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Abstract: In this work, the results of clean hydrogen production from the direct chemical reaction
between aluminum-lithium compounds and distilled water under normal conditions, without
additives or catalysts, are presented. The material was prepared by mechanical alloying using a
high-energy Spex-type mill in an Al20Li ratio. Relatively short milling times were programmed
for the preparation of AlLi phases. Through this process, two phases (AlLi and Al8.9Lil.1) were
identified, which react efficiently to produce clean hydrogen. The experiments demonstrate fast and
self-sustained reactions between AlLi phases and distilled water. In both the phase preparation and
hydrogen generation, 100% efficiency was achieved. The hydrolysis reaction occurred quickly, and
the hydrogen volume generated was 1700 mL/g of material. Under these conditions, aluminum
generates 1390 mL of hydrogen, and lithium generates 310 mL /g from both AlLi phases. A single
by-product (LiAl,(OH)7-2H,0O) was identified. According to the results and the conditions applied
in this research, the hydrogen produced does not require prior purification and can therefore be used
directly in fuel cells. The AlLi-water reaction is a promising process for generating hydrogen in a
simple and relatively short time compared to other hydrogen production methods. In this process,
no greenhouse gas emissions were produced.
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1. Introduction

The energy economy based on fossil fuels is considered unsustainable due to the
air pollution caused by the emission of large amounts of greenhouse gases (GHGs) [1].
The main inputs of global energy systems are oil, coal, and natural gas [2-4]. However,
when fossil fuels or their derivatives are used in ground, marine, or air transport, large
amounts of CO, are emitted, negatively affecting the environment. The consequences of
global warming have become increasingly evident in recent years. Since 1995, this issue
has been widely discussed in various scientific, political, and economic forums (Paris 2015,
Bonn 2017, Egypt 2022, Dubai COP 2023). To date, significant progress has been made
through agreements regarding fuel transitions, as demonstrated by some automotive
companies in recent years. However, greater responsibility is required to carry out the
transition from fossil fuels. This transition has already begun, as evidenced by advances
in the commercialization of electric and hybrid vehicles, primarily based on hydrogen
fuel cells and lithium batteries, which will gradually replace those that use fossil fuels.
This transition is not easy, as it is also very expensive; but eventually, this economy will
become a reality in the coming years. Therefore, it is essential to incorporate new fuels
that do not generate GHGs and that are beneficial to both health and the environment.
This is the main reason why scientists around the world are focusing on developing fuels
that avoid GHG emissions and can meet current and future global energy demands while
mitigating environmental degradation. The search for new energy sources is primarily
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focused on hydrogen technology. Hydrogen is a renewable, environmentally friendly fuel
with a high calorific value and is an important energy carrier that could play a fundamental
role in reducing GHG emissions [5,6]. Today, the best-known technologies for hydrogen
production include natural gas reforming, bio-derived liquid reforming, coal gasification,
water electrolysis, thermochemical, photoelectrochemical, and biological processes, among
others [7,8]. Unconventional and more sophisticated methods, such as irradiating metals
like Ti, Si, Mg, and Al, or their combinations with laser ablation to carry out hydrolysis
reactions, have also been used to generate hydrogen [9,10]. Additionally, hydrogenated
solvents, such as methanol, are used in hydrogen generation through various methods;
methanol is particularly suitable for producing hydrogen by releasing the four hydrogen
atoms in its molecule. Methanol is a substance used alone or in combination with other
solvents to produce hydrogen by various methods, with or without the use of catalysts,
as reported in the literature [11-17]. Another promising method for generating hydrogen
is the metal-water reaction, which takes into account particle size and temperature. This
method can also be applied in energy storage, and the metal oxides produced can be
deoxidized and reused. This process is considered effective, safe, economical, and easy
to use [18-20]. Recent research has explored the use of metals such as Al, Zn, and Mg
to generate hydrogen, with aluminum (Al) being considered the most viable candidate
due to its abundance in the Earth’s crust, high performance, and recyclability [21-24]. The
main challenge in hydrogen production using aluminum is the efficient removal of the
oxide layer that forms on its surface, which prevents the metal from easily reacting with
water. Various methods, including some recent ones, have been studied to facilitate the
hydrolysis of aluminum, including chemical activation of the metal, mechanical milling,
and alloy formation to generate hydrogen for use in fuel cells [25-28]. These methods
include combining aluminum with other metals, specifically (Ga), as well as (In), (5Sn), and
(Zn) or their combinations in varying percentages [29-37]. Other approaches involve the
use of additives, modifying agents, or adjustments to water temperature [38,39]. Each of
these processes has its own advantages and disadvantages. One disadvantage of aluminum
is the formation of an oxide layer on its surface, which limits direct contact with water,
making it difficult to efficiently obtain hydrogen from the reaction. Other studies have
focused on minimizing this oxide layer and have proposed several effective methods
for hydrogen production, such as forming Al alloys through mechanical alloying using
fine particles and adding additives (alkalis, metal oxides, salts, hydrides, etc.) [40,41].
Mechanical alloying has the advantage of preventing the loss of molecules by evaporation
from metals with low melting points during alloy preparation. Additionally, lithium is a
highly reactive metal that can produce hydrogen when it reacts with water. Lithium can
be mixed with aluminum to form AlLi alloys, which enhance the activity of aluminum.
It has been reported that combining lithium with aluminum has a significant effect: As
the concentration of lithium increases, the formation of LiOH also increases, accelerating
aluminum hydrolysis and improving the reaction yield [42-46]. The lithium content
significantly contributes to the formation of AlLi alloys, changing the AlLi compound to
AlyLiz and AlyLig as lithium increases from 10% to 30% or 40% by weight, respectively [47].
However, this parameter not only affects hydrogen production but also impacts mechanical
alloying. A low concentration of lithium can cause particle agglomeration, and as the
amount of lithium decreases, these effects become more frequent [48]. Consequently, when
materials are prepared using the mechanical alloying method, it is common to add small
amounts of process control agents or additives to reduce agglomeration. However, this
makes the alloy composition more complex, leading to difficulties when recycling the metal.
In this study, aluminum and lithium elements, with 80% and 20% by weight, respectively,
were used to prepare the alloy through mechanical alloying with varying milling times
and without the addition of any additives. The materials obtained reacted efficiently
with distilled water under normal pressure and temperature conditions to generate clean
hydrogen. These results help to understand the contribution of aluminum in the reaction of
the AI20Li phases obtained through this method. For each programmed milling time, the
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samples were reacted with water, and the hydrogen volume was compared. The formation
of AI20Li phases was identified using XRD analysis.

