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Isothermal hydrogen desorption of spark discharge generated Mg/NbO, and Mg/Pd metal hydride
nanocomposites is consistently described by a kinetic model based on multiple reaction rates, in
contrast to the Johnson-Mehl-Avrami-Kolmogorov [M. Avrami, J. Phys. Chem. 9, 177 (1941); W.
A. Johnson and R. F. Mehl, Trans. Am. Inst. Min., Metal. Eng. 135, 416 (1939); A. N.
Kolmogorov, Izv. Akad. Nauk SSSR, Ser. Mat. 3, 355 (1937); F. Liu, F. Sommer, C. Bos, and E. J.
Mittemeijer, Int. Mat. Rev. 52, 193 (2007)] model which is commonly applied to explain the
kinetics of metal hydride transformations. The broad range of reaction rates arises from the
disperse character of the particle size and the dendritic morphology of the samples. The model is
expected to be generally applicable for metal hydrides which show a significant variation in
particle sizes, in configuration and/or chemical composition of local surroundings of the reacting
nanoparticles. © 2011 American Institute of Physics. [doi:10.1063/1.3659315]

In the context of hydrogen storage, MgH, remains an
attractive candidate despite its relatively high stability and
slow sorption kinetics. The latter can be substantially
increased using small grain sizes' and adding transition met-
als or their oxides. In particular, niobium? and palladium®*
have a pronounced impact on the sorption kinetics. Previous
studies*® showed that spark discharge generation (SDG) is a
versatile method for the production of metal nanoparticles.
In particular, the onset of hydrogen desorption of spark dis-
charge produced MgH, nanoparticles loaded from the gas
phase occurs at a rather low temperature of ~400 K.> The
hydrogen desorption is characterized by a broad desorption
profile, which could be explained in terms of multiple appa-
rent activation energies.

Here, we present a systematic study of the isothermal
hydrogen desorption kinetics of spark discharge Mg/NbO,
and Mg/Pd nanocomposites loaded from the gas phase. We
found that a kinetic model based on multiple reaction rates
within the sample can consistently describe the results from
our studies, in contrast to the Johnson-Mehl-Avrami-Kolmo-
gorov (JMAK) model,”'* applied to metal hydride transfor-
mation kinetics, and explains the transformation as a
homogeneous nucleation and growth process. The broad
range of reaction rates arises from the disperse character of
the particle size distribution and the dendritic morphology of
the SDG samples.

A dual spark generator setup® was used for the production
of Mg nanoparticles and for the intermixing with spark dis-
charge generated Pd or Nb catalyst particles in-situ in the
spark discharge reactor. The frequency of the 40 mJ Mg
sparks is 300 Hz. In order to produce a targeted amount of a
few at. % of catalyst, the second spark is operated with 14 mJ
pulses at a frequency of 34 Hz. The samples were loaded in a
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hermetically closed sample holder in an Ar glovebox. Trans-
mission electron microscopy (TEM) was performed on a FEI
TECNAI TF20 monochromatic electron microscope at
200kV. The x-ray diffraction (XRD) was performed using a
Panalytical X’pert Pro PMD diffractometer with a Cu Ku
source (A =1.54187 A) with an X’Celerator line detector. The
Rietveld refinement of the spectra was performed using the
GsAs software package. The hydrogen desorption kinetics was
measured in a home built temperature programmed desorption
(TPD) setup.” Hydrogen loading before each desorption run
was performed at 6.2 bar at 573 K for 6 h. Hydrogen unloading
was performed at various temperatures for 20 h under vacuum
of approximately 10~> mbar. The rate of hydrogen desorbed
was monitored using a quadrupole mass spectrometer.

A representative TEM image of the Mg/NbO, nanocom-
posite sample presented in Fig. 1 indicates a uniform disper-
sion of Nb-containing particles intermixed with the Mg
particles, as confirmed using energy-dispersive x-ray spec-
troscopy (EDS). The corresponding XRD pattern in Fig. 1
showed the presence of hexagonal Mg with crystallite sizes
of ~30nm, similar to the Mg/Pd sample. The crystalline
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FIG. 1. (Color online) XRD pattern and Rietveld refinement of Mg/NbOy
nanocomposites produced by SDG (black are the data points, red the fit, and
blue the residual). Inset shows a representative TEM image of the sample
as-produced. Dark spots are Nb-containing particles.
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Nb-compounds in the as-produced sample mainly consisted
of Nb,O5 and NbO,. TEM images of the Mg/Pd nanocompo-
sites showed a similar dendritic morphology.’

