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ABSTRACT 
Metal hydrides are used for hydrogen storage. AlH3 shows a capacity of about 10wt% and the 
hydrogen is split-off in the temperature interval of 400-500K. On dehydrogenation a nano-
structured Al material emerges which is oxidized on air access up to 25%, forming a 3-4 nm 
alumina layer. The heat released from this Al oxidation induces a high risk to this type of 
hydrogen storage if the containment might be destroyed, accidentally. The kinetics of the 
dehydrogenation and the subsequent oxidation is investigated by methods of thermal analysis. 
A reaction scheme is confirmed which consists of a starting Avrami-Erofeev mechanism 
followed by formal 1st order oxidation. The kinetic parameters are evaluated and can be used 
to calculate the reaction progress together with heat of reaction of Al oxidation. 

1.0 INTRODUCTION 

Current investigations of metallic hydrides aim at twofold applications. Aluminium 
hydride (alane) might be used as a component in energetic materials, especially for rocket 
propellant charges [1-10]. The thermal decomposition under vacuum and inert 
atmospheres is of high interest for its utilisation for hydrogen storage [11-15]. Stability 
problems arising on utilization of technical grade materials prevented past application. 
This situation has changed as stabilized material is currently available on large scale, as 
was proven in detail by thermo-analytical investigations [10, 16, 17]. 

The hydrogen split-off mechanism and its kinetics was investigated to analyse the storage 
and aging effects of the stabilized material [10 -14]. It is mainly important for applications 
for hydrogen storage. Details of the hydrogen desorption mechanism are reported in 
several papers [4, 9, 10-15, 19-25]. An Avrami-Erofeev (A-E) [10-14, 23-25] mechanism 
is generally assumed for this process. The alane crystals are converted to porous Al 
particles of the same shape.. The activation energy was found to be close to 100 kJ. 
However, it is difficult to understand that the current assumption that nucleation and 
crystal growth (A-E) should be the rate controlling step of the thermally stimulated loss of 
hydrogen. X-ray diffraction shows the AlH3 lattice to be observable throughout the 
decomposition [13-15, 24, 25]. Ismail and Hawkins [10] introduced a 2 step process and 
derive kinetic parameters to explain storage tests. When alane splits off the hydrogen in a 
storage and release cycle, the resulting neat Al is nano-structured. Already the subsequent 
passivation reaction converts up to 25% Al to Al2O3 when exposed to air. The related 
released heat would increase the temperature of the material to more than 1000K and 
might initiate an explosion [24, 25] and induce a serious safety problem on destruction of 
the containments. The electro-exploded aluminium ALEX contains a the passivation layer 
consisting of 20-25% alumina [26- 32] and can therefore be compared to the nano-
structured Al on alane decomposition. The recrystallization depends on the heating rate of 
alane and via the crystallite size of the resulting Al heating rate depending surface areas 
are accessible to passivation (oxidation of a thin metal layer at the particle surface) and 
therefore generates the related heat of oxidation. The subsequent oxidation process 
includes further reaction steps by which the residual nano-/micro-porous aluminium 
structures are converted to alumina [26-31]. AlH3 dehydrogenation should therefore avoid 
any risk of air access 

In this paper, the hydrogen split-off is re-investigated to evaluate the kinetic parameters of 
the passivation reaction in 2 consecutive steps. In ref. [24, 25] the passivation reaction is 
described only qualitatively. However, there exist no kinetic data are published, only 
results of a Charge Molecular-Dynamics Simulations, but they are needed to estimate the 
dynamics of an auto-thermal explosion. 



2.0 EXPERIMENTAL 

The investigated alane was a poly-crystalline powder of a particle size of 10-20 µm 
including also a fraction of a size of 1-2 µm. The used AlH3 is stable since various 
approaches were successful [16, 17] and the material correspond to that used for rocket 
propellant applications [1, 2]. The average density, as measured by pycnometery, was 
1.477 g/cm3. Pictures of Scanning Electron Microscopy showed that the particles consisted 
of round edged α-AlH3 polyhedra as cubes, cubic octahedron and hexagonal prisms, as 
well as particles composed of these shapes (see Fig.1). 

