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Abstract

The complex behavior of LaH> during ball milling was investigated in this study, with its mechanical,
chemical, and morphological changes explored. The relationship between milling time and hydrogen
pressure reduction was uncovered through detailed experiments, reflecting the dynamic nature of the
process. A transient yet significant event was observed upon unsealing the milling jar post-milling:
the emergence of a minor fire ember, indicative of the interplay between mechanical forces and chemical
reactivity within the LaH> powder. Profound changes in the structure, composition, and shape were
unraveled using advanced techniques such as X-ray diffraction (XRD), scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM/EDX), and particle size distribution analysis.
The resulting powder exhibited a dual-phase composition of lanthanum dihydride (LaHz, 68.1% to
71.5%) and lanthanum oxide (La203, 28.5% to 31.9%), reflecting a dynamic chemical equilibrium
during milling. Particle size distribution analysis revealed a notable increase in average diameter to
6420 nm, accompanied by a polydispersity index (PDI) of 0.831, signifying a broadening compared to
the initial LaH2 powder. The morphological evolution of the powder was elucidated through SEM
imaging, showing predominantly spherical and rounded forms, indicating extensive particle agglomeration
and plastic deformation during milling. Additionally, the formation of oxide layers on the powder surface,
intertwined with pronounced particle agglomeration, was highlighted through EDX mapping, shedding
light on the mechanical aspects of morphological evolution during milling. These findings contribute
to our understanding of LaH2 behavior under extreme mechanical and chemical conditions and have
implications for materials processing, hydrogen storage technologies, and broader applications in
materials science and engineering.

[6-10]. This accelerated kinetics allows for the rapid synthesis of

1. Introduction

In recent decades, mechanochemistry has emerged as a versatile
and innovative approach in materials science and solid-state chemistry
[1-3]. This technique utilizes mechanical forces, like milling or grinding,
to initiate chemical reactions in solid-state systems [4,5] operating
under ambient conditions and offering numerous advantages over
traditional synthetic methods. Mechanochemistry efficiently promotes
chemical transformations by imparting kinetic energy to reactant
particles, facilitating bond-breaking and atomic rearrangement
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complex materials, making mechanochemistry attractive for on-
demand production [7,11]. Moreover, mechanochemistry reduces
energy consumption and carbon footprint by eliminating the need for
high-temperature furnaces or pressure vessels [12,13]. Unlike solvent-
based reactions, it generates minimal waste and avoids environmental
contamination, promoting a cleaner approach to materials synthesis
[14-16]. Mechanochemistry induces unique structural modifications,
forming metastable phases and nanostructures inaccessible through
conventional methods [6,17]. These structures often exhibit enhanced
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properties suitable for various applications, including catalysis,
electronics, and energy storage [9,18,19]. Solvent-free reactions in
mechanochemistry preserve sample integrity, eliminating solvent-
induced side reactions and ensuring product purity and reliability
[20-25]. Consequently, materials synthesized via mechanochemistry
demonstrate superior performance and stability, making them desirable
for industrial and technological applications [26-28].

Mechanochemistry has evolved as a pioneering technique in
materials science and solid-state chemistry, enabling advanced materials'
efficient and eco-friendly synthesis [29-31]. The unique combination
of accelerated reaction kinetics, reduced energy consumption, and
the absence of volatile solvents makes mechanochemistry an attractive
and sustainable alternative to conventional synthetic methods [32-34].
As we delve deeper into the potential applications of mechanochemistry,
this paper focuses on investigating the mechanochemical behavior
of lanthanum dihydride (LaH2) with hydrogen (Hz) using the ball-mill
process, contributing to the growing body of knowledge in the field
of sustainable and green energy storage materials.

LaHo stands out as a material of considerable significance within
the realm of mechanochemistry. Its potential as a hydrogen storage
material has attracted widespread attention owing to its high hydrogen
content, making it a promising candidate for addressing the challenges
of hydrogen storage and utilization in clean energy applications
[35-37].

