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ABSTRACT 

Aluminium hydride (AlH3) has a great potential for a variety of propulsion and energy storage 

applications. In this study, the ReaxFF reactive force field molecular dynamics simulation is 

employed to investigate the fundamental reaction mechanisms of thermal decomposition and 

oxidation of AlH3. The effects of an oxide layer and/or defect are examined, and the detailed process 

and mechanism of H2 and H2O formation are illustrated. With the presence of an oxide layer, H2 

production of core-shell AlH3 during the thermal decomposition is slower than that of bare AlH3. As 

far as oxidation is concerned, any defect enhances the initiation of core-shell AlH3 oxidation and 

accelerates the oxidation at the early stage of the reaction. Additionally, the presence of O2 promotes 

the production of OH. Both thermal decomposition and oxidation of core-shell AlH3 show significant 

H2O production, and H2O is preferentially formed compared with H2 at the beginning of the reaction. 

The results reveal that the structural evolution of core-shell AlH3 during the thermal decomposition 
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and oxidation proceed in three distinctive stages, respectively. It is found that during the oxidation, 

dehydrogenation and oxidation proceed simultaneously although the oxidation rate is limited during 

the dehydrogenation period. 

1. INTRODUCTION 

Aluminium hydride (AlH3, also known as alane) is a potential high energy and hydrogen 

storage media for a wide range of applications, including solid or hybrid rocket propulsion, explosive 

and hydrogen source for low temperature fuel cells [1-5]. AlH3 has a large gravimetric and 

volumetric hydrogen capacity (10.1 wt. % and 0.148 g/ml, respectively), which is twice as much as 

the value of liquid hydrogen (0.070 g/ml), and rapid low temperature decomposition kinetics (below 

100°C) [6-8]. AlH3 is known to exist in seven different polymorphs, however, α-AlH3 has been 

considered to be the most desirable polymorph in practical applications as it is the most stable [2, 9, 

10]. α-AlH3 is generally metastable due to the presence of the surrounding  alumina layer, which 

effectively prevents dehydrogenation at room temperature [6]. In 1947, AlH3 was firstly prepared in 

an ether solvated form by Finholt et al. [11]. It was then evaluated in the early 1960s for military 

applications and was formulated into propellants. AlH3 is considered as one of the most interesting 

additives in space propulsion. When AlH3 is added into solid propellant formulations, it can decrease 

the overall molecular weight with expected H2 formation in the combustion gases and provide a 

higher combustion heat enhancing the rocket performance and specific impulse by more than 100 

N.s.kg-1 compared with aluminium [12-14]. However, the low thermal stability of AlH3 leads to the 

generation of excessive amounts of hydrogen gas in the solid propellant during storage. Hence, by 

the early 1970s, most of the development work in the USA was disbanded as a result of the 

instability and high production costs of AlH3 [15]. Recently, interest in AlH3 has been renewed due 

to advances in safe and cheap production methods and the increase in thermal stability thus 

improvements in storage [16].  
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The preparation, characterization, decomposition kinetics and vacuum thermal stability (VTS) 

of AlH3 were investigated in a great many literatures. Paraskos et al. [17] studied the thermal 

decomposition characteristics of AlH3 and found that during the heating process, AlH3 rapidly 

decomposes at about 180 °C with a weight loss of 10 wt. %, which is consistent with the theoretical 

hydrogen content. Tarasov et al. [18] investigated the isothermal decomposition of AlH3 using 

nuclear magnetic resonance (NMR) and the results suggested that the thermal decomposition process 

is divided into three stages, i.e. the induction period, the acceleration period and the deceleration 

period. The activation energies for the three stages are 97, 108 and 112 kJ/mol, respectively. To 

further understand the dehydrogenation of AlH3, Ismail and Hawkins [16] studied the kinetics and 

mechanism of thermal decomposition of AlH3 in argon by thermogravimetric (TG) analysis. The 

results revealed that the decomposition is initiated by the liberation of hydrogen from an external 

surface and pre-existing pores and cracks. Additionally, this decomposition consisted of two major 

steps: the slowest step controlled by the solid-state nucleation of aluminium crystals, which is the 

rate-determining step, and the fastest step due to the crystal growth, which is postulated as the 

growth of an aluminium layer toward the particle centre. Weiser et al. [19] carried out 

thermoanalytical oxidation experiments with AlH3 and discovered that the particles presented similar 

oxidation behaviour as Al nanoparticles with a diameter of less than 100 nm after dehydrogenation. 

This oxidation included a chemically controlled reaction between 650 and 850K and a subsequently 

diffusion controlled reaction step above 900 K. Furthermore, the previous literatures also 

demonstrated that the characteristics of thermal decomposition of AlH3 depends on many factors 

including particle size, impurities, crystal defects, temperature, heating rate and so on [15, 16, 18, 20-

23]. 