  

Figure 1: left hand side: SEM pictures of alane, right hand side: Al particle after alane 
dehydrogenation, edge length of particles is 20 µm 

X-Ray diffraction confirmed the hexagonal unit cell and lattice parameter a 4.446 Å at 333 
K and 4.447 Å, parameter c 11.81 Å at 433 K immediately before decomposition [24, 25]. 
A detailed X-Ray study on alane dehydrogenation is published by Maehlen et al [14]. It 
showed that Al emerges with small amounts of Al2O3 between 420 and 480 K. The 
resulting Al is oxidized to α- Al2O3 above 800 K. The TG and DSC experiments were 
conducted with a Netzsch Thermal Analyzer. The masses of investigated samples were 
between 3 and 6 mg on decomposition in Ar and 1 mg on oxidation in air with heating 
rates between 0.5 to 50 K/min. A qualitative discussion of the TG and DSC-curves for 
both case in argon and air occurred already a in the earlier paper [24, 25]. However, the 
thermo-analytical oxidation results in this paper were achieved with the sample subjected 
to a flow of air and not with the static air. The kinetic parameters are evaluated. The 
dehydrogenation and oxidation strongly overlap in the TG and DSC curves, the 
endothermic dehydrogenation being not clearly separated from the subsequent oxidation. 
To summarize earlier results alane dehydrates in inert atmospheres or vacuum between 
400 and 500 K on heating [1-25]. The weight loss is between 9.0 to 9.9% whereas 10.1% 
might be expected in maximum. 

After the dehydrogenation the resulting Al-cubes (prisms and octahedrons) exhibit a nano- 
micro-porous structure (see Fig 1) which enable the access of air to the Al-crystallites in 
the interior of these polyhedral particles [22-26]. As consequence of air access a 
passivation occurs forming a 3-4 nm layer as usual for Al and further heating in air 
initiates the oxidation in 2 steps as typical for sub-micron Al particles [26-28]. These 
effects are illustrated by Fig. 2. In Fig. 2 the heating of alane starts at room temperature 
under an inert atmosphere and splits-off hydrogen between 420 and 450 K, is then cooled 
down to room temperature, where a flow of air generates passivation of the resulting Al. It 
is then reheated under a flow of air where the Al undergoes a first oxidation step between 
650 and 900 K forming an oxide layer of about 8-10 nm on the Al crystallites (see ref. [26-
28]). The diffusion controlled reaction completes the Al oxidation above 1000 K. When 
heating alane directly in air starting from room temperature, the passivation overlaps the 
dehydrogenation step strongly. The weight increase (oxidation) depends on the heating 
rate which turns out to be lower with higher heating rates (Fig. 3). This trend is evident, 



however the quantitative values scatter strongly. The subsequent oxidation at 800 K, which 
depends on the Al particle size, is related to this value and leads to a higher step if the 
weight increase in the passivation reaction is also higher. The weight increase is e.g. 22%, 
9% and 4% in the curves of Fig. 3 which shows these reaction steps. A weight increase of 
22% corresponds to a conversion of 25% Al to Al2O3. The DSC-curves (Fig. 4) correspond 
to the exothermic oxidations (31 kJ/g) mainly, the endothermic dehydrogenation (0.33 kJ/g 
[12, 13]) is hardly seen (below in the analysis) because the heat of reaction is small  
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Figure 2: TG-curve heated (2 K/min) in an inert Ar-atmosphere till 480K initiating 
dehydrogenation, then cooled down to 50 K with entrainment causing passivation and 

subsequent heating to 1300 K (5 K/min) with two steps of oxidation at 850 K and 1100 K 

compared to that of the oxidation. Fig. 5 shows the overlap of the dehydrogenation and 
passivation in detail for both the TG and DSC curves. 

400 600 800 1000 1200

1.0

1.2

1.4

1.6

temperature  K

w
ei

gh
t

 

Figure 3: TG-curves (2 K/min, 5 K/min and 10 K/min) of AlH3 heated in air with overlapping 
of dehydrogenation above 430K with the passivation reaction (oxidation of a 3-4 nm layer of 
resulting Al) with sub-sequent oxidation of resulting Al in 2 steps, higher heating rates shift 

reactions to occur at higher temperatures 
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Figure 4: DSC-curves (2 and 10 K/min) of AlH3 in air with overlap of dehydrogenation above 
430 K and the highly exothermic passivation reaction (3-4 nm layer of Al) with sub-sequent 
highly exothermic oxidation of resulting Al in a step between 650 and 900 K, higher heating 

rates shift reactions to occur at higher temperatures 

 