Hydrogen, with its exceptional energy density and potential as
a clean fuel, has been recognized as a crucial element in the transition
toward a sustainable energy landscape. Hydrogen fuel cells and energy
storage systems have emerged as key technologies in pursuing
a carbon-neutral society [38-40]. However, the efficient storage and
release of hydrogen represent formidable hurdles in realizing the
full potential of hydrogen-based energy solutions [41-43].

The thermodynamics of the hydrogen desorption and absorption
reactions in LaH> pose considerable hurdles, rendering its handling
and manipulation with conventional methods challenging [44,45].
The high energy barrier associated with the hydrogen desorption
process necessitates elevated temperatures to drive the reaction
[45-47], making it energy-intensive and impractical for real-world
applications. Furthermore, the slow hydrogen release and absorption
kinetics in LaH> significantly restrict the material's overall efficiency
and responsiveness as a hydrogen storage medium [48,49].

In this context, the application of mechanochemistry represents
a promising solution to overcome the inherent limitations of LaHa.
The ball-mill process, a well-established mechanochemical technique,
can provide the necessary mechanical energy to activate and accelerate
the hydrogen desorption and absorption reactions in LaH>. By
employing mechanical forces to drive these reactions, the need for
high temperatures can be circumvented, allowing for the manipulation
of LaH> under milder conditions, thereby improving its practicality
as a hydrogen storage material.

By delving into the mechanochemical behavior of LaH> with
Ha, this research aims to uncover the fundamental mechanisms that
govern the hydrogen desorption and absorption kinetics in LaHo.
This investigation is vital to understand the intricate factors influencing
the hydrogen storage properties and to identify the potential challenges
associated with the mechanochemical synthesis of LaH2-based
hydrogen storage materials.
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The interest in LaH> within the domain of mechanochemistry is
fueled by its remarkable hydrogen storage capacity and its potential
applications in hydrogen fuel cells and energy storage systems. However,
the thermodynamic challenges of hydrogen desorption and absorption
limit its handling with conventional methods. This research seeks to
leverage mechanochemistry to gain insight into the hydrogen storage
behavior of LaHa, paving the way for the development of more efficient
and practical hydrogen storage materials for sustainable energy
applications.

In the quest to overcome the challenges associated with LaH: as
a hydrogen storage material, the ball-mill process emerges as a highly
promising and well-established mechanochemical technique. The
ball-mill process harnesses the power of high-energy collisions between
milling balls and the reactant powder, initiating mechanical activations
that enhance chemical reactivity and reaction efficiency [50-52].

The ball-mill process is conducted within a sealed container,
ensuring a controlled and inert environment. This setup prevents the
loss of reactants and the introduction of impurities, guaranteeing the
purity and reliability of the reaction products. Milling balls are set
into rapid motion inside the ball mill, creating high-impact collisions
with the LaH> powder. These high-energy collisions impart mechanical
energy to the reactant particles, breaking chemical bonds and promoting
atomic rearrangements in the material [53-55].

The key advantage of the ball-mill process lies in its ability to enable
chemical reactions to occur under milder conditions than conventional
thermal methods. Unlike the traditional high-temperature treatments
required for hydrogen desorption and absorption, the ball-mill
process achieves mechanical activation, circumventing the need for
elevated temperatures. As a result, this technique offers the potential
for more energy-efficient and practical hydrogen storage solutions
[56,57].

Furthermore, the ball-mill process promotes the formation of
nanocrystalline structures and metastable phases, which may not be
readily accessible through conventional methods [58-60]. These
unique structures offer improved hydrogen storage properties and
can significantly enhance the overall performance of a hydrogen
storage material.

The ball-mill process offers a versatile solution for LaH> hydrogen
storage challenges. It enhances reactions, aiding efficient storage
material development. Exploring LaH>-H2 mechanochemistry via ball-
milling deepens kinetic understanding, aiding clean energy tech design.