To summarize, the thermal decomposition and oxidation of AlH3 has been extensively studied 

by experiments but the microscopic process and underlying mechanisms are still poorly understood. 

Especially, those fast-changing high-temperature AlH3 reactions taken place in propulsion systems 
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are difficult or even impossible to be explored by the existing experimental techniques. Fundamental 

research needs to be done to gain a physicochemical insight of AlH3 reactions, which could be 

beneficial for optimizing the design and application of AlH3 fuel/propellant and energy storage 

systems. The present research focuses on the high-temperature thermal decomposition and oxidation 

reactions of AlH3 applicable to propulsion applications. In this study, ReaxFF reactive force field 

molecular dynamics (MD) simulations are performed to investigate the fundamental reaction 

mechanisms of thermal decomposition and oxidation of AlH3 at the atomic level. The effects of the 

oxide layer and defect are also examined, with both gas and solid phase reactions scrutinised to 

obtain the overall microscopic understanding of the AlH3 reaction process. 

2. METHODS 

2.1. ReaxFF Reactive Force Field Molecular Dynamics (MD) Simulation 

The ReaxFF MD is a bond-order concept based method, which is able to model dissociation, 

transition and formation of chemical bonds within a reactive system. Force field parameters are 

trained against quantum mechanics (QM) calculations or/and experimental data. Compared with 

QM-based methods, it is computationally much more cost-efficient and retains a comparable level of 

accuracy. Hence, ReaxFF is becoming increasingly popular for studying long-time large-scale 

reactive MD simulations, which are impractical or impossible to attain using QM methods. To allow 

for connectivity changes, ReaxFF bond orders are computed directly from interatomic distances 

(Equation (1)) and continually updated at every time step [24].  
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where BO is the bond order between atoms i and j, rij is interatomic distance, ro terms are 

equilibrium bond lengths, and pbo terms are empirical parameters. Equation (2) shows the general 

expression of energy contributions to the ReaxFF potential [25].  

system bond over under lp val tor vdWaals CoulombE E E E E E E E E= + + + + + + +                                                         (2) 

where Esystem, Ebond, Eover, Eunder, Elp, Eval, Etor, EvdWaals and ECoulomb represent total energy, bond 

energy, overcoordination energy penalty, undercoordination stability, lone pair energy, valence angle 

energy, torsion angle energy, van der Waals energy, and Coulomb energy, respectively. 

Further information on the ReaxFF formulation and development is given in previous literature [24, 

26-28]. The ReaxFF MD has proven to be an efficient and powerful method for studying various 

oxidation systems [29-35].  

2.2. Simulation Details 

The REAXC package embedded in LAMMPS [36, 37] is used for performing all the ReaxFF 

MD simulations. A parameter set for Al/C/H/O interactions [38] extended by the original Al/H 

description [39] which was specifically parameterized for aluminium hydride is chosen as a suitable 

force field. Four three-dimensional and cubic systems, specifically, two for thermal decomposition 

and two for oxidation, are built with all-direction periodic boundary conditions. The size of the 

simulation box is 150 Å × 150 Å × 150 Å. A spherical α-AlH3 nanoparticle wrapped by a thin α-

alumina shell is constructed in order to approximate the real-world or experimental condition due to 

the existence of the oxide layer on aluminium hydride. For the same purpose, the effect of the oxide 

layer defect is also considered. It is noted that initial tests show the evolution of a nanoscale AlH3 

crystal structure to a spherical structure at a very early stage of the reaction, so a spherical 

nanoparticle model is adopted. Although the AlH3 sample used in the real experiment is cuboid 

shaped [16, 40], the huge difference of the employed particle size between the present simulation 
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(nano-size) and real experiment (micro-size) makes the effect of geometry much less important. Due 

to the fact that the specific surface area of nanoparticle is much larger, the reaction kinetics is 

expected to be enhanced compared with using the actual micron-size AlH3. 

The detailed core-shell model is prepared following these steps: (1a) cut a 5 nm diameter α-

AlH3 nanoparticle from the crystal structure; (1b) relax the nanoparticle for 100 ps; (1c) cut the 3 nm 

diameter core from the relaxed AlH3 nanoparticle; (2a) cut a 6 nm diameter α-alumina nanoparticle 

from the crystal structure; (2b) relax the nanoparticle for 100 ps; (2c) cut the 0.4 nm thickness shell 

from the relaxed α-alumina nanoparticle (radius range from 1.5 nm to 1.9 nm); (3a) combine the 

AlH3 core and Al2O3 shell together; (3b) relax the core-shell structure for 200 ps. After Step 1b and 