2. Materials and Methods
2.1. Materials

The metals used in the preparation of the Al-Li compound were aluminum (Aldrich
Chemistry, St Louis, MO, USA) in granular form, with particle sizes of approximately 1 mm
and a purity of 99.7%, and lithium (Alfa Aesar, Miami, FL, USA) also in granular form, with
particle sizes of 1-4 mm and a purity of 99.4%. A high-energy spex mill was used to prepare
the AlLi samples, which was built at our institute in the general workshops department
whose images are provided in [49]. The container and milling media are made of stainless
steel and were provided by the same department. A glove box under an ultra-high purity
argon (Ar) atmosphere (CRiOGAS, Purity Plus SPECIALTY GASES, Toluca, Mexico) was
used for handling the metals before milling.

2.2. Sample Preparation

In each experiment, approximately 5 g of the compound in a percentage ratio of
80:20 by weight for aluminum and lithium, respectively, was prepared with a ball-to-
powder ratio of 5, using three milling media, each 1.2 mm in diameter. This procedure
was performed inside the glove box to avoid contact of the materials with the environment.
The AlLi compounds were prepared with milling times ranging from 30 min to 3 h. In all
experiments, after the mechanical alloying process, the material inside the container was
passivated for 18 h to prevent spontaneous oxidation of the formed phases.

2.3. Characterization

The powders were characterized using various techniques to determine certain struc-
tural properties as well as their composition. The surface area, pore size, and micropore
volume were determined by physical adsorption of N at 77 K using an automatic adsorp-
tion system (BELSORP Max, Bel Japan, Inc., Osaka, Japan). Before analysis, the samples
were degassed 3 h at 200 °C. The samples, both before and after milling, as well as the
by-product, were characterized by X-ray diffraction. The diffractograms were collected
using a Bruker D8 Advance X-ray powder diffractometer with an energy-dispersive one-
dimensional detector to identify the phases formed. The samples were placed on a Lucite
support and then in the goniometer of the diffractometer. Some of the parameters used in
these determinations included a Ko radiation source from a Cu anode with a wavelength
(M) of 1.5406 A, a diffracted beam monochromator set to 40 kV and 40 mA, 260 steps of
0.02°, and programmed times of 20 min to acquire the X-ray diffraction patterns, with
intensities high enough for subsequent identification. The interval used to acquire the
spectrum ranged from 20 to 90 degrees in 20. Identification and quantification of the
crystalline phases were performed using DIFFRAC.EVA and TOPAS software V7. This
software is supported by a reference pattern database derived from the Crystallography
Open Database (COD) and the Powder Diffraction File (PDF) for phase identification. A
scanning electron microscope (JEOL 5900 LV) equipped with an energy-dispersive X-ray
(EDAX) probe for microanalysis was also used to determine the morphology and chemical
composition of the samples.