3.0 KINETIC EVALUATION 

The reaction scheme for the decomposition and oxidation was already described earlier [24, 
25]. It proceeds as follows: AlH3 => Al => Al-crystallites + O2 => Al-crystallites with 
alumina passivation layer whereas the crystal growth and the oxidation are competing 
reactions, because the growths of crystal stops, once the surface is passivated. It is however 
discussed that the re-crystallization process would be the rate determining step [10, 11, 14] or 
at least be a parallel step. The strong overlap of passivation with dehydrogenation might be 
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Figure 5: TG- and DSC-curve of the temperature region of dehydrogenation of AlH3 and the 
subsequent passivation of the resulting Al. 



consistent with this assumption. At lower temperatures a (at lower heating rates the 
dehydrogenation occurs at lower temperatures) the resulting Al crystallites are smaller and 
their passivation occurs shortly after dehydrogenation and remain therefore smaller at a 
size of the ALEX particles. The amount of the alumina of the passivation layer is higher 
due to larger crystallite surfaces. At higher heating rates the dehydrogenation takes place at 
higher temperatures forming bigger Al crystallites and therefore lower amounts of alumina 
in the passivation layer. Those bigger particles convert less Al in the step between 650 and 
900 K as in this step a surface layer of 8-10 nm of alumina is formed [26-28]. This model 
is formulated as consecutive reaction steps with a linear heating rate A, the Arrhenius rate 
constants k(Z,E,T)=Z exp(-E/ RT),  a Z pre-exponential [1/s] and an E activation energy 
[kJ/mole], the gas constant R and T the temperature [K]: 
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The partially successful modelling by an A-E reaction mechanism (below: n exponent of 
A-E mechanism, n≠1) might support the influence of crystallisation. It is also assumed 
here, but there is no indication in the thermo-analytical curves to need 2 A-E mechanisms 
as consecutive steps (see [10]), as also proved below by the acceptable agreement of the 
models with data, for 
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This set of equations can be solved by integrals, for simplicity it is assumed that 1st order 
reactions f(c) occur in the 2nd steps. Oxidation and crystallization are assumed to be 
competing reactions. This means that the crystal growth stops if it is surrounded by a 
passivation layer, at least partially: 
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The main indication of crystallisation might be assigned to the result that the increase of 
weight directly after decomposition depends on the heating rate. At lower heating rates < 
2K/min the weight increases to more than 110% (related to 100% alane, 22% related to the 
resulting Al) and only to 102% with higher heating rates (50 K/min). Assuming that 
formed Al crystallites are covered by an oxide layer of about 3 nm thickness one can 
conclude that at higher heating rates bigger crystallites are generated which in total 
generate less passivation oxide. However, the reproducibility was not good enough to 
enable an evaluation of the kinetics by a least squares fit. Therefore this crystallisation 
reaction is only estimated with respect to obtain kinetic parameters. If all reactants are 



normalised to 1 and 0 this does not interfere with the evaluation of the decomposition and 
oxidation reaction. Thermo-analytical curves are constructed from the set of equations (3) 
and (4) by: 

TG curves with W the weight: 

Wdehyd[T] =  a1 [AlH3]        (5) 

Woxi[T]= a1 [AlH3] + a2 [Al2O3]       (6) 

and the DSC curve y: 

ydehyd[T] = Q1 d[AlH3] dT       (7) 

yDSC[T] = Q1 d[AlH3]/dT + p Q2 d[Al]/dT                                (8) 

a1, a2 and p are parameter, which are used to normalize the selected parts of curves to 1 and 
0 and to specify the proportion of material oxidized. Q1 and Q2 are the heats of reaction 
(kJ) of AlH3 dehydrogenation and Al oxidation. Q2 >> -Q1, therefore in the DSC curves 
show only a deformation and not a negative dip in the curves prior to oxidation. 

4.0 DATA EVALUATION FOR KINETIC PARAMETERS 

The aim of this paper is to get kinetic data for the passivation of Al, although the simplest 
approach for the oxidation reaction is used. Despite a detailed evaluation in ref. [10], the 
AlH3 dehydrogenation had also to be included into the evaluation to get own values which 
use the same equipment of thermal analysis to be implemented in the evaluation of the 
overlapping oxidation. The kinetic data have to describe the dehydrogenation prior to the 
passivation. The evaluation procedure used a non-linear least-squares-fit routine of 
Wolfram Mathematica® “FindMinimum”, describing the Thermal Analysis curves, equ. 
(5) – (8). The curves obtained by various heating rates were fitted simultaneously to get 
one kinetic data set. In addition, the DSC curves were also used together with TG curves in 
an additional variant. The TG data, normalized from 1 to 0, were used untreated. The DSC 
curves vary strongly in intensity with heating rate and the curves with high heating rates 
would dominate the fit procedures. Therefore the DSC curves were weighed by dividing 
them by their maximum, which enabled a combined fit together with TG curves. In table 1 
the kinetic data are listed including the different least-squares-fit versions 
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Figure 6: TG-curve dehydrogenation at heating rates 0.5, 2, 5, 10, 50 K/min: experimental 
data (the weight loss from 100% Alane to 90-92% resulting Al is normalized from 1 to 0 and 