2b, the average diameter of the relaxed 5 nm diameter α-AlH3 nanoparticle and 6 nm diameter α-

alumina nanoparticle is about 4.7 nm and 6.1 nm, respectively. It is therefore proved that the initial 

cutting size of α-AlH3 and α-alumina from their crystal structures is able to eliminate the edge effect 

during relaxation and more than enough to eventually obtain a relaxed 3 nm diameter AlH3 spherical 

core and 0.4 nm thickness alumina annular shell. Because a nano-sized particle is adopted, in order 

to create a thin shell with respect to the core, the shell thickness is attempted starting from 0.1 nm 

using the relaxed α-alumina nanoparticle. It turns out that the size of the thinnest layer that can 

maintain the complete shell structure is 0.4 nm, whereas the shell has undesired large or small hollow 

areas at 0.1, 0.2 or 0.3 nm. Thus, a 0.4 nm thickness oxide shell is chosen because it is neither too 

thick compared with the AlH3 core nor too thin to lose the Al2O3 structure. Figure 1a depicts the 

nanoparticle structures and a typical simulation system. For the defect-containing case (Figure 1a3), 

a small hole is created throughout the oxide shell at Step (3a) and then relax the nanoparticle for 100 

ps. The bare AlH3 nanoparticle case simply relaxes the structure produced after Step (1c) for another 

50 ps. All the relaxation processes are performed at 300 K under NVT ensemble. Each specified 

relaxation time depends on when the potential energy reaches a stable value, and the corresponding 
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potential energy profiles are displayed in Figure 1b. The detailed configuration for each simulation 

system is summarized in Table 1. 

 

Figure 1. (a) Nanoparticle structures and a typical simulation system: 1. core-shell structure (Step 

3a); 2. central cross section of relaxed core-shell nanoparticle (Step 3b); 3. core-shell nanoparticle 

with a defect; 4. oxidation simulation system. Atoms colouring scheme: core Al – blue; shell Al – 

purple; H – white; shell O – green; molecular oxygen O – red. (b) Potential energy profiles of 

relaxation processes. 

Table 1. Configuration details of simulation systems. 

Case System NP Structure No. of O2 No. of Atoms 
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1 Thermal 
Decomposition 

bare 3 nm AlH3 0 2097 
2 3 nm AlH3 + 0.4 nm Al2O3 0 3772 

3 
Oxidation 

3 nm AlH3 + 0.4 nm Al2O3 1000 5772 
4 3 nm AlH3 + 0.4 nm Al2O3 + Defect 1000 5751 

 

After the relaxation, NVT simulations at 2000, 2500 and 3000 K for thermal decomposition and 

NVE simulations starting from 300 K for oxidation are conducted for 500 ps. The damping constant 

for NVT simulations is 100 fs and the time step employed in this study is 0.2 fs. The bonding and 

trajectory results are recorded at a frequency of 0.2 ps. A commonly used 0.3 bond order cutoff value 

is adopted for analysing species formed during the simulation. The visualization of simulation results 

is processed by OVITO [41].  

3. RESULTS AND DISCUSSION 

3.1. Thermal Decomposition of Bare and Perfect Core-Shell AlH3 

3.1.1. Gas Products Formation 

The process and mechanism of hydrogen formation are of great interest in AlH3 reactions. An 

illustration of how H2 is typically released from bare AlH3 is shown in Figure 2a. Along with the 

diffusion of H atoms, two surface H atoms combine with each other and are released as a H2 

molecule mainly in four formats. They can be both adhered to the same Al atom before ejecting 

(Figure 2a1), or bonded together first with one of them attached on an Al atom and then leave this Al 

atom (Figure 2a2). Alternatively, the two H atoms can be separately from (Figure 2a3) or shared by 

(Figure 2a4) two adjacent Al atoms prior to H2 discharge. The situation is similar for H2 production 

in the perfect core-shell AlH3 case. As seen in Figure 1a2, during the relaxation, a small amount of H 

atoms in the core AlH3 have already diffused into the oxide shell and even to the surface of 

nanoparticle. Additionally, a thin core-shell interface consisting of both core Al/H and shell Al/O 

atoms can be identified. However, the interface and effect of thickness of the oxide shell layer are 
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not studied in this research, which will be investigated in the follow-on work. As the reaction 

proceeds, more H atoms diffuse through the oxide shell to the surface. The subsequent procedure of 

H2 release is as described in the case of bare AlH3, but the H atoms could also be adhered to O and/or 

Al atoms. Due to the existence of the oxide layer, O atoms are present and H2O formation is 

observed, where Figure 2b demonstrates the generation steps. Initially, surface H and O atoms in 

close proximity to one another adhere to the same Al atom (Figure 2b1). Next, they move closer to 

each other (Figure 2b2) until the H atom is bonded directly to the O atom (Figure 2b3). Following 

this, a further nearby H atom, also attracted by the O of OH, bonds with the OH group to form a H2O 

unit (Figure 2b4). Finally, the preformed H2O unit disengages from the Al atom as an independent 

H2O molecule. It is found that the H2O unit could slide on the surface for a while before departing 

from an Al atom. Moreover, there is a simpler way of producing H2O, which directly starts from the 

step of Figure 2b3. The OH involved in this way is pre-existing and integrated during the diffusion of 

atoms.  

