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Abstract: In this study, the Al–20at%Ca alloy was synthesized by mechanical alloy from the 
elemental powder mixture. Subsequently, the alloy particles were reacted at room temperature to 
determine the amount of hydrogen released. For these purposes, the powders reacted with different 
types of water, such as distilled water, tap water, and seawater, and also in the presence of NaCl and 
CaO additives. Both milled samples and reaction powders were analyzed by X-ray diffraction (XRD), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), FT-IR, and Raman 
spectroscopy (RS). The XRD patterns of the powders prepared show a nanocrystalline alloy 
consisting of a solid-cubic solution of Al and the tetragonal intermetallic phase CaAl4. Studies of 
XRD and SEM, as well as direct measurements of H2, indicated that the best results of H2 generation 
were obtained when the alloy reacts with distilled water. Both NaCl and CaO additives improve 
hydrogen generation, reaching 100% efficiency in distilled water and seawater, and without 
induction time. Samples with a combination of NaCl and distilled water showed the best reaction 
times to generate the entire theoretical amount of hydrogen. The XRD and DSC–TGA standards also 
confirmed the presence of bayerite Al(OH)3 as a secondary reaction product. 

Keywords: hydrogen generation; intermetallic; nanostructured materials; mechanical alloying; 
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1. Introduction 

Hydrogen element is an essential fuel for potential use in clean and emission-free transport 
applications [1,2]. One of the main challenges of hydrogen technologies is its storage capacity [3–5]. 
However, an alternative to hydrogen storage is the in-situ H2 generation and feeding on-demand in a 
hydrogen fuel cell. In this context, aluminum and its alloys have been extensively investigated as 
useful materials for its reaction with water to release hydrogen [6–8]. Elemental aluminum has 
difficulty reacting at room temperature with water due to the formation of a passive layer of 
aluminum oxide [9]. Therefore, to improve the efficiency of the hydrogen reaction, catalytic 
substances are required that influence the reaction rate by the passive layer elimination. In this sense, 
several additives such as NaOH [10], KOH [11], NaCl [12], among others [13–14], have been 
successfully tested. Recently the aluminum has been combining with carbon [12,15] and oxides [16].  

Another way to improve the Al reaction with water has been its alloy with Ga and adding 
several low-melting-point elements such as In, Sn, Zn, and Bi obtaining excellent reaction 
efficiencies [17]. Also, elements such as Mg, Fe, Co, Ni, have been explored [18–21]. These alloys 
have carried out by the continuous casting method. However, some elements increase the production 
cost of the material. 

Moreover, in some investigations for the reaction to occur, the temperature must rise [18,22]. 
Other evaluated production methods include biological and electrochemical processes [23]. However, 
the biological processes have relatively low efficiency, and the electrochemical methods have a high 
production cost [24,25]. 

Alloy and mechanical activation of Al with various elements have also been a successful 
alternative [26–28]. Mechanical milling is a simple and relatively low-cost method that produces 
nanocrystalline powder alloys [29]. During the ball milling process, a large number of crystalline 
defects such as vacancies and dislocations are generated that accumulate a large amount of energy 
and increase internal stresses in the material. Nanocrystals in the material increase the grain surface 
area, thus raising the area available for the reaction, that, in addition to the accumulated energy, are 
structural characteristics that favor the diffusion and reactivity of the chemical species. The effect of 
increasing surface area on Al’s reaction with water was reported in the past. For example, 
nanoaluminum particles reacted completely to produce bayerite at low temperatures, while 
microparticles did not [30]. In all cases, the reaction for the hydrogen generation is carried out in 
three steps: induction time, rapid generation, and passivation. The induction time is the period in 
which the reaction begins, from the moment the reagents come into contact until the first hydrogen 
bubble appears [21]. An objective of the new technologies for hydrogen generation is to find the 
right conditions (maybe room temperature) and appropriated materials so that the induction time was 
zero or almost zero. 