calculated TG curves using an Avami-Erofeev model with n=2.67 (equs. (4, 5) 
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Figure 7: DSC-curve dehydrogenation at heating rates 0.5, 2, 5, 10, 50 K/min: experimental 
data and calculated TG curves using an Avami-Erofeev model, n=3.02 (eqs. (4 and 6) 

 
4.1 Dehydrogenation 

The E-A mechanism uses an exponent which can be related to the geometrical nucleation 
process of particles which can vary from less than 1 to 4 [33]. The dehydrogenation 
showed that only an A-E mechanism could adequately describe the curves with respect to 
their shape and shift according to the heating rate. The exponents were used in one version 
as variable and in the other as fixed with n=3. An example of a set of TG curves and DSC 
curves is plotted in Fig 6 and 7. For n= 3 the standard deviation σ was about 7% and for a 
fitted n of 2.87 about 4%. The fit of the DSC curves resulted in n=3.02 and similar 
standard deviations. 

4.2 Oxidation (passivation reaction) 

From a TG–curve measured in air (fig 3 and 5) the subtraction of a calculated (or 
experimental) TG-curve of dehydrogenation 100-90% (this difference normalized to 1 and 
0) gives the normalized weight increase caused by the passivation. The resulting curves are 
fitted by a 1st  order reaction and the approach is plotted in Fig. 8-9. Figure 9 shows the TG 
curves at heating rates of 2, 5 and 10 K/min.  
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Figure 8: A TG-curve of overlapping dehydrogenation and passivation at 2 K/min (solid line 
above), a dehydrogenation TG curve (experimental ■ and a calculated one by an A-E-model 
eqs (4)  ̶) which was subtracted to obtain the oxidation curve ♦●and its least squares fit by a 

1st order reaction   ̶  (dehydrogenation and passivation curves normalized to 0-1).   
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Figure 9: left hand side: TG-curves (● and ■ 2, ♦ 5, ▲10 K/min) constructed by subtracting a 
calculated dehydrogenation curve (A-E-model eqs (4)) from the experimental TG-curve 

obtained in air in the related range and a normalization to 0-1 (eqs. (4, 6)). right hand side: 
least squares fit of a dehydrogenation reaction overlapping with 1st order oxidation 

(passivation) to the experimental TG data (2 K/min,■ 5 K/min,♦10/Kmin). 

Finally the calculated curves can be compared to the experimentasl ones, at least the part 
of the overlapping dehydrogenation and passivation. Fig. 9 compares these parts of TG-
curves and shows the evaluation procedure.  

The DSC curves can be directly fitted although Q1 is small and the DSC-curve can be 
evaluated with the absence of the endothermic dehydrogenation. The result is shown in 
Fig. 10. 

5.0 DISCUSSION AND CONCLUSIONS 

Table 1 and 2 list the kinetic parameter obtained from the evaluation described above. The 
parameters of table 1were obtained from dehydration curves from TG and DSC and 
combining TG and DSC curves evaluation using the data weighing described above. For 
the E-A dehydrogenation mechanism the activation energy varies between 105 and 125 
kJ/mole (see also Fig. 11) and the pre-exponential log10Z between 9.9 and 12.3. This does 
not mean that the kinetic parameter log10Z and E vary within a rectangle given by these 
limits. Within these limits, the kinetic parameters vary in the literature, too [10-13]. 
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Figure 10: DSC-curve with least squares fit of an A-E-dehydrogenation reaction and a 
subsequent first order oxidation reaction to the experimental data for heatimng rates 2, 5 and 

10K/min, left: DSC dehydrogenation, experimental curve and DSC curve only oxidation, 
10K/min 

In contrast, the parameters show this variation only if the following linear combination 
(kinetic compensation effect (see e.g. [34, 35]) is fulfilled: 



Log10Z = -3.03 +0.1224 E         (9) 

For the oxidation reaction the linear correlation is: 

Log10Z = -1.68 +0.11123 E         (10) 

Table 1: The kinetic parameter of the least squares fit (E-A = Avrami-Erofeev mechanism), 
TG curves, DSC curves were evaluated separately and combined combining also the different 

heating rates to obtain one data set 

Method 
 

Eval. 
 