 

Figure 2. Illustration of formation of (a) H2 from bare AlH3. Before the H2 release, two surface H 

atoms can be: 1. both adhered to the same Al atom; 2. bonded together first with one of them 

attached on an Al atom; 3. separately from two adjacent Al atoms; 4. shared by two adjacent Al 
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atoms. (b) H2O from perfect core-shell AlH3. Before the H2O release: 1. surface H and O atoms in 

close proximity to one another adhere to the same Al atom; 2. they move closer to each other; 3. the 

H atom is bonded directly to the O atom; 4. a further nearby H atom also attracted by the O of OH, 

bonds with the OH group to form a H2O unit. The highlighted H and O atoms are in yellow and 

orange, respectively. 

The number of H2 molecules produced over time from the thermal decomposition of perfect 

core-shell AlH3 and bare AlH3, and the number of H2 and H2O molecules from thermal 

decomposition of perfect core-shell AlH3 at 2000, 2500 and 3000 K are exhibited in Figure 3a and 

Figure 3b, respectively. In general, the decomposition reactions are temperature dependent that high 

temperature enhances the thermal decomposition with a faster reaction rate. This temperature 

dependency relationship is also confirmed by many experimental studies [9, 18, 20, 42]. Because the 

H atoms of AlH3 have to travel across the oxide layer to the nanoparticle surface, this resistance 

makes H2 production of perfect core-shell AlH3 slower than bare AlH3, which is consistent with the 

previous experimental literature [43]. It is noticed from Wang et al. [44] that the thickness of oxide 

layer has a significant impact on the hydrogen release rate with an order of magnitude reduction by 

increasing the layer thickness from 1 to 3 nm, which is not that remarkable in Figure 3a. This can be 

attributed to the thickness difference between the oxide shells in Wang et al’s (1-3 nm) and the 

present study (0-0.4 nm). The level of the resistance created by the shell for the hydrogen release 

should be comparable to the shell volume rather than thickness because the core H atoms do not 

simply travel along the shortest thickness line to cross the shell. Instead, they go through the whole 

shell area. Furthermore, for the same amount of increasing of the shell thickness, the shell volume 

increases much more (cubic expansion) with respect to the thickness increment, resulting in much 

stronger resistance for the hydrogen release. Therefore, the shell thickness discrepancy of 1-3 and 0-

0.4 nm would make a very huge difference between the resulting resistances for the hydrogen 

release. Detailed quantitative relationship needs further investigations. 
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Figure 3. Time evolution of (a) number of H2 molecules for thermal decomposition of perfect core-

shell AlH3 and bare AlH3, and (b) number of H2 and H2O molecules for thermal decomposition of 

perfect core-shell AlH3 at 2000, 2500 and 3000 K. 

At the early stage (about 0 – 16 ps) of thermal decomposition of perfect core-shell AlH3 at 2000 

K, a dramatically fast production of H2O (much faster than H2) is observed, followed by the 

relatively smooth fluctuation to the end. Similar results were observed at 2500 and 3000 K, with the 

only difference that the peak and rate of H2O production is larger and quicker due to the higher 

temperature. This suggests that H2O is much more easily formed than H2 at the beginning of the 

reaction primarily as a result of the great availability of O atoms in the oxide layer. However, as the 

reaction progresses, the shell O atoms penetrate inside and the core H atoms diffuse outside 

simultaneously (more details presented in the next section), restraining the further rapid growth of 

H2O production because H2O (as well as H2) is only formed on the nanoparticle surface as shown in 

Figure 2. It is worth noting that in almost all the experiments [9, 20, 40, 42, 43, 45-48], H2 was a 

normal product of AlH3 thermal decomposition, but H2O was not observed or mentioned. Only 

Ismail and Hawkins [16] traced a tiny amount of H2O but they did not give any further explanation. 

The main reason for the significant H2O production in the present research is the huge difference of 

employed particle size and relative scale of oxide shell to AlH3 core between the simulation and 

experiment. The micron-size AlH3 was usually adopted in the experiment with a natural nano-size 
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alumina surface layer [48], leading to an extremely small oxide shell to core ratio. In contrast, the 

particle size used in ReaxFF MD simulation is normally in nanometers as it is very computationally 

expensive to perform ReaxFF MD simulation on a micro-size particle. Consequently, in the 

experiment, the amount of H2O produced at the very beginning of the reaction would be too small 

and the process would be too fast to be captured by the detecting instrument. The greater number of 

core H atoms relative to shell O atoms makes the H2 production absolutely dominant later on. It can 

be summarized that the gap of the results of H2O and H2 production between the present study and 

real experiments is caused by the considerable difference of the adopted particle size and resulting 

different core-to-shell ratio. Previous literature [9, 18, 21, 42, 49] also reported particle size as a 

significant factor. 