The hydrogen desorption curves at 200 °C, 250 °C, and
300 °C for the Mg/Pd sample are depicted in Fig. 2. Similar
curves are measured for the Mg/Nb sample (see our support-
ing information, Fig. S1)."" The total amount of hydrogen
desorbed is up to 1 wt. % depending on temperature. Clearly,
the hydrogen desorption becomes systematically faster at
higher temperatures. While the experimental desorption
curves initially show a fast decay, they subsequently show a
slower decaying tail relative to a simple exponential decay.
The curves could be fitted satisfactorily by two exponential
terms but only upon including an unrealistically high back-
ground term. We found that an adequate description involves
the use of a stretched exponential decay, according to

I(H)/lg = a-exp(—(k; - 0)") + (1 —a) -exp(—ky - 1), (1)

with I(#)/I, the normalized hydrogen desorption rate, a the
relative intensity of the stretched exponential, k; and k, reac-
tion constants, and 7 the fractional exponent. The addition of
a simple exponential term was necessary to fit the tail of the
curve. In Fig. 3, the experimental desorption curves for the
Mg/NbO, sample are replotted according to In(-In(I(¢)/1y))
versus /n(f), demonstrating the validity of this approach. A
stretched exponential decay will result in a straight line in
these plots with a slope equal to the value of the fractional
exponent. Clearly, the kinetic curves in Fig. 3 closely follow
a straight line, with an additional bending at the longest time-
scales, which could be properly accounted for by adding the
simple exponential decay term describing the contributions
of the slowest particles. A similar behavior was observed for
the Mg/Pd sample (see our supporting information, Fig.
$2)."" The kinetic parameters obtained from the fits of the
desorption curves are provided in our supporting information
(Tables S1 and S2)."!

Under specific conditions, when the phase nucleates ran-
domly throughout the volume of the sample and grows at a
constant growth rate, the JMAK model also predicts a
stretched exponential decay for hydrogen sorption kinetics.
For the case of three-dimensional growth, a fractional expo-
nent n >3 is obtained. This simple mechanism, nevertheless,
does not fit most solid state reactions,]2 hence numerous spe-
cial cases of the JMAK model for the growth mechanism of
the nucleated phase were studied.” The fractional exponents
found in this study, however, are systematically lower
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FIG. 2. (Color online) Isothermal hydrogen desorption of Mg/Pd nanocom-
posites at 200 °C, 250 °C, and 300 °C. Dotted lines represent best fits accord-
ing to Eq. (1).
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FIG. 3. (Color online) Double logarithmic analysis of the isothermal hydro-
gen desorption of Mg/NbO, nanocomposites at 200 °C, 250 °C, and 275 °C.
Solid lines are best fit results according to Eq. (1).

than 1, typically in the range of 0.55 to 0.85, for all fits,
which cannot be explained in the currently available versions
of the JMAK model.

We found that a kinetic model based on the presence of
a wide range of reaction rates within the sample can consis-
tently describe the results from our studies. Both spark dis-
charge generated samples have a distribution of particle
sizes and a complex dendritic morphology evident from
TEM (Fig. 1), leading to strong local variations in the sample
which violate the presumption of the same nucleation and
growth conditions throughout the sample. Dispersion in the
reactivity of solid state reactions has been applied to describe
oxidation of organic or polymeric glasses'*'* and free radi-
cal recombination reactions.' The origin of heterogeneity in
the reaction rates within one sample can be either different
configurations of the reacting particles or the varying chemi-
cal composition of the surroundings.'®!”

Such a disperse solid sample can effectively be
described as a sum of subsystems, each characterized by a
different rate constant. If each subsystem reacts according to
the first order kinetic law, then the rate of the transformation
for the whole ensemble of subsystems is described by
1(t)/Io = J;° H(k) - exp(—k - 1)dk, where k is the rate con-
stant, H(k) is the distribution of rate constants and the inverse
Laplace transform of [(f), normalized according to
Joo H(k)dk =1, and 1 is the desorption time.