2.4. Hydrogen Production

For hydrogen generation, the AlLi compounds in powder form were weighed between
20 and 200 mg; for the reaction, each sample was placed in a 20 mL glass vial, sealed with
a rubber stopper and an aluminum O-ring. A syringe tip was attached to a hose through
which the gas passed toward a graduated burette, where the generated hydrogen was
measured by liquid displacement. With another syringe, 5 mL of distilled water was
added to the vial with the sample to generate hydrogen. The reactions were carried
out under ambient laboratory conditions, mainly at a temperature of 20 °C, gradually
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and slowly adding distilled water to control the exothermic reaction. The by-product
obtained after the reaction was separated from the liquid phase and dried on a grill at
a controlled temperature. The samples, both before and after milling, as well as the by-
product, were characterized by X-ray diffraction. Under these same conditions, a series of
reactions were performed between metallic lithium particles of known weight and distilled
water to generate hydrogen, which was considered to determine the volume of hydrogen
produced by aluminum from the Al-20Li phases. Figure 1 shows the diagram with different
experimental stages carried out in preparation for the AlLi compound until hydrogen
generation as the main objective of this work.

AlLi compounc!s preparation I ?—p H, production (nprmal Tand P) I

5 g of Al and Li were I Reaction with 20, 40, ... 200 mg of AlLi I

weighed in a 80:20 ratio phases plus 5 mL of distilled water

Seal containerin a glove box H, quantification by liquid
with inertatmosphere displacement

Mechanical milling, high-energy Phase separation and
mill-type spex solids drying

Milling times 0.5, 1,2,3,5,10 h
Ball-to-powder ratio= 5

v

Characterization using XRD, SEM, BET
A '—-} techniques

Figure 1. Experimental diagram for hydrogen generation.

3. Results and Discussion

It is important to understand the structural changes in Al and Li materials before
and after milling, particularly in terms of shape and size, as they undergo significant
modifications over time. These structural changes facilitate the reaction with water for
hydrogen generation. Aluminum, for example, does not react directly with water to
generate hydrogen due to the formation of an oxide layer. However, when combined with
lithium and activated through milling, hydrolysis occurs, and hydrogen is easily generated.
Figure 2A shows a micrograph of aluminum pellets used in the preparation of the AlLi
compound. The image reveals particles with irregular morphology. Although the pellets
appear circular and silver-colored to the naked eye, the microscopic view in the image
shows their irregular form. This irregularity may be due to the preparation method, as the
material lacks a specific shape. On the other hand, based on the image and the scale, the
particle size is greater than 1 mm. The particles have irregularities, with one end being
narrower and the opposite sides wider. The surface shows a series of overlapping plates
with irregularities across all the granules. The shape of the particles may be due to the
preparation method, as in some cases, this metal is synthesized by the electrolysis of molten
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salts. The micrograph, with a magnification of 50X, was sufficient to observe these particles
in detail. The required magnification depends on particle size—larger particles require less
magnification for visualization. In this case, an electron beam with a power of 20 kV was
applied. Generally, these particles show a pattern in which the thinnest part appears folded.
Figure 2B shows an image of a metallic lithium granule, where some lines are visible on
its surface, suggesting the particle underwent a cross-section. The front is flat, while the
rest has a bumpy appearance. This material is extremely difficult to handle due to its high
reactivity with the environment, particularly its rapid reaction with ambient humidity. For
this reason, the lithium was carefully prepared in a glove box under an argon atmosphere
to prevent any possible reaction with atmospheric components before coming into contact
with water. Before analysis, the lithium samples were coated with a layer of gold to prevent
electrical overcharge and to protect them from environmental exposure. This process was
conducted in a vacuum. The SEM analyses were performed at 40X magnification, which
was sufficient to observe the surface details due to the size of the lithium grains. Another
analysis was conducted on the aluminum using the EDAX probe to determine whether
any impurities were present in its structure. This analysis could only be performed on
aluminum, as lithium, due to its physicochemical properties, cannot be excited to emit
characteristic X-rays, making it impossible to determine its elemental composition. The
EDAX analysis of the aluminum indicated the presence of a single peak corresponding to
the characteristic X-ray pattern of aluminum, with no other elements detected as impurities.
When working with pure elements, as in this case, there is the advantage of obtaining
bimetallic alloys without the presence of any other elements, which is important because
impurities can alter the properties and potential applications of the resulting compound.

SEI/  20kV. WD 10mm s s
A

Figure 2. Micrographs of aluminum (A) and lithium (B) used in AlLi compounds’ preparation.