3.1.2. Structural Evolution of Perfect Core-Shell AlH3 

Figure 4 visualizes the structural evolution of perfect core-shell AlH3 nanoparticle at 2000 K by 

taking a snapshot of the nanoparticle central cross-section at different time instants. Compared with t 

= 0 ps (Figure 1a2), at t = 2 ps, plenty of H atoms diffuse into the shell and to the nanoparticle 

surface. Meanwhile, it can be seen that some shell O atoms move inward slightly. At t = 5 ps, while 

this H and O two-way movement continues, the core and shell Al atoms also start to exchange and 

the core-shell boundary is shrinking. At t = 10 ps, the amount of core H atoms is obviously less and 

shell O atoms move further inward but the exchange of core and shell Al atoms does not progress 

much. By time 40 ps, the core-shell structure becomes vague and the area of mixed core and shell Al 

atoms increases. At t = 130 ps, the core-shell structure completely disappears and all core-shell 

atoms are mutually blended. There is no apparent difference between the structure at 500 ps and 130 

ps, during which the atomic diffusion is steadily progressing. In short, the structural evolution of 

perfect core-shell AlH3 nanoparticle proceeds in three main stages: (1) Pre-diffusion: core H atoms 

diffuse outward throughout the shell to the surface and shell O atoms move inward; (2) Core-shell 
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integration: core and shell Al atoms exchange and mix accompanied by the shrinking of core-shell 

boundary; and (3) Post-diffusion: core-shell structure completely vanishes and all mixed core-shell 

atoms steadily diffuse around. If the simulation is long enough, it would be expected to see that most 

of the H atoms are released as H2, leaving the pure Al core with limited O atoms inside. The whole 

process agrees well with the hydrogen desorption mechanism proposed by Kato et al. [50] based on 

their in situ x-ray photoelectron spectroscopy surface analysis, which found that AlH3 only 

decomposes into Al and H2 at the free surface instead of the bulk, and is comparable with the 

recognized mechanism of Al nucleation and growth [9, 16]. More importantly, the results in the 

present study provide a detailed atomistic insight of the process. To be specific, the procedure of Al 

nucleation and growth could be correlated to the three distinctive stages and the nucleation process 

can be identified in Figure 4. Figure 1a2 shows the initial state of the core-shell nanoparticle after 

relaxation, where the core Al and H atoms are evenly distributed. After the Pre-diffusion stage and 

when the reaction proceeds to the Core-shell integration stage, the distance between the Al atoms 

becomes closer and closer (snapshots of 10 and 40 ps in Figure 4). Especially at 40 ps, a number of 

local Al nucleation sites can be clearly recognized. However, because of the penetration of shell O 

atoms into the core, there are also O atoms present in between the nucleated Al atoms, which should 

be different from the ‘pure’ Al nucleation sites in the experiment using a micro-size particle. Then 

during the Post-diffusion stage with the ongoing release of H2, more and more nucleation sites 

emerge (snapshots of 130 and 500 ps in Figure 4). Because the degree of dehydrogenation within the 

studied simulation time scale is low, the Al growth is not observed in Figure 4. But it can be deduced 

that the nucleation sites will grow as the H atoms diffuse outward and leave the nanoparticle as H2. 

The final oxygen content of the nanoparticle depends on the particle size and shell thickness. 
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Figure 4. Snapshots of the central cross sections of perfect core-shell AlH3 nanoparticle structure in 

the thermal decomposition reaction at 2000 K. The snapshot at 0 ps is shown in Figure 1a2. 

3.1.3. Diffusion of Atoms 

The mean square displacement (MSD) of Al, H and O atoms of perfect core-shell AlH3 

nanoparticle over time at 2000, 2500 and 3000 K are calculated and displayed in Figure 5. Only the 

nanoparticle atoms are considered for calculating the MSD, which means the atom is excluded in the 

calculation from the instant when it leaves the nanoparticle. The initial sharp increase of MSDH is 

caused by the rapid movement and outward diffusion of core H atoms into the shell. The MSDO line 

is above the MSDAl line because shell O atoms diffuse into the core and they travel a longer distance 

with a quicker speed than Al atoms. The results are consistent with the findings in Section 3.1.2. As 

time progresses, the MSDH becomes the lowest line among the three, when the diffusion of O and Al 

atoms plays a more leading role in the reaction, and this moment comes earlier as the temperature 

increases. 
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Within the studied simulation time scale,  all of the three MSDs show a faster rate (faster 

diffusion of atoms) at the early stage with the rising temperature. Although the MSDs at 2500 K have 

the highest peak values in Figure 5, those maximums should actually be the highest at 2000 K if the 

simulation is extended enough to witness those peaks. On the one hand, it can be seen from the 

figure trends that the MSDs at 2000 K are still climbing and their end values are close to those peak 

values at 2500 K; the MSDs at 2500 K have reached their peaks and just start to decrease; the MSDs 

at 3000 K have already shown a smooth vibration. Consequently, it is reasonable to deduce that the 