On the other hand, Al-based intermetallic compounds are of our interest because of the 
hydrogen environmental fracture that affects them [31]. In this process, the Al of the intermetallic 
compound reacts spontaneously with the water vapor in the air, causing to release of hydrogen. Then, 
hydrogen releasing causes cleavage fracture of the material increases the surface area, improving the 
conditions for the reaction of the intermetallic compound with water. Thus, Al-based intermetallic 
compounds must be explored for these purposes. Thus, in this study, we present the results obtained 
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from the reaction of the Al-based alloy (Al–20at%Ca) with different types of water and in the 
presence of NaCl and CaO additives. The alloy mixture was obtained by high-energy ball milling in 
a two-phase region consisting of a solid solution of aluminum, Al[Ca], and the intermetallic phase 
CaAl4, according to the equilibrium phase diagram. 

2. Materials and methods 

2.1. Materials 

In the present work: Al powder (99.5% purity), Ca powder (99.5% purity), NaCl (99.0% purity), 
and CaO (96% purity) supplied from Alpha Aesar are used as starting materials.  

2.2. Alloy preparation 

A binary alloy with a nominal composition of Al–20at%Ca was prepared by high-energy ball 
milling starting from elemental powders. In a container of hardened steel were loaded 3 g of 
elemental powders and two hardened stainless-steel balls (8.4 g) to give a ball-to-powder mass ratio 
of 2:8. To form a nanocrystalline alloy, Al and Ca powders were subject to high-energy ball milling 
in a SPEX 8000 M mill/mixer for 3, 6, and 9 h. During operation, an Ar atmosphere was used to 
avoid the oxidation of the powders. Then, the alloy particles were exposed to their reaction with 
different types of water: distilled water, tap water, and seawater. CaO and NaCl additives (10 wt%) 
were used to improve the response of the synthesized powders with different types of water. A ball-
milling process was conducted for 30 min to homogenize the as-synthesized alloy with the additives.  

2.3. Hydrogen generation properties measurements 

During the reaction of the powders and water, the amount of hydrogen released was measured 
by the method described previously in [21] with minor modifications. Al–20at%Ca alloy particles 
reacted with different types of water (tap water, natural seawater, or distilled water) inside a 100 ml 
Kitasato flask. The hydrogen produced by this reaction was taken to a 250 mL distillation flask, 
inverted and filled with water. This container also served as a water trap for temperature rise during 
the reaction. The last paragraph constituted the experimental modification with respect to [21]. Water 
evacuated by hydrogen bubbles in the distillation flask was captured in a 250 mL burette. In each 
experimental sample, the mass of the Al element contained in the alloy was equivalent to  
producing 250 mL of H2 under standard conditions (298 K and 1 atm) with excess water. The 
formation of the first bubble inside the distillation flask indicates the initial time for H2 generation. 
At the end of each experiment, the volume change of the inverted burette was measured to determine 
the amount of hydrogen released. In addition, the induction time, generation time and total amount of 
hydrogen released were recorded. 
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2.4. Microstructural characterization  

In addition to direct measurements of H2 release, evidence of the reaction between Al and water 
can be observed through morphological and chemical changes in the powders after the reaction. 
Microstructural characterization of particles with and without additives was performed by X-ray 
diffraction (XRD, Siemens D5000 X-ray diffractometer) and scanning electron microscopy (SEM, 
JEOL JSM 2400). In addition, energy dispersive spectroscopy (EDS) analysis was performed on all 
milled samples to determine their chemical composition. Differential scanning calorimetry analysis 
(DSC) and thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600. 