Figure 3 shows images of the AlLi material after mechanical alloying for 30 min, 1, 2,
and 3 h, A, B, C, and D respectively. Clusters, formed by small particles, were identified.
Image analysis was performed at 100X magnification, providing a general view of the
powders and clearly showing the physical transformation of the material, with particle
sizes completely altered from the original aluminum and lithium metals (Figure 2A,B). The
processing of the metals depends on the milling time, and the structural changes occurred
due to the high impact between the container walls and the milling media, caused by
the motion of the engine that transmits the force to the system holding the container. In
Figure 3A, a significant change in the morphology and size of the starting elements (Al and
Li) was observed after a short milling time (30 min). During this process, a partial fusion
phenomenon occurs between these two metals, which are considered soft due to their
physicochemical properties. Initial fusion happens more easily in short milling times, and
under these conditions, phase formation begins to be observed. The morphological changes
during the milling of these ductile powders can be explained by the competition between
two mechanisms: fracture and cold welding. Impacts between the milling media and
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container walls repeatedly flatten the Al and Li particles from the start of milling, resulting
in cold welding and the formation of larger, flake-like particles. Plastic deformation hardens
the particles, making them brittle, which activates the fracture mechanism during short
milling periods, such as after 1 h, as shown in Figure 3B. Some particles retain a certain
size, while others are flattened. When the milling time is increased to 2 h, a more uniform
distribution is observed, and the flake-like particles undergo fracture, forming smaller
particles, as shown in Figure 3C. At this stage, the fracture mechanism becomes dominant
over cold welding. After 3 h of milling, the flattened particles transform into equiaxial
morphology, and the particle size decreases. Under these conditions, the microstructure of
the alloy is formed, consisting of globular grains where the particles have a nearly uniform
size and are evenly distributed, as shown in Figure 3D. Another important factor affecting
the material’s transformation process is the size of the milling media. In these experiments,
12 mm diameter balls were used, subjecting the metals to high impacts at each instant
within the system, which caused significant changes in their morphology. However, it is
important to note that even after the particle size has stabilized, microstructural refinement
can still occur and may continue later due to the thermal excitation conditions that are
maintained inside the container. In the same figure, the effect of milling time on the particle
sizes of Al and Li is also shown, demonstrating a complete change in their morphology. It is
clear that milling for only 3 h, using large millings media, results in a significant reduction
in particle size, which is favorable for hydrogen generation through reaction with water.
To determine if there are any significant morphological changes beyond 3 h, milling times
of 5 and 10 h were tested. According to the results, no notable changes in grain size were
observed, and the globular particles had similar morphologies to those obtained after 3 h
of milling, without the formation of amorphous materials (image not shown because it
is similar to Figure 3D). Additionally, when the particles obtained after 3, 5, and 10 h of
milling were reacted with water, the same volume of hydrogen was generated. These
results indicate that the preparation of the AlLi alloy can be effectively completed with
short milling times of no more than 3 h. One of the advantages of preparing metal alloys
through the mechanical alloying process, unlike conventional methods, is that it does not
require a large amount of energy in the form of heat. High temperatures that would melt
the metals and produce vapors potentially harmful to the health of operators are avoided.
Additionally, it has been demonstrated that metal alloys can be prepared in short time
periods using high-energy mechanical milling, as in this case, where the material was
formed from Al and Li, with alloy formation beginning after just 30 min of milling.

K100 L2d0wm

20KV X180 1804

Figure 3. Micrograph of AlLi powders milled 0.5 (A), 1 (B), 2 (C), and 3 h (D).
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Figure 4 shows the adsorption/desorption curves of AlLi phases A and B, respectively.
The solid powders milled for 3 h were analyzed using the nitrogen physisorption technique,
which provided isotherms similar to the type IV curve proposed by IUPAC, corresponding
to mesoporous materials with pore sizes ranging from 2 to 50 nm. The analysis was
conducted at a relative pressure (p/po) of 0.99, with nitrogen adsorption reporting a total
pore volume of 0.69 cm®/ g for the AlLi and AlggLij; phases prepared by mechanical
milling. Using the multipoint BET method at a p/pg interval from 0 to 1, the specific
surface area was measured at 183 m?/g for the AlLi and AlggLij; phases. Additionally, the
average pore diameter was 15.03 nm, suggesting that the material had good porosity prior
to reacting with water. The adsorption/desorption isotherm of N at 77 K, presented in
Figure 4, reflects the porous texture of the AlLi and AlggLij 1 powders used in hydrogen
generation. The isotherm is characterized by a hysteresis loop, which is associated with
capillary condensation occurring in mesoporous materials and limiting uptake over a high
p/po range. Some mesoporous materials exhibit type IV isotherms, and in general, when
their surface area is large, they have a greater capacity to adsorb gases [50,51]. The hysteresis
loop found in this study was an H3 type, which does not exhibit limiting adsorption at
high p/po. This type of hysteresis may also correspond to particle aggregates with pores of
non-uniform sizes and shapes.

600

400

-1

Vv, /em’ (STP)g

200

0.0 0.5 1.0
rlp,
Figure 4. Nitrogen adsorption (A)/desorption (B) isotherm at 77 K of AlLi and AlggLi; ; phases.