peak MSD values at 2000 K should be higher than those at 2500 K. On the other hand, because the 

focus is on the diffusion of atoms within the nanoparticle, it is necessary to exclude the atoms which 

have left the nanoparticle and are able to move much faster and more freely in the MSD calculation 

as mentioned above. For this reason, combined with the observation that high temperature enhances 

the thermal decomposition with a faster reaction rate (second paragraph of Section 3.1.1), more 

atoms leave the nanoparticle as gas products or radicals at the early stage and the reaction progresses 

to the steady diffusion stage earlier at high temperature than at low temperature. As a result, the 

internal diffusion of atoms rather than rapid release of products at low temperature is more dominant 

than that at high temperature leading to the highest MSD peak values at 2000 K among the three 

temperatures. However, the most important is that the evolution tendency of the MSD lines at three 

temperatures should be the same (provided that the simulations are long enough) and the evolution 

progresses faster at higher temperatures, which also backs up the concluded temperature dependency 

relationship. 
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Figure 5. Mean square displacement of Al, H and O atoms of perfect core-shell AlH3 nanoparticle 

during thermal decomposition at (a) 2000 K, (b) 2500 K and (c) 3000 K. 

3.2. Oxidation of Perfect and Defective Core-Shell AlH3 

3.2.1. Effects of Defect and Time Evolution of Potential Energy, Temperature and Main Species 

As can be seen in Figure 6, the existence of the defect clearly accelerates the oxidation of core-

shell AlH3. Specifically, the decrease of relative potential energy, increase of temperature and 

consumption rate of O2 is faster in the system with defective core-shell AlH3, which indicates a faster 

reaction rate. The defectiveness was reported to be an important factor on the kinetics of AlH3 

reactions in previous experimental [18, 42, 51] and theoretical [52] studies. It is believed that defects 

play a crucial role in the initiation of AlH3 reaction and that a higher defect concentration could 

result in faster reaction. In the present study, it is found that the defect actually provides a fast track 

for the diffusion of atoms, especially H and O atoms. In other words, it facilitates the direct contact 

of core AlH3 and ambient O2. Therefore, in and around the defect area, the H and O atoms could 

easily diffuse outward and inward, respectively, and do not have to pass through the oxide layer. 

Then, with the outward diffusion of H atoms and consequent shrinking of core AlH3, the surface 

layer defect closes gradually. Finally, after the closure of the defect, the whole nanoparticle acts like 

the perfect core-shell AlH3 at the same stage. In brief, the defect enhances the initiation of AlH3 

oxidation and accelerates the oxidation at the early stage of the reaction. It is foreseeable that the 

reaction could be much faster with the increasing size and number of the defect. 

Similar to the thermal decomposition of perfect core-shell AlH3, the production of H2O is 

significant in the oxidation simulations. In the oxygen environment, likewise, H2O is preferentially 

formed relative to H2 at the early stage of the reaction, the significant extent of which can be seen in 

Figure 6b. However, in a reported experiment [53], H2O was considered as a product of H2/O2 

reaction after the H2 release. In addition to the discussion and explanation given in the last paragraph 
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of Section 3.1.1., the high surface-to-volume ratio of nanoparticle also contributes to the great 

amount of H2O generated. Because of the relatively much larger surface area than a micron-size 

particle, the contact area of the nanoparticle with O2 is much larger, thereby adsorbing more O2 

molecules. Together with the small radius, the penetrability of O atoms is better. As a result, the 

abundant availability of O atoms leads to the remarkable and fast production of H2O at the early 

stage. The oxygen pressure and equivalence ratio could be other influential factors and will be 

investigated in the future work. After about 200 ps and when the H2O production is steady, 

production of H2 starts to increase. However, most of the H atoms are consumed as H2O due to the 

aforementioned reasons, which accounts for the minor observation of H2 in the present simulation. It 

is certain that H2 production would dominant in a later stage if a micro-size particle is adopted. The 

combined effect of particle size and surface-to-volume ratio causes the gap between the results from 

the present research and real experiments. Apart from H2O and H2, OH is also a noticeable species in 

the oxidation reaction. It begins to form from nearly the same time (slightly after) as H2O production 

and before H2 release. The OH generation in the thermal decomposition reaction is negligible. 

Hence, it is the O2 that promotes the production of OH. 

