In(reaction rate)

T T T T
0.00185 0.00190 0.00195 0.00200

T [1/K]

T T
0.00175  0.00180

Fig. 4 — Hydrogen absorption rates against temperature at
reduced pressure equal to 20 and converted fraction values
of 0.4, 0.5 and 0.6.
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adjustable parameter which defines the shape of the curve.
This equation has its maximum value for converted fraction
equal to zero and a minimum value of 0 when the reaction is
completed. This function behaves linearly for lower values of
x, and its slope decreases with increasing values of x.

The parameters have been adjusted for the curves in
Fig. 5A and B. Parameter b was very similar for every fitted
curve; an average (0.36) of all values was made. This value of
0.36 was adopted for the subsequent recalculations of the
parameter H.

3.4. Pressure dependence

The last needed function is g(P,.q), which considers the in-
fluence of the driving force depending on the pressure. The
absorption rate as a function of the reduced pressure for three
different temperatures is presented in Fig. 6A—C; a linear fit
has been used. The selected function was:

T(Pmd) =G- (Pred — 1) (6)

G is a parameter to be fitted which includes the value of the
other two functions (Fig. 6D). This equation ensures that when
the driving force is zero, the rate will also be zero. These rates
were calculated for a reacted fraction of 0.5.
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This model is not very accurate to describe the data points,
but it has to be reevaluated after the temperature corrections
are made.

3.5. General equation

Once the three independent functions were obtained, f(T),
9(Preq) and h(x), it was possible to propose a general expression
of the reaction rate as a function of P,oq, T and x:

r(T,%q,x) :R~<Pi;q—1> ;+§Ae’R§_T (7)

The parameter R includes the parameters F, G and H.

In order to use this equation for modeling absorption
curves like those shown in Fig. 2B, it is necessary to consider
the thermodynamics of the system. Due to the high reaction
enthalpy and the fast kinetics of the absorption reaction, the
increase of the sample temperature which influences the re-
action rate, is a major factor to be taken into account. To
introduce this thermal behavior of the system, a simple
equation has been proposed to model the temperature
changes during the absorption reaction (Equation (2)).

A genetic algorithm was used to determine the value of the
parameters R and kr.
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Fig. 5 — Hydrogen absorption rates against converted fraction at a reduced pressure equal to 20 (A) and reduced pressure
equal to 30 (B); and the corresponding variation of the H parameter with the temperature (C and D).
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The data range used for the simulation was from 0 to 0.8 of
the reacted fraction. The curves simulated were compared
with an average experimental curve for each temperature-
initial pressure pair, obtained from 5 to 10 independent
measured curves. The criterion used to determine the opti-
mum value of the parameters was the average squared dif-
ference between the calculated pressure value and the
experimental value in the considered range.

All the simulated curves showed a maximum deviation
lower than 5% and an average squared deviation between
0.5% and 3% in the range of interest. This indicates that the
model provides a reliable approximation to the experimental
data in a range of reacted fraction between 0 and 0.8. The
value of parameter R resulted to be different from one simu-
lation to the other, varying between 0.76 and 5.17. This can be
attributed to the inaccurate activation energy calculated
considering the wrong temperatures.

With the simulated pressures and temperatures it was
possible to obtain a plot of the reaction rate against the real-
time reduced pressure calculated with the temperature ob-
tained with the simulation. Using this information the values
in the Fig. 3 were recalculated and new values for the Arrhe-
nius parameters were obtained. These results are shown in
Fig. 7. The linear fit in Fig. 7 gives an activation energy value
for the process of 81 kJ/mol of H,. This value is reasonable for
this kind of process and catalyzed-material [14—17].
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Fig. 7 — Logarithm of the reaction rate against the inverse
of the temperature at a reduced pressure of 12.5 and a
reacted fraction of 0.5.
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Due to the new knowledge about the system temperature
evolution, Fig. 6 is not a very good representation of the re-
action rate dependence with the reduced pressure. In
Figure A2 from complementary material the reaction rate is
plotted against the corrected reduced pressure. It is possible to
notice that the linear model is more accurate when the cor-
rections are made.

Fig. 8 summarizes the absorption reaction rate dependence
with different variables. From this figure it is deduced that
pressure is the main factor in the increment of temperature
during the reaction. At higher pressures the raise of tempera-
ture is also more significant (Fig. 8D and H). Still, an increment
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in the initial temperature shows a lesser impact in the thermal
behavior of the system (Fig. 8B and F). The second point of each
curve is the one that differs most from the fitting. This could be
ascribed to the difficulty in measuring the pressure after the
sudden expansion at the beginning of the experiment. In this
new simulation the parameter R varied in a more limited range
(0.88—1.32 for a temperature range between 523 K and 573 K).
The values adjusted for 498 K varied from 1.8 to 3.9, which
could indicate that a transition mechanism is controlling the
reaction at this temperature. The variations in temperature
observed during the whole reaction confirm that this reaction
did not occur under isothermal conditions.
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the temperature evolution, inside and outside the reactor.

With these new curves, the reaction rate was plotted
against temperature for a constant value of reduced pressure.
These results were fitted with an Arrhenius curve and the new
activation energy value (92 kJ/mol of H,) was very close to the
value previously obtained. Therefore, another step in this
iterative process was considered unnecessary.

In an attempt to assess the predictive power of the model
proposed for the system temperature, some of the measure-
ments were reproduced in a similar Sieverts device with a
thermocouple placed in contact with the sample. The com-
parison between the measured data and the simulated is
shown in Fig. 9. The agreement between these values is very
good. This is a validation of the model developed in the cur-
rent work, allowing its application in other similar systems.

4, Conclusions

In this work the hydrogen absorption in Ni-catalyzed mag-
nesium was studied in a wide range of both, temperature and
pressure. The reaction rate evolution with time was calculated
for every measurement. The analysis of this reaction rate
showed two different behaviors of the system under different
reaction conditions. The high temperature behavior has been
studied and a new model for the hydrogen absorption kinetics
has been proposed. The low temperature measurements will
be studied in a future article.

This new model presents a range of activation energies
based in the initial considerations. The energy values obtained
are concordant with the reported in previous works. The
different activation energies calculated were all concordant
with the reported data. It allows to conclude that the as-
sumptions done during the measurements and calculations
can lead to different values of the activation energy for the
same system. This is an important result to understand the
variation in the values presented in the literature.

Different functions were obtained for the dependence of the
reaction rate on the considered variables (pressure, tempera-
ture and reacted fraction), while the other variables were kept
constant. With these functions, a new global kinetic function

has been proposed for the hydrogen absorption kinetics. The
proposed kinetic expressions reproduce quite accurately the
experimental data obtained from the volumetric measure-
ments. Furthermore, they allow to consider the temperature
variation during the reaction, which is of major importance
since most models presented in the literature disregard the
temperature variation caused by the reaction. A Fourier-like
equation has been proposed for the heat dissipation. This
equation was a good estimation for the thermal behavior of the
system. The predicted temperature variation of the system
was confirmed with the experimental measurements.

The results showed that the thermal effects present in the
absorption are significant and should not be neglected. Recent
work shows the variation in the volumetric measurements
done in different laboratories [18]. This variation might be
related to the strong influence of the different thermal
behavior of different measuring systems.
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