Figure 5 shows five diffraction patterns corresponding to aluminum and the com-
pounds obtained by milling at different programmed times. It should be noted that
lithium could not be characterized using X-ray diffraction due to its low atomic number.
Diffractogram (a) corresponds to the aluminum particles, where five characteristic peaks
appear in the range of 35 to 85 degrees in 26. The metal was identified using PDF card
01-1180, corresponding to the image of the particles represented in Figure 2A. The following
diffractograms—(b), (c), (d), and (e)—correspond to samples with milling times of 30 min,
1,2, and 3 h, respectively. Two phases were obtained: AlggLij 1 and AlLi, identified using
PDF cards 65-7533 and 65-4905, respectively. As milling time increases, the transformation
of the aluminum and lithium metals into both phases (AlLi and AlggLi; 1) becomes evident.
This same transformation was confirmed through SEM analyses, with the four images in
Figure 2 corresponding to each diffraction pattern (b, ¢, d, and e), respectively. As milling
time progresses, the size of the materials decreases, reaching micrometric structures. The
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intensities of the AlggLi; 1 phase closely resemble those of aluminum, and they can only
be differentiated using PDF cards based on their respective theoretical values. The ampli-
fied peaks also indicate the formation of the AILi phase, which shows distinct diffraction
patterns compared to aluminum, as seen in the diffractograms where the peaks are clearly
separated. In the diffractogram (b), a small peak at 40.067 degrees in 26 appears after the
main peak, corresponding to the AlLi phase. This indicates that the formation of this phase
had already begun after just 30 min of milling, meaning that both phases (AlggLi; 1 and
AlLi) are present under these conditions. To confirm phase formation, each aluminum
peak was compared with those of the AlggLij ; and AlLi phases, and the intensities of the
various diffractograms were carefully examined.

40,000 -
o ° Al8.9Li1.1
+ AlLi
30,000 a) Al
o
— * + o °
) l ﬂ + + o+ + °
b J‘_L_/;__.
g 20,000 —«k e)
[
c
- _A__~M L JL A_/p d)
DY N AK L b)
0 J | L J J L_L a)
T T T T T T T 1
25 35 45 55 65 75 85 95
20 (degree)

Figure 5. Diffractograms of Al (a) and (AlggLi; 1 and AlLi) phases after 30 min (b), 1 (c), 2 (d), and
3 h (e) of milling.

Figure 6 shows the amplified diffractograms of the main peaks of both aluminum and
the AlggLij 1 and AlLi phases, which vary depending on the milling time. To distinguish the
aluminum spectrum from that of the AlggLi; ; phase, peak broadening was performed. The
figure provides a detailed comparison, focusing on the range from 33 to 44 degrees in 260.
As seen in all diffractograms (Figure 5), there is a strong similarity between the intensities
of aluminum and the AlggLi; ; phase, making a comparison of the five peaks from both
compounds necessary. Upon expanding each peak, all displayed slight displacements,
which were corroborated with their respective theoretical values. In the diffractograms, the
two main peaks of both aluminum (a) and the AlggLij ; phase were analyzed. According
to theoretical values, the 20 angle of 38.610 corresponds to the main peak of aluminum,
while the main peak of the AlggLij; phase is at 38.506. This results in a difference of
0.104 degrees between the two values. This shift highlights the difference between the
diffractograms, confirming that they represent distinct phases. The second phase (AlLi)
also begins to form with short milling times, and its intensity does not interfere with
the aluminum and AlggLij; phases. The peak located at an angle of 40.067 degrees
(diffractogram b) corresponds to the AlLi phase. As milling time increases, the peaks of
both AlLi and AlggLi; ; phases become broader due to the smaller particle sizes. This is a
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typical characteristic of the mechanical alloying technique, where extended milling times
tend to partially amorphized the materials; therefore, on this occasion with the programmed
milling time of 3 h, a nanocrystalline structure is formed. The difference in theoretical values
(0.104 degrees) confirms the formation of both phases (AlLi and AlggLij 1). The milling
time was relatively short (30 min) to initiate phase formation from the Al and Li metals
used in this study. All experimental runs with an 80:20 weight ratio of Al to Li yielded
reproducible results. The AlLi and AlggLi; 1 phases in these proportions were considered
for hydrogen generation reactions with water. The diffractogram obtained after 30 min of
milling does not indicate the complete formation of the alloy. To verify whether aluminum
had alloyed with lithium, the product obtained after 30 min of milling was reacted with
water to generate hydrogen, and the byproduct was analyzed by X-ray diffraction. The
result showed the presence of metallic aluminum. With longer programmed milling times,
the AlLi and AlggLi; 1 phases continued to form through repeated collisions between the
milling media and the container walls until the complete combination of aluminum and
lithium. Another characteristic is the width of the main peaks. The peak observed at 30 min
is narrower because some aluminum particles of a certain size have not yet fully reacted
with lithium. This contrasts with the peak obtained after 3 h, where the transformation of
aluminum and lithium has been fully completed, resulting in the formation of the AlLi and
AlggLij 1 phases. As a result of this process, very small particles are formed, leading to
broader peaks, as shown in diffractogram (e). Equations (1) and (2) illustrate the reactions
occurring inside the container during the milling process, where aluminum and lithium,
after 3 h of milling, are fully combined.

Al+Li— AlLi 1)

8.9Al + 1.1Li — AlgoLi; )
70,000 —
*Al

° AI8.9Li1.1
+ AlLi

o
50,000 j\k e)
40,000 - 9
30,000 -
c)
20,000
. b)

60,000 —

Intensity (a.u.)

10,000

a)

20 (degree)

Figure 6. Amplification and comparison between the Al (a) main peak and AlggLij ; and AlLi phases
30 min (b), 1 (c), 2 (d), and 3 h (e) of milling.