TG 
 

E-A 
n=3 

TG 
 

E-A 
n=var 

TG-
DSC* 
E-A 
n=3 

TG-
DSC* 
E-A 

n=var 

TG-
DSC* 
E-A 
n=3 

DSC 
 

E-A 
n=3 

DSC 
 

E-A 
n=var 

DSC* 
 

E-A 
n=3 

 

DSC* 
 

E-A 
n=var 

DSC* 
 

E-A fit 
heats of 
reaction 

EA/k J 115.11 115.82 115.03 117.77 116.55 107.63 105.94 115.03 116.39 107.64 

Log10 Z 11.10 11.18 11.04 11.37 11.22 10.14 9.94 11.02 11.186 10.14 
n 3 2.67 3 2.58 3 3 3.02 3 2.7 3 

var = variable, * for weighing DSC data were divided by the maximum value of the 
corresponding curve 

Table 2: Kinetic data of the passivation (oxidation) 1st order reaction (for the dehydrogenation 
reaction an E-A-mechanism was used with n= 3, E=115.11 kJ/mole and Log Z = 11.1) 

Method 
TG TG-DSC DSC* DSC* 

TG-DSC-
overall* ** 

EA / kJ 93.95 83.08 83.00 82.53 67.54 
Log10 Z 8.92 7.62 7.60 7.56 5.94 
* DSC data were divided by the maximum value of the corresponding curve 
** all thermo-analytical curves TG, DSC, in inert atmosphere and air at all heating 

rates were fitted simultaneously 

A contour plot of the standard deviation depending on log10Z and E gives an ellipse [35] (see 
Fig. 10) when cut-off at 2*σ, the semi major and semi minor axis of which correspond to the 
maximum error of the linear combination (9) and (10) of fit parameters. The minor axis is 
extremely small for an E-A mechanism which is related to the fact that the A-E solution for it 
is the power to n of a 1st order reaction TG-curve. As a result, for an E of 115.03 kJ/mole, the 
probable error in Log10Z is only 11.04±0.07 [Z - 1/s] and for Log10Z=11.04 [Z -1/s] the 
possible error amounts to 115.03±1 kJ/mole on an assumed maximum error of 2*σ. The 
passivation obviously preserves the particle sizes of the resulting Al whereas these sizes 
cannot be described reproducibly. Therefore, the results enable only an estimation of kinetics 
which is analysed by a consecutive step of a formal 1st order reaction using eq. (6) following 
an A-E decomposition mechanism. The estimated E amounts to about 142 kJ/mole and log10Z 
to about 13.2 [Z - 1/s]. Fig. 11 shows the growth as radii to an assumed final 1 µm crystallite. 
X-ray data indicate nucleation to be the rate controlling step [11, 14].  The particle radii from 
own x-ray measurements (TOPAS software from Siemens derives sizes as diameters) at 
heating rates lower than 2K/min confirms the estimated value for 2K/min because it gave 
radii of about 40 nm. It is unclear at what temperatures the crystal size emerges and under 
what conditions. The temperatures in Fig. 11 are taken from the peak maxima of the 
passivation DSC-curve and the error bars from the width of these peaks. The crystal size is 
estimated from the increase of TG-curve on passivation, which scatters strongly (see error 
bars of the ordinate). A radius of 0.38 nm was found for the smallest heating rate.  

 



 

Figure 11: Kinetic compensations effect for the dehydrogenation reaction and the ensemble of 
kinetic parameters from the fits as dots in the inset of the graphic, the contour plot shows 2*σ 
(outer contour of the ellipse with extremely small minor axis) with minimum at σ, which was 

the relative standard deviation  
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Figure 12: Estimated crystal growths depending on the heating rate 2, 5, 10 and 20 K/min 

The large conversion of Al by the passivation at the lower heating rates would lead to strong 
heat up of the residual Al which might destroy the containment and enable a continued 
oxidation above 800K which converts an additional amount of about 10 nm of the particle 
radius in an enhanced rate compared to the subsequent diffusion controlled complete 
oxidation [26-28]. These further steps are also observed for the Al decomposed from AlH3 
(see Fig. 2, 3 and 4) [24, 25] and enhance the risks. The approach, to determine the kinetics of 
Al passivation by analysing the TG and DSC curves in an air flow, can derive kinetic 
parameters; in literature only a direct computation of the passivation was found [37]. 
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