3. Results and discussion 

Figure 1a displays the XRD pattern of the un-milled sample, which contains only the typical 
diffraction peaks of the Al and Ca. Figure 1b,c shows the XRD patterns of as-milled (Al, Ca) 
powders after 6 h, and 9 h, respectively. These powders were used in this work for hydrogen 
generation. The diffraction peaks identified in both XRD patterns confirmed the formation of both 
Al[Ca] cubic solid solution and the CaAl4 tetragonal intermetallic phase after 6 h of mechanical 
milling. The observed phases in the XRD patterns are in good agreement with the Al–Ca phase 
diagram for the nominal alloy composition used in this work. The crystal size calculated using the 
Debye–Sherrer equation from the Al (111) crystallographic plane (FWHM) was 17 nm, which 
confirms the formation of a nanocrystalline alloy [32,33]. According to the Miedema model, the 
enthalpy of formation for the Al–20at%Ca is negative (−8.65 kJ/mol), which indicates that a 
mechanical alloy process can form the CaAl4 phase. A negative enthalpy of formation induces a 
significant driving force and nucleation due to the relatively simple crystalline structure. The 
dissolution of Ca in Al is due to crystalline defects induced by milling. All these defects provide the 
highest percentage of solubility of the solute element in the structure of Al. These defects may 
include vacancies, dislocations, and grain boundaries, which also participate in the activation of the 
powders for their reaction with water. On the other hand, ball milling of the additives with the 
alloyed powders intends to induce a higher number of active sites for their reaction with water. 

 

Figure 1. (a) XRD pattern of the un-milled sample with diffraction peaks of the starting 
powders (Al, Ca). XRD patterns of as-milled powders after (b) 6 h and, (c) 9 h. 
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Figure 2a shows an SEM micrograph illustrating the morphological characteristics of the 
powders milled for 6 h. The sample exhibits a relatively narrow particle size distribution. The 
agglomerates observed were formed as a result of these steps: plastic deformation, welding, and 
fracture that repeatedly occurred in the particles during the ball-milling process. Figure 2b shows the 
EDS chemical analysis of the sample, indicating the presence of signals of Al, Ca and small amounts 
of O. The O presences is attributed to the slight oxidation on the particle surface of both metals being 
approximately 0.5 wt% [34].  

 

Figure 2. (a) SEM micrograph of the powders after 6 h high-energy ball milling, (b) 
EDS analysis of the same particles showing the chemical composition. 

Figure 3 shows the curves of hydrogen generation of the Al–20at%Ca powder as a function of 
processing time in the different water types. From the graph, we can notice that the use of distilled 
water indicates the best results for hydrogen generation, followed by the use of tap water and 
seawater. Similar results were obtained by Wang et al. [35], getting better results in distilled water in 
comparison with deionized water and tap water. On the contrary, Gai et al. [36] find that the Al 
reaction with tap water and deionized water is faster than distilled water and seawater. Mag et al. [37] 
obtained 10% more hydrogen production with seawater, compared with deionized water attribute to 
the enriched chlorine ions, which accelerate the dissolution reaction of the passivation layer on the 
Al surface. However, in general, the results of hydrogen generation after the reaction of Al with only 
different types of water are low; that is why over the years, several additives have used for the 
reaction activation. In addition, the physicochemical properties of seawater are different from the tap 
or distilled water. Properties such as density, viscosity, and bacterial content, can make the chemistry 
of seawater complex, so its reaction to generate hydrogen is also. 
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Figure 3. Hydrogen generation of as-milled powders after its reaction under different water types. 

XRD analyses were carried out to know the by-products derived from the hydrogen generation 
reaction between the milled powders and the different types of water. Figure 4 shows the X-ray 
diffraction patterns to confirm the existence of reaction products as a result of the generation of 
hydrogen with the use of the intermetallic phase as an internal additive and different types of water. 