Under these conditions, when using lithium at 20% by weight combined with alu-
minum particles, two phases were obtained. In the diffractograms (Figure 5), no other
phases were identified.
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The phases identified through their corresponding diffractograms, based on milling
times, were reacted with distilled water to produce hydrogen. Table 1 shows the parameters
used for hydrogen generation, such as milling times, the weight of the material used in
the reactions, and the volume of hydrogen generated. The first column lists the milling
times, programmed from 30 min to 10 h. The second column indicates the sample weights,
which were kept constant at 100 mg, and the third column shows the volume of hydrogen
generated as a function of milling time. The first series of reactions, considering the material
obtained after 30 min of milling and reacted with water under normal conditions, were
carried out. On this occasion, the volume of hydrogen generated was 44 mL. It is assumed
that during this milling time, the Al and Li material had begun forming the AlLi and
AlggLij 1 phases, which reacted with water to produce clean hydrogen, as no other gas
was detected by gas chromatography. Under these milling conditions, the aluminum did
not react with water, likely due to its particle size. In these conditions, the presence of
aluminum particles was mixed with the AlLi phases that had formed, as demonstrated
by the diffraction pattern of the by-product obtained after the reaction with water. The
hydrolysis reactions between the AlLi and AlggLi; ; phases and water were conducted
under laboratory conditions, specifically at a temperature of 20 °C, without the addition
of any additives or catalysts to generate hydrogen. The particle size of the aluminum also
influenced the reaction, as observed in the SEM results. Relatively large particles were
still visible after 30 min of milling (Figure 3A), indicating a limit in aluminum particle size
that remained too large to fully react with water and thus obtain the maximum volume of
hydrogen. Given the unreacted aluminum particles under these conditions, the milling time
was increased to 1 h. This resulted in a 3.4-times increase in hydrogen volume compared to
the previous value obtained after 30 min. At this point, the average volume of hydrogen
produced was 150 mL. As the milling time increased, the hydrogen volume also increased,
reaching a maximum of 170 mL after 3 h of milling. At this stage, the particle size was
homogeneous, allowing the material to fully react and produce the maximum gas volume.
To confirm that this represented the maximum volume (or plateau) of hydrogen generation,
additional milling times of 5 and 10 h were tested. However, the volume of hydrogen
remained constant as that obtained after 3 h of milling, which indicates that this time was
optimal to produce the maximum volume of hydrogen. These values were reproducible,
and based on these results, the high-energy mechanical milling process was standardized
at 3 h to minimize energy consumption and save time.

Table 1. Hydrogen generation from AlLi phases and water as a function of milling time.

M1111r(1}%) Time AlLi-Alg gLij 1 Phases (mg) Vot:lf‘)Hz
0.5 100 44 +£2.17
1 100 150 4+ 2.84
2 100 165 4+ 4.54
3 100 170 £ 0.07
5 100 170 £ 0.08
10 100 170 £ 0.05

Figure 7 shows the clean hydrogen volume versus the weight of the material used.
Each point represents the amount of material that reacted with water to generate hydrogen.
The quantities of the powders for the reactions ranged from 20 to 200 mg. These small
amounts were chosen because the reaction between the AlLi material and water occurred
quickly and vigorously. However, the curve shows a linear trend in hydrogen production
relative to the amount of material used. The R-value is acceptable as all points pass through
the line, indicating a proportional relationship between the amount of AlLi and AlggLij 1
material and hydrogen production. This is significant because, in principle, any amount of
material can be reacted with water to produce large volumes of hydrogen. Under these
experimental conditions, the reactions between the AlLi and AlggLi; ; phases and water
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were conducted at ambient conditions without the addition of additives or catalysts to
initiate the hydrogen generation process.
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Figure 7. Linear trend in hydrogen generation as a function of weight material.

Figure 8 shows the kinetics of hydrogen generation when the phases (AlLi and
AlggLij 1) react with water as a function of reaction time. Upon contact with water, the re-
action started rapidly, and hydrogen was produced immediately. The volume of hydrogen
was measured at specific time intervals, beginning at 20 s and continuing until the reaction
was completed, after 10 min. The kinetics of hydrogen generation under ambient conditions
are considered relatively fast, as the materials reacted completely without the addition
of any catalyst. As shown in the graph, after 1 min of reaction, more than 50% of the
total hydrogen volume had already been generated. After 2 min, the reaction rate slowed
because most of the material had already reacted, reducing the hydrogen production rate
until the total volume was reached. Since the reaction is exothermic, the temperature in the
system began to decrease relative to the environment during this time interval. As a result,
the heat generated was not sustained as it was at the start, leading to a slower reaction rate,
which delayed the final hydrogen production. In another series of experiments, hydrogen
was measured up to 30 min after the reaction started and the hydrogen volume remained
constant to that measured after 10 min. Therefore, the volume of hydrogen (170 mL) was
the same for 30 min; that is, the material reacted in a short time.

The reactions that occur between Al-20Li material milled 3 h and water in hydrogen
generation are represented in Equations (3)—(5).