While several studies have explored the mechanochemical
behavior of various materials, there is a dearth of comprehensive
investigations on the mechanochemistry of LaH> with Hz using the
ball-mill process. The novelty of this research lies in its focused
examination of the mechanochemical reactions in LaH>-H> systems.
The primary objective of this scientific paper manuscript is to explore
the mechanochemistry of LaH> with H> using the ball-mill process.
The specific aims include:

e Characterizing some initial LaH> powder properties, such as
crystal structure, particle morphology, and particle size.

e Investigating and analyzing the rate of hydrogen pressure
depletion during the ball-mill process.

e Characterizing and analyzing the resultant ball-milled powder
material properties after the ball-mill process, such as crystal structure,
particle morphology, and particle size.
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the effect of oxidation on the resulting products

2. Experimental

2.1 Initial LaHz powder and H: gas

This study used LaH2 powder with the brand EASCHEM, i.e.,
Changsha Easchem Co. Ltd China, with a purity of 99.95% or 3 N
and CAS No. 13864-01-2. The average particle size and distribution
of this LaH2 powder were analyzed using the Nanoplus Particulate
System. The composition and crystal structure of LaH> powder were
investigated using X-ray diffraction (XRD) analysis with XRD
PANalytical Empyrean. The XRD PANalytical Empyrean measurement
used Cu anode with K1 = 1.541 A, Koo = 1.544 A, Kg=1.392 A.
The scan was conducted within the range of 5.012° < 20 < 84.982°
and the 20-step size of 0.022° for 23.97 s at 25°C. The morphology
of LaH2 powder was observed using a scanning electron microscope
(SEM) and energy dispersive X-ray spectrometer (EDX) of Hitachi
SU3500. The Hz gas used had a purity of 99.999%.

2.2 Ball-mill

The ball mill was conducted in a stainless steel jar equipped with
a manometer and gas inlet-outlet on the lid. The jar's inner volume
was measured to be 581.9 cm?, while the total volume of the small
stainless steel milling balls was 21.0 cm® weighing 155.747 g. The
milling balls were chosen for their tiny size, providing a large total
surface area. The mpa/mianz ratio was determined to be 19.818 using
155.747 g of milling balls and 7.859 g of LaHa.

Before milling, the stainless steel jar and balls were cleaned with
ethanol and air-dried. Then, 7.859 g of LaH2 powder and milling balls
were added to the jar. An air compressor created a vacuum, ensuring
no air pressure in the sealed jar. After introducing 9.65 bar of Hz gas,
the jar was placed in the FILA ball-mill device (Figure 1). Operating
at 130 rpm, the machine dry-milled continuously.

Throughout the milling process, the change in Hz pressure inside
the jar was monitored using the digital manometer (Figure 2) and
recorded when the milling machine was paused. On average, monitoring
the change in Hz pressure was conducted twice a day, i.e., in the moming
and the afternoon. The milling was finally stopped once the pressure
inside the jar became 0 bar, indicated by the digital manometer.

After the milling process, the resultant ball-milled powder was
emptied from the jar. The CILAS 1190 was employed to assess the
average particle size and distribution of the produced ball-milled
powder. Two rounds of X-ray diffraction (XRD) analysis were conducted
on the resulting powder using the XRD PANalytical Empyrean

Table 1. The parameters of the ball-mill experiment of LaH2 plus H2.

instrument. In the first measurement, a Cu anode with specific
wavelengths (Ka1 = 1.541 A, Keo = 1.544 A, and Kp = 1.392 A) was
utilized. The XRD scan encompassed the range of 5.012° < 20 <
84.982°, employing a step size of 0.022°, and the scanning step was
sustained for 23.97 s at a temperature of 25°C. Similarly, for the second
measurement, a Cu anode with specific wavelengths was utilized.
The second XRD scan covered the range of 10.013° <260 <79.979°,
utilizing a step size of 0.026°, and the scanning step lasted for 22.44 s
at 25°C. Additionally, scanning electron microscopy (SEM) observation
and energy-dispersive X-ray (EDX) analysis were conducted using
the JEOL JSM-IT200. Table 1 summarizes the important parameters of
the conducted experiment of ball-mill LaH> powder with Ha gas.