Figure 4a shows the X-ray diffraction pattern of the powders after their reaction with distilled 
water. The analysis of this pattern shows the absence of the CaAl4 intermetallic phase. These 
findings reveal that the intermetallic phase reacts entirely with water. Therefore, the intermetallic 
compound decomposes, functioning as an additive in the material. As mentioned earlier, intermetallic 
materials react spontaneously with water vapor in the air to produce ambient hydrogen [38]. As 
appreciated, there are small amounts of the starting phase Al[Ca] in the XRD pattern indicating 
partial reaction with distilled water to produce hydrogen. These results are in good agreement with 
the results of direct H2 generation measurements. Additionally, diffraction peaks of the compounds 
derived from the reaction such as aluminum hydroxide (Al(OH)3) with the monoclinic phase and also 
cubic calcium carbonate (CaCO3) were identified. Al(OH)3 compound (bayerite) appears according 
to the chemical Eq 1 [39]. 

2 	 	6 	 	2 	 	3                                         (1) 

where, either Al of the solid solution Al[Ca] or from the intermetallic compound CaAl4 react with 
distilled water releasing hydrogen to form bayerite compound. On the other hand, the observed 
CaCO3 is due to CaO reaction with CO2 environmental, according to the chemical Eq 2 [40,41]. 

	 	 	 	                                                     (2)	

Figure 4b shows the XRD pattern of the reacted particles in contact with tap water. The 
diffraction peaks of the same compounds observed in the as-milled alloy (Al[Ca] cubic and CaAl4) 
were identified. The presence of the starting phases indicates a reduced efficiency of reaction with 
tap water, which agrees well with the results of the direct measurements of H2. These results could 
be due to the presence of several ions dissociated in tap water. This outcome leads to a lower number 
of hydroxyl ions and neutral values of pH and affects their reaction with the alloy mixture [20]. 
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Figure 4. XRD patterns of the reactant particles in contact with (a) distilled water and, (b) tap water. 

Figure 5 shows the graph of the amount of hydrogen released in the Al–20at%Ca alloy reacting 
with distilled water and seawater using NaCl and CaO, respectively. It is observed from the curve 
that the total theoretical yield of hydrogen according to the mass used in these experiments (250 mL) 
was achieved with the NaCl additive and by using distilled water. Furthermore, the induction time 
was 0 s, and a higher rate of reaction was obtained in the comparison to the use of seawater + CaO 
mixture. These findings are comparable to those achieved by using extreme experimental conditions, 
such as the use of toxic substances as NaOH, KOH or temperature [10–11,18,42].  

The sodium chloride salt is highly soluble in water and activates the corrosion of aluminum by 
promoting the mobility of ions and the transfer of electrical charges [42]. Seawater itself contains 
NaCl. However, it has been reported that the corrosion process improves when NaCl is milled with 
the powders before the reaction occurs, leading to a small particle size distribution. Also, when NaCl 
has increased, the response of the particles to the reaction with water increases [43]. 

 

Figure 5. Graph showing the amount of hydrogen released from the Al–20at%Ca alloy 
reacting with distilled water and seawater with the use of NaCl and CaO additives. 
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Figures 6 show the XRD patterns of the reaction powders in contact with seawater or distilled 
water and with the addition of NaCl, respectively. In both XRD patterns, some evidence of the 
starting materials (i.e., Al[Ca] and CaAl4) was not displayed. These results indicate their complete 
reaction with water to produce H2. From the patterns, the presence of the monoclinic phase Al(OH)3 
was also determined, which means that the starting materials react to produce hydrogen with water 
according to the chemical Eq 1. Moreover, XRD peaks of the NaCl and CaCO3 compounds were also 
identified. NaCl appears when the sample is dried for its structural characterization. The milled 
powders are activated for the hydrogen generation reaction due to the crystal size reduction and the 
increment in internal stresses. Thus, the presence of NaCl additions is useful for obtaining better H2 
generation in the Al–20at%Ca alloy. The hydrogen generation resulting from seawater is a surprising 
result. It should be considered that in seawater, there is a slight reduction of the OH and H ions, 
which are occupied by the solvation of metallic salts dissolved in the seawater (3.5 g/L) as compared 
to the distilled water. In addition, seawater has a higher density, viscosity, and contains organic 
matter compared to distilled water. These differences in the physicochemical properties of water may 
also be responsible for the delayed rate of hydrogen generation in seawater. The last can be seen as if 
there was more water available in distilled water than in the seawater for the reaction with the 
powders and H2 generation. On the other hand, the amounts of ions dissolved in the seawater could 
be acting as agents of charge mobility that, in some way, aids in the process chemistry of hydrogen 
generation. Obviously, from the commercial point of view, the best result obtained in this work was 
those achieved with seawater and NaCl additive. 