2Li + 2H,0 — 2LiOH + H, 3)
2Al + 6H,O — 2A1(OH); + 3H, (4)
LiOH + 2A1(OH); + 2H,O — LiAly(OH);-2H,0 (5)

These reactions may also occur in the system almost instantaneously. For example, the
Al(OH)3; by-product is formed in a hydrolytic process, which reacts with LiOH and water
to produce the final by-product LiAl,(OH)y-2H,O. This by-product was not found mixed
with any other phase, as demonstrated by its diffraction pattern. When the maximum
volume of hydrogen was reached as a function of milling time at 3, 5, and 10 h, which
showed a constant value, the efficiency of hydrogen generation between the phases (AlLi
and Alg.gLij.1) and distilled water under laboratory conditions—at room temperature
(20 °C)—was determined. In all tests conducted at different milling times from 3 h, the
hydrogen volume was 1700 mL/g of material. Based on these results, the efficiency of
hydrogen production was 100%, as the material reacted completely. To confirm whether
the efficiency matched the reported value, the by-product obtained after the reaction was
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analyzed by X-ray diffraction to check if the phases (AILi and Alg.9Li;.1) had fully reacted.
The results from these analyses showed the presence of only one by-product (Figure 9),
confirming that hydrogen had been completely generated. This indicates that the process of
obtaining clean hydrogen under these conditions was 100% efficient, meaning both phases
reacted fully to generate a consistent hydrogen volume after 3 h. Additionally, to determine
aluminum’s contribution to hydrogen production from both phases, considering the 20%
lithium used, lithium alone was reacted with water under identical laboratory conditions.
Five reactions were performed, with an average lithium sample weight of 0.1 g, yielding
an average hydrogen volume of 155 mL, or 1550 mL/g; using this result, the volume of
hydrogen contributed by aluminum was calculated. According to these results, 1700 mL
of hydrogen was generated per gram from the AlLi and Alg.9Lij.; phases. In this study,
the concentration of aluminum was 80% by weight; thus, aluminum contributed 1390 mL
of hydrogen, while lithium generated 20%, or 310 mL/g of material. This combination
is notable because aluminum particles typically do not react with water under these
conditions due to the oxide layer formed on their surface. However, when aluminum is
mixed with lithium through mechanical milling, the phases react and generate a significant
volume of hydrogen. Table 2 highlights various studies that have used aluminum as a
base to generate hydrogen through different methods and its combination with elements
such as Ga, In, Si, Li, C, Bi, Zn, Mg, and Fe. It also includes hydrogen production by
mixing aluminum with chemical compounds such as NaCl, SnCl,, and Bi,O3 to form
composites or intermetallic compounds, which were activated through the mechanical
milling process. The milling times in these studies ranged from several minutes to 19 h [52-56].
The reactions to generate hydrogen were carried out under various temperature conditions,
ranging from —10 °C to 80 °C, depending on the aluminum combination and the solution
used. Most studies employed water as the reaction medium. In addition to water, another
solution considered for hydrolysis to produce hydrogen has been an alkaline solution [57-59].
Similarly, aluminum has been combined with lithium to generate hydrogen through thermal
processes at high temperatures [60,61]. Others have combined aluminum and lithium to
react with different elements and compounds [62]. Table 2 presents the results reported
for hydrogen generation, using aluminum as the base element to form various alloys and
compounds, along with their respective reactions, experimental conditions, and the volume
of hydrogen generated. It also includes the experimental conditions and hydrogen generation
results from the aluminum-lithium binary system phases, AlLi and Alg.9Lij.1, obtained by
mechanical milling and reported in this work.
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Figure 8. Kinetics during hydrolysis reaction in hydrogen production.
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Figure 9. Diffractograms of by-product at 30 min (a) and 3 h (b) of milling.

Table 2. Various reported methods for hydrogen production involving the combination of aluminum
with other elements and compounds, along with the conditions used in this work.

Compound or System Method and Time Temp. (°C) Reaction Medium  Hydrogen (mL/g) Ref.
GalnAl MM (3 min) 0 H,O 1280 [52]
AlGaInSnCl,-Bi; O3 MM (3 h) 25 H,O 1172 [53]
AlSiCBi-NaCl MM (15 h) 70 H,O 730 [54]
Al-NaCl MM (5 h) 70 H,O 1641 [55]
Al-(NaCl) MM (19 h) 80 Hot H,O 1270 [56]
AI-Ni MM (5 h) 70 Alkaline sol 1350 [57]
Al-GalnZn MM (10 min) —10 Alkaline sol 1056 [58]
Al-Mg-Fe MM (4 h) 25 Alkaline sol 1013 [59]
Al-20Li Thermal 700 H,0 1039 [60]
Al-20Li Thermal 700 H,O 1164 [61]
Al-Li-InZn MM (15 h) 25 H,O 1245 [47]
Al-Li-(NaCl) MM (15 h) 25 H,0 1245 [62]
Al-20Li MM (3 h) 20 H,O 1700 This work