 

Figure 6. Time evolution of (a) relative energy and temperature, and (b) main species for oxidation 

of perfect and defective core-shell AlH3.  
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3.2.2. Reaction of Perfect Core-Shell AlH3 with O2 

The detailed interaction of perfect core-shell AlH3 with O2 is monitored to investigate the 

oxidation process. It is observed that O2 molecules head towards the nanoparticle surface rapidly 

when the reaction starts. After reaching the surface, one O atom could be attached to one single Al 

atom or stuck in the middle of two adjacent Al atoms with the other O atom vertically (to the 

surface) hanging in the air (Figure 7a). After a while, in the same way, the other O atom would lay 

down on the surface sticking to another one or two Al atoms (Figure 7b). Next, the O-O bond is 

broken and the two O atoms are able to move freely. This explains why Figure 6b demonstrates that 

the number of O2 reduces from the very beginning but there is no product formation during the first 

tens of ps. It is as a result of this oxygen adsorption-decomposition process, which sees increased O 

availability for the next stage of the reaction but does not itself produce any oxidation species. This 

process goes quicker as the temperature increases. Subsequently, along with the outward diffusion of 

core H atoms, the products start to form and be released successively. The formation mechanisms of 

H2O and H2 are the same as elucidated in the first paragraph of Section 3.1.1. The nanoparticle 

simply includes far more O atoms derived from the ambient O2 molecules. The OHs mentioned 

before are mainly generated from the nanoparticle but a small number of OHs are found to be the 

product of reaction of some species like HO2 at high temperature, which is not detailed here. It is 

noteworthy that the OH is not directly released from an OH unit (Figure 2b3) on the nanoparticle 

surface but relevant to the adsorbed O2 molecules. When the O2 molecule is vertically adsorbed on 

the surface with one O atom freely hanging in the air, a nearby H atom could bond to it (Figure 7c) 

and then this OH is detached from the adsorbed O atom, which is the preferred way of producing 

OH. Therefore, this is the reason that OH production in the thermal decomposition reaction is 

negligible and illustrates how O2 promotes the production of OH. 
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Figure 7. Illustration of how O2 molecules are (a) initially and (b) finally adsorbed on the 

nanoparticle surface, and (c) how OH is produced on top of the adsorbed O2 molecule. The 

highlighted H and O atoms are in yellow and orange, respectively. 

The structural evolution of the nanoparticle is shown in Figure 8. Corresponding to Figure 6b, at 

t = 50 ps when there is no product formation, many O2 molecules are adsorbed on the nanoparticle 

surface. The O-O bond has not been broken yet and no O atom from the ambient O2 has penetrated 

inside the nanoparticle. In the meantime, more core H atoms diffuse into the shell and to the surface 

compared with t = 0 ps (Figure 1a2). Shell O atoms start to diffuse into the core as well. With the fast 

reaction, at t = 120 ps, a large amount of H atoms have left the nanoparticle and shell O atoms enter 

into the core. Simultaneously, the ambient O atoms advance into the nanoparticle as free O atoms. 

Coming to t = 160 ps, the H atoms are lesser and ambient O atoms go further towards the 

nanoparticle core. Core and shell Al atoms begin to exchange and the core-shell boundary is 

shrinking. Until t = 180 ps, only a small amount of H atoms can be seen in the nanoparticle. The 

whole nanoparticle is distributed with ambient O atoms, and core/shell Al atoms are mixed 

interchangeably. From this point to the end of the simulation, a continuous supply of ambient O 

atoms gradually flow into the nanoparticle and core/shell Al atoms are uniformly integrated. At last, 

the nanoparticle consists primarily of Al and O with only few H atoms. Briefly, the oxidation process 

includes following three main stages: (I) Oxygen adsorption: ambient O2 molecules are quickly 

adsorbed on the nanoparticle surface accompanied by the diffusion of inner atoms; (II) Fast 

dehydrogenation: O-O bond of O2 is broken and these ambient O atoms penetrate into the 

nanoparticle with the fast products formation; and (III) Al oxidation: after most of the H atoms are 

released, the ambient O atoms oxidize the remaining nanoparticle. 



 20 / 29 
 

 

Figure 8. Snapshots of the central cross sections of perfect core-shell AlH3 nanoparticle structure in 

the oxidation reaction. The snapshot at 0 ps is shown in Figure 1a2. 

The three distinctive stages can also be characterised based on the ratio between the numbers of 

Al/H/O atoms in the nanoparticle during the oxidation reaction as shown in Figure 9. Note that the 

number of Al atoms in the nanoparticle is unchanged during the simulation. At Stage I, O/Al 

increases, H/O decreases and H/Al almost remains constant because the nanoparticle is adsorbing the 

ambient O2 molecules and there is few products generation (only tiny reduction in H/O at the end of 

Stage I). At Stage II, all of the three ratios evidently decrease on account of the fast dehydrogenation 

and products release from the nanoparticle. Particularly, more H than O atoms release and ongoing 

flow of ambient O atoms into the nanoparticle result in the further drop of H/O after Stage I. At 

Stage III, for the reason that the liberation of H atoms approaches its peak, both H/Al and H/O 

reduce slowly. On the contrary, O/Al keeps increasing owing to the sustained supply of ambient O 

atoms, which means the nanoparticle is continuously oxidized and the degree of oxidation is 

elevating, although the oxidation rate is becoming slower as the reaction progresses. Therefore, a 
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fully oxidized amorphous Al2O3 nanoparticle could be expected in the end if the simulation is 

continued long enough. While the oxidation process is generally in agreement with the simplified 

model that dehydrogenation of AlH3 occurs first followed by the Al oxidation [40], it is also 

observed in the present study that the dehydrogenation and oxidation actually proceed 

simultaneously although the oxidation rate is limited during the dehydrogenation period. 