 

Figure 6. XRD patterns of the Al–20at%Ca reaction powders with the addition of NaCl 
in contact with (a) seawater and, (b) distilled water. 

Figures 7a,b show the SEM powders morphology and their corresponding EDS analysis spectra 
after their reaction with distilled water and seawater and in the presence of NaCl, respectively. As 
can be seen from micrographs, the agglomerates show signs of reaction on their surface, for example, 
roughness, in addition to a smaller particle size in comparison with the starting material (Figure 2). 
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EDS chemical analysis performed on the samples in the case of deionized water (Figure 7c) 
shows only the alloy elements (i.e., Al and Ca) with the presence of high oxygen counts attribute to 
the reaction by-products (Al(OH)3). EDS spectrum of the sample reacted with seawater (Figure 7d), 
shows elements from the seawater ions (S, Cl, Na, and Mg) and the alloy (Al and Ca). Furthermore, 
there are also high oxygen counts that can be related to the formation of the Al(OH)3 compound. The 
presence of the Al(OH)3 compound is directly related to H2 generation, as previously determined by 
the XRD patterns. 

In the past, reports that the intermetallic materials react spontaneously with water to release 
hydrogen [21]. The hydrogen generated reduces cohesive forces in the solid to provoke cleavage 
fracture [31]. In this way, the reduction in particle sizes due to the hydrogen fracturing exposes a 
new surface area to the reaction with water, improving hydrogen generation. That is, the same 
intermetallic material is acting as an additive within the material. 

 

Figure 7. SEM micrographs of the Al–20at%Ca reaction powders with the addition of 
NaCl in contact with (a) distilled water and (b) seawater, (c) and (d) their corresponding 
EDS analysis. 

DSC and TGA experiments obtained after the reaction of the powder with distilled water and 
seawater and in the presence of NaCl, respectively, are shown in Figures 8a,b. As observed in both 
curves, an endothermic peak situated around 294 ºC corresponding to the dehydration of bayerite 
appear [44] according to the Eq 3. The integrated area of the peak is more prominent in the sample 
with distilled water than in the seawater that is in good agreement with the results of the direct 
measurement of H2. 

2 	 	 3                                              (3) 
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Figure 8. DSC–TGA analysis of the powders after reacting using NaCl and different 
types of water (a) distilled water, and (b) seawater. 

Figure 9 shows the micro-Raman spectra for the resulting sample obtained from the reaction of 
Al–Ca with distilled water using the additive NaCl. The spectrum indicates the presence of bayerite 
phase, Al(OH)3, and CaCO3. The presence of Al(OH)3 in the Raman spectra appears as a solid 
byproduct during the powder's alloy reaction with water. 

 

Figure 9. Raman spectrum of the reacting particles with distilled water using NaCl as additive. 

4. Conclusions 

In summary, in this investigation, the Al–20at%Ca alloy prepared by high-energy ball milling 
was evaluated as hydrogen generation material. XRD and SEM studies, as well as direct 
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measurements of H2, indicate that the use of distilled water was better than seawater and tap water. 
NaCl additions to the intermetallic character alloy improve hydrogen generation in distilled water, 
reaching 100% efficiency and registering zero induction time. The hydrogen generation from the 
alloy was not as flattering in samples with the use of seawater and NaCl additive. X-ray diffraction 
shows that the Al(OH)3 compound was the main byproduct of aluminum corrosion. 
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