The table presents various investigations with different experimental conditions for
generating hydrogen through material reactions. In these studies, the hydrogen volume
varied, with reported values ranging from 730 to 1641 mL /g when aluminum was combined
with other elements and compounds. In contrast, the hydrogen volume reported from
combining certain elements with lithium ranged from 1039 to 1245 mL/g. It is important
to note that the methods used in these studies differ in several parameters from those
employed in this work. Under our experimental conditions, which were conducted in a
straightforward manner, the hydrogen volume reached 1700 mL/g, and this value was
reproducibly achieved. The ease of obtaining the AlLi and Alg.gLij.; phases, which reacted
with distilled water to generate hydrogen, is significantly different from that reported
in other studies listed in Table 2, particularly methods that used lithium in combination
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with aluminum and other compounds. A notable advantage was the use of short milling
times, unlike those listed in the table, such as 15 h of milling or the thermal method.
Both approaches generated smaller hydrogen volumes compared to this work. Figure 9
represents the diffractograms of the by-product obtained after the reaction between the AILi
and Alg.gLi.; phases and water during hydrogen generation for milling times of 30 min
and 3 h, (a) and (b), respectively. In diffractogram (a), two phases were identified: the
corresponding by-product (LiAl,(OH);-2H,0) and aluminum. The presence of aluminum
indicates that after 30 min of milling, the aluminum had not yet fully combined. This
result explains the smaller volume of hydrogen produced during 30 min of milling time,
meaning that aluminum particles remained at a size that did not fully react with water.
Additionally, this milling time and its corresponding analysis revealed the formation of the
AlLiand Alg.gLij.1 phases. Diffractogram (b) shows the by-product obtained after hydrogen
generation from the reaction of the AlLi and Alg.9Lij.; phases with water. The lithium
aluminum hydroxide hydrate phase (LiAl,(OH)7-2H,0) was identified using PDF card
31-0704. All peaks observed in the diffractogram correspond to this phase. It is important
to note that the combination of the two phases during the reaction resulted in only one
by-product being formed, as no other phase appeared in the diffractogram. Since the
by-product is a single compound, it can be used directly in subsequent chemical processes.
Through diffraction analysis, the efficiency of hydrogen production was verified, showing
that the reaction of the material with water was complete, providing 100% efficiency.

In this work, the mechanical milling method was highly favorable for producing the
AlLi alloy, as the material synthesis was completed in just 3 h, resulting in nanometric-
sized powders that reacted with water efficiently and rapidly. The various processes
occurring during alloying allowed for the rapid fusion of Al and Li metals without requiring
significant energy input, unlike other methods that involve reaching their respective melting
points and transforming them into liquid phases. The mechanical alloying technique avoids
these conditions. Moreover, since both metals are considered soft, alloy preparation is
further facilitated. Throughout the hydrogen production process, no greenhouse gases
were produced. However, Al and Li metals must be handled in an inert atmosphere to
prevent oxide formation during preparation and milling, because these metals react quickly
with environmental components.

4. Conclusions

Two phases of AlLi were successfully prepared, which react easily with water to
produce clean hydrogen. The mechanical alloying method proved to be very suitable for
synthesizing these phases. The AlLi and Alg.9Lij.; phases were formed using 20 wt%
lithium and aluminum. No additives were used in the preparation of the materials from
aluminum and lithium through mechanical milling. Milling media of the appropriate
diameter were used, causing strong impacts between the container walls and the material,
resulting in the rapid formation of AlLi phases. The formation of these phases begins at
relatively short milling times, with the complete combination of both metals achieved in
3 h. The kinetics of hydrogen production between the AlLi and Alg.gLi;.; phases and water
were fast, vigorous, and exothermic, which could be controlled by adding water gradually
until the desired volume was reached. The volume of hydrogen produced was 1700 mL/g
of material. Hydrogen generation was performed under ambient conditions without the
addition of catalysts, achieving 100% efficiency. The contribution of aluminum mixed with
20% lithium by weight in hydrogen production was particularly significant, reaching 82%.
Hydrated lithium aluminum hydroxide (LiAl,(OH);-2H,O) was obtained as the only by-
product, confirmed by XRD, and this hydroxide has important applications. Additionally,
the reaction between the AlLi phases and water, generating the maximum volume of
hydrogen, was completed. Alloy synthesis from Al and Li using the mechanical alloying
technique opens the possibility of producing clean hydrogen on a larger scale using water
as a key element in fuel cells, especially in zero-emission (ZECO2) transportation. This
method proves to be highly effective in obtaining hydrogen in a direct, simple, and viable
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way. Throughout the process used in this work to generate hydrogen, unlike traditional
methods, no greenhouse gas emissions were produced. According to the results and under
the conditions carried out in this research, these compounds (AlLi) can serve as energy
storage; in the same way, the hydrogen produced does not require prior purification and
therefore can be used directly in fuel cells, and in the near future, it can also be used as a
possible substitute for fossil fuels.
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