Figure 1. FILA ball-mill machine.

Figure 2. Digital manometer on the lid of the milling jar.

No. Item Amount Test

1 Mass of LaH, powder 7.859 g PSA (particle size analysis), XRD analysis, and SEM/EDX analysis
2 The pressure of H, gas 9.65 bar

3 Ratio of mya/Mpam 19.818

4 Average ball-mill rotation 130 rpm

5 The volume of the milling jar 581.9 cm®

6 Mass of milling balls 155.747 g

7 The volume of milling balls 21.0 cm®

8 Resultant ball-milled powder PSA (particle size analysis), XRD analysis, and SEM/EDX analysis
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3. Results and discussion

3.1 [Initial LaH2 powder
3.1.1 Particle size distribution

Figure 3 and Table 2 display the results of the particle size analysis
conducted on the initial LaH> powder. The polydispersity index (PDI)
presented in Table 2 is a dimensionless parameter used to assess the
width of the particle size distribution. A lower PDI value indicates
a more uniform and narrower distribution, while a higher PDI value
suggests a broader range of particle sizes [61-63]. The percentile
values (D(10%), D(50%), and D(90%)) in Table 2 represent specific
points in the particle size distribution [64-66]. For example, D(10%)
corresponds to the diameter below which 10% of the particles in the
sample, by volume or number, are present. D(50%), also known as
the median diameter, signifies the diameter below which 50% of the
particles lie, effectively dividing the distribution into two halves.
D(90%) indicates the diameter below which 90% of the particles
are found.

Normalized intensity distributions of three attempts (Figure 3)
showed consistent, narrow, bell-shaped curves for the initial LaHa
powder. Average particle size from all attempts: 695.6 nm. Calculated
PDI: 0.274, indicating moderately narrow size distribution, implying
uniformity. Average D(10%), D(50%), D(90%): 500.6 nm, 605.6 nm,
735.5 nm, respectively. This reveals insights on particle size range:
90% below 735.5 nm and 10% below 500.6 nm.

The particle size analysis of the initial LaH2 powder indicated
a relatively narrow size distribution with particles centered around
a median diameter of approximately 605.6 nm. Understanding such
physical characteristics is crucial for optimizing processes or applications
that rely on precise particle size control.

3.1.2 XRD analysis

Figure 4 displays the diffractogram obtained from the initial LaH>
powder. The most prominent diffraction peak for LaH2 occurred at
26 =27.5268° in the 111-direction. This finding aligns with previous
observations reported by Machida et al. [67], who mentioned the
111-reflection of LaH and LaH2+s phases, and Boroch et al. [68],
who reported on LaH> and LaHs.

Table 3 provides a detailed account of the XRD results, listing
the identified patterns. The Rietveld analysis revealed that the initial
powder consisted of 98.0% LaH: (identified with compound code
9009020) with a stoichiometry of LasHs, and 2.0% pure La metal

(identified with compound code 9010986) with a stoichiometry of
Laz.00. The high presence of 98.0% LaHa (Figure 4) confirmed that
the primary constituent of the sample was lanthanum hydride. The
scale factor of 0.054 indicated the adjustment of the intensity of the
diffraction peaks for this compound during the analysis to match
the reference pattern. The detection of 2.0% pure La metal (Figure 4)
suggested the presence of a minor impurity or unreacted lanthanum
in the sample. The scale factor of 0.078 indicated that the intensity
of the diffraction peaks for this metal was also adjusted to match
the reference pattern. This La presence might stem from incomplete
chemical reactions during the synthesis or preparation process of
the LaH> powder.
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Figure 3. Normalized particle size distribution of the initial LaH, powder.
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Figure 4. X-ray diffractogram and Rietveld analysis of the initial LaH, powder.