 

Figure 9. Ratio between the numbers of Al/H/O atoms in the nanoparticle during the oxidation 

reaction with the three distinctive stages characterised in three different colours. 

Figure 10 describes the evolution of temperature distribution of the nanoparticle. Initially at t = 

50 ps, a lot of hot spots (~ 2000 K) and high temperature areas (~ 1000 K) can be seen inside the 

nanoparticle and on the surface, which induce the adsorption and diffusion of the oxygen. At t = 120 

ps, part of these high temperature regions stand out and their temperature further rises to about 4000 

K. The temperature of the remaining area goes up accordingly. Then as the reaction progresses, the 

number and size of the high temperature regions (around or higher than 4000 K) both increase, 

which is attributed to the dominant exothermic oxidation of Al. Finally, the temperature distribution 

of the nanoparticle is equilibrated (t = 250 ps and 500 ps) because the potential energy tends to be 

stable after about 200 ps. 
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Figure 10. Snapshots of the central cross sections of perfect core-shell AlH3 nanoparticle 

temperature distribution in the oxidation reaction. 

4. CONCLUSIONS 

ReaxFF MD simulations have been performed to investigate the fundamental reaction 

mechanisms of thermal decomposition and oxidation of AlH3. The results illustrate the detailed 

process and mechanism of H2 and H2O formation in the AlH3 reaction. The thermal decomposition is 

found to be temperature dependent, and high temperature enhances the process via a faster reaction 

rate. Due to the existence of the oxide layer, H2 production of perfect core-shell AlH3 during the 

thermal decomposition is slower than that of bare AlH3 as the H atoms have to travel across the 

oxide layer to the nanoparticle surface. Significant H2O production is observed in the thermal 

decomposition of perfect core-shell AlH3 and the results suggest that H2O is much more easily 

formed than H2 at the beginning of the reaction. The structural evolution of perfect core-shell AlH3 
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proceeds in three main stages: (1) Pre-diffusion: core H atoms diffuse outward throughout the shell 

to the surface and shell O atoms move inward; (2) Core-shell integration: core and shell Al atoms 

exchange and mix accompanied by the shrinking of core-shell boundary; and (3) Post-diffusion: 

core-shell structure completely vanishes and all mixed core-shell atoms steadily diffuse around. The 

mean square displacement results are consistent with the findings from the structural evolution and 

further confirm the above temperature dependency relationship. For the oxidation, the results 

indicate that the defect enhances the initiation of core-shell AlH3 oxidation and accelerates the 

oxidation at the early stage of the reaction. It provides a fast track for the diffusion of atoms, 

especially H and O atoms, thereby facilitating the direct contact of core AlH3 and ambient O2. 

Similar to the thermal decomposition process, H2O production is also pronounced in the oxidation 

and H2O is preferentially formed relative to H2 at the beginning of the reaction. Besides H2O and H2, 

OH is a noticeable species in the oxidation reaction. The detailed interaction of perfect core-shell 

AlH3 with O2 is monitored to demonstrate how O2 promotes the production of OH. It is concluded 

from the structural evolution of perfect core-shell AlH3 that the oxidation also includes three main 

stages: (I) Oxygen adsorption: ambient O2 molecules are quickly adsorbed on the nanoparticle 

surface accompanied by the diffusion of inner atoms; (II) Fast dehydrogenation: O-O bond of O2 is 

broken and these ambient O atoms penetrate into the nanoparticle with fast products formation; and 

(III) Al oxidation: after most H atoms are released, the ambient O atoms oxidize the remaining 

nanoparticle. It is found that the dehydrogenation and oxidation proceed simultaneously although the 

oxidation rate is limited during the dehydrogenation period. 

The results obtained from the present research are applicable to those high-temperature thermal 

decomposition and oxidation reactions of AlH3, which normally occur in propulsion systems. The 

revealed mechanisms may benefit the control of hydrogen release leading to the safe storage and 

efficient usage of AlH3. For example, to reduce the instability resulted from the defects and preserve 

the high hydrogen capacity during storage, an additional thin oxide layer or other suitable organic 
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layer could be coated on the AlH3 surface that potentially makes it a more efficient propellant. 

Furthermore, if the thermal stability of AlH3 could be effectively increased, the nanoparticle AlH3 

would be very promising. The reason is that the oxide layer does not have much negative impact on 

the oxidation reaction as the relatively rich availability of shell O with respect to core H atoms could 

promote the H2O production at the beginning thereby facilitating the reaction. Also, the reaction 

kinetics is expected to be enhanced due to the high specific surface area of nanoparticle. Therefore, 

this research provides the theoretical foundation for improving the practical applications of AlH3. 
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