A general analytical approximation for the shape of
H(k) was derived by Saito and Murayama,'® according to

bn
10 = vam

with b = (kln(l — p){t=nin ' Where n is the fractional
exponent, k is the reaction constant and k; is the reaction con-
stant of the stretched exponential in Eq. (1). The rate constant
distributions H(k) calculated for the Mg/NbO, and Mg/Pd
samples are plotted in Fig. 4. In all cases, a broad distribution
of rate constants is observed. The distributions of the Mg/
NbO, maintain nearly the same shape with increasing temper-
ature (Fig. 4(a)), while they systematically shift towards higher
k with increasing temperatures, reflecting faster sorption. The
Mg/Pd sample presents a slightly different kinetic profile at
200 °C, when it reacts slowly compared to Mg/NbOy, while a
similar distribution is observed at 250 °C and 300 °C.

The temperature dependence of the rate constant distri-
butions is better understood upon realizing that the rate
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FIG. 4. (Color online) Hydrogen desorption reaction rate distributions H(k)
of (a) Mg/NbOy; (b) Mg/Pd at various temperatures. The insets present the
lower (filled circles) and higher (open circles) boundary of the activation
energies derived from H(k).

constants typically follow an Arrhenius behavior with tem-
perature, according to k = Aexp(—E,/RT), where A is a pre-
exponential factor, E, is the apparent activation energy for
the process,'” R is the gas constant, and T is the temperature.
Assuming that the preexponential factor A is a constant and
equal to 1.2 - 10°s~! as obtained from Kissinger analysis in
our previous desorption study,’ values for the involved acti-
vation energies E, can be derived. In the insets of Figs. 4(a)
and 4(b), the activation energies corresponding to the lower
and higher boundaries of the broad k distribution curves are
plotted, defined by the respective k values at 1% of the maxi-
mum intensity of the distribution.

At 200°C, the extracted lowest activation energy of
~58kJ/mol is representative of the fastest reacting parts of
the samples, i.e., the smallest sized particles,”** as judged
from a comparison with the broad overall distribution of
apparent activation energies deduced in our previous study,’
which starts at about 55 kJ/mol. The observed spread in con-
tributing activation energies ranges from 8 kJ/mol to 17kJ/
mol. With increasing temperature, the slower reacting parts
of the samples with apparent activation energies up to
~80kJ/mol start to contribute to the hydrogen desorption.
The contribution of simple exponential term with very low
reaction rates of ky ~ 0.0154~ ! — 0.04h ! reflects the slower
reacting part of the sample. This is probably related to cover-
age of part of the MgH, nanoparticles with thin MgO shells
of up to ~2nm, leading to high apparent activation energies
up to ~120kJ/mol.” Part of the sample therefore does not
desorb in the temperature range of 200-300 °C studied here,
supported by our XRD study which revealed the presence of
a small fraction of ~7 wt. % MgH, in the desorbed samples.

Appl. Phys. Lett. 99, 194103 (2011)

Further prevention of partial oxidation during the synthesis
process therefore may lead to fast desorption kinetics for
spark discharge MgH, particles, for which apparent activa-
tion energies as low as 58 kJ/mol can be achieved.

Summarizing, we found that a distribution of reaction
rates is a more appropriate description for the spark dis-
charge generated MgH, nanoparticles, rather than the con-
ventional homogeneous nucleation and growth mechanism
of the JIMAK model. This model for the hydrogen sorption
kinetics is expected to be generally applicable for metal
hydride nanoparticles with a clear particle size distribution, a
complex (dendritic) morphology and/or coverage with
oxides forming a barrier for hydrogen sorption. We note that
a detailed knowledge of the size and shape distributions
could aid to establish a quantitative link to the observed
hydrogen desorption behavior.?! Such size and shape de-
pendence is an interesting topic of future research. The reac-
tion rates distributions can be straightforwardly calculated
from the stretched exponential decay of the hydrogen de-
sorption. We deduced that at each temperature, only a part of
the sample contributes to hydrogen desorption, correspond-
ing to a temperature dependent specific window of apparent
activation energies that characterize the active parts of the
samples. Selection of the smallest particle sizes and further
prevention of oxidation may lead to very low activation ener-
gies and fast hydrogen desorption at low temperatures.
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