Table 2. The statistics of particle size analysis of the initial LaH, powder through the Nanoplus Particulate System.

Attempt no. Average diameter Polydispersity index Percentile D (10%) Percentile D (50%) Percentile D (90%)
(nm) (PDI) (nm) (nm) (nm)

1 762.8 0312 531.8 643.3 780.4

2 671.1 0.286 494.0 590.7 709.4

3 652.8 0.224 476.1 582.9 716.7

Average 695.6 0.274 500.6 605.6 735.5

J. Met. Mater. Miner. 34(2). 2024
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Table 3. Identified pattern list of the initial LaH, powder.

Visible Ref. node Score Compound name Displacement [°2Th.]  Scale factor
* 96-900-9021 17 9009020 0.000 0.054
* 96-901-0987 5 9010986 0.000 0.078

3.1.3 SEM and EDX analysis

Figure 5 shows the morphology of the initial LaH> powder under
scanning electron microscopy (SEM) examination. From Figure 5(a)
it is obvious that the initial LaH> powder consisted primarily of fine
particulates, despite the presence of a few large particles. This finding
is in line with the results of particle size analysis (PSA), in Figure 3
and Table 2, indicating a relatively narrow size distribution with
particles centered around a median diameter of approximately
605.6 nm. Referring to some literature [69-72], this initial LaH2 powder
took primarily the shapes of angular, acicular, and flaky regardless
of size (Figure 5(b-d)).

Figure 6 shows the result of the EDX analysis. It was found that
there were some layers of oxide on the surface of the initial LaH2 powder
(Figure 6(a)), shown by red areas. In the specific area observed, the
amount of oxygen was 15.8 wt% (Figure 6(b)) or 62.1 at% (Figure 6(c)).
When metallic powders are exposed to the atmosphere, they come
into contact with oxygen molecules present in the air. Metals tend to
lose electrons, and oxygen has a high affinity for gaining electrons
[73,74]. In the presence of oxygen, the metal atoms in the powder release
electrons to the oxygen molecules. This electron transfer leads to
the formation of metal cations (positively charged metal ions) and
oxygen anions (negatively charged oxygen ions). The metal cations
combine with the oxygen anions to form metal oxide compounds.
These metal oxide compounds coat the surface of the metal particles
and create a layer of oxide. These oxide layers might have a detrimental
effect on the resultant ball-milled powder after ball-mill.

3.2 Change in H: pressure over milling time

As the H» gas reacted with LaH> during the ball mill, the number
of hydrogen atoms absorbed by LaH> was proportional to the decrease
of hydrogen pressure inside the milling jar. The behavior of the
decrease of Hz pressure (p) with time (t) followed some polynomial
trends, having the coefficient of determination (R?) very close to or
equal to 1. Constrained to the positive x-y axes and with the degree
of polynomial n > 3, there were some possible polynomial equations
with R? very close to or equal to 1 for this p-t performance as follows:

=-8.107 + 0.0005t> — 0.1113t + 9.2905;
R?=0.9994 (Figure 7(a)) (1)

P=2.10"t4 — 2.107° + 0.00007t> — 0.1228t + 9.4481;
R?=0.9999 (Figure 7(b)) 2)

P=—-1.10"+ 1.10%* — 4.10°°t + 0.0009t> — 0.1295t + 9.4945;
R? =1 (Figure 7(c)) 3

P= 1104 — 2,107 + 1.10°%* — 4.10°¢ + 0.0009¢ — 0.13t + 9.4961
R2 = 1 (Figure 7(d)) “4)

Where: p = Hz pressure (bar) t = milling time (h)

The duration of ball-mill LaH: + H> until the H> pressure became
zero was 252.765 h or equal to 10 days, 12 h, 45 min, and 55 s. It was
considered very long for the ball-mill process conducted at room or
ambient temperature. The rate of hydrogen absorption by LaH:
can be increased at elevated temperatures as in the case of hydrogen
absorption by Mg 50 wt% LaNis composite after mechanical milling

[75], or hydrogen diffusion onto lanthanum hydride thin film coated
with palladium (Pd) [76].

Figure 5. The morphology of the initial LaH, powder under SEM observation:
(a) 100x, (b) 1500x, (c) 2500x, and (d) 5000x. The shapes of the powder were
mainly angular (1), acicular (2), and flaky (3) regardless of size.
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Figure 6. The results of EDX analysis on the initial LaH, powder (magnification:
800x): (a) The presence of oxide layers is indicated by red areas, (b) wt% of
oxygen, and (c) at% of oxygen.
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Figure 8. A minor fire ember (arrow) in the resultant ball-milled powder.

The absorption rate of hydrogen by lanthanum hydride during
ball-mill can vary based on factors such as the milling time, milling
speed, and the specific surface area of the materials. In general,
a ball-mill increases the surface area of the hydride and enhances
the exposure of the material to hydrogen gas, promoting faster
hydrogen absorption kinetics. Mechanical forces generated during
the ball mill can also induce defects and dislocations in the hydride
lattice, which can provide additional pathways for hydrogen diffusion
and absorption.

Lanthanum hydride demonstrates non-stoichiometric behavior
when exposed to higher temperatures. This non-stoichiometry arises
due to the hydrogen's movement away from the octahedral positions

within the hydride lattice of the fluorite structure. Importantly, this occurs
without the obligatory formation of Schottky defects in the lanthanum
lattice of the hydride [77]. The energy for generating a hydrogen vacancy
has been quantified through thermal expansion data, revealing a value
of 0.10 eV [77]. This case is a measure of the energy barrier for hydrogen
diffusion or vacancy formation. This energy barrier determines how
fast hydrogen atoms can move within the lattice and how easily vacancies
can be formed. Lower energy barriers generally correspond to faster
diffusion and absorption kinetics [78,79].

The combination of non-stoichiometry and the energy required
for vacancy creation at elevated temperatures can significantly impact
the rate of hydrogen absorption by lanthanum hydride. The presence
of non-stoichiometry means that there are available sites for hydrogen
absorption and movement even without forming defects. The low
energy barrier for vacancy creation suggests that hydrogen atoms can
move relatively freely within the lattice, leading to faster diffusion
and absorption rates. Hydrogen atoms can move in and out of the
hydride lattice more easily, facilitating rapid absorption.

The existence of non-stoichiometric phases and the low energy
barrier can collectively enhance the overall kinetics of hydrogen
absorption. The movement of hydrogen within the lattice without the
necessity of forming defects allows for a more rapid exchange of
hydrogen atoms between the lattice and the surrounding environment.
The non-stoichiometric behavior and energy barriers can also be
temperature-dependent. At higher temperatures, thermal energy
contributes to overcoming energy barriers, further accelerating
hydrogen diffusion and absorption.

3.3 Opening of the milling jar lid

Following the cooling of the milling jar, its lid was taken off within
the ambient atmosphere. As the resultant powder was extracted,
aminor fire ember emerged within the powder (Figure 8). It is plausible
that the heat produced during the milling procedure, in conjunction
with variables such as friction or residual heat, prompted a momentary
ignition within the powder upon exposure to the air. This occurrence
could potentially arise from the existence of combustible particles
or materials within the powder.

3.4 Resultant ball-milled powder
3.4.1 Particle size distribution

Three attempts were conducted to examine the particle size along
with its distribution for the resultant ball-milled powder using
CILAS 1190. Table 4 summarizes the results of the three attempts
at particle size analysis.

Table 4. The statistics of particle size analysis of the resultant ball-milled powder through CILAS 1190.

Attempt no. Average diameter Polydispersity index Percentile D (10%) Percentile D (50%) Percentile D (90%)
(nm) (PDI) (nm) (nm) (nm)

1 6450 0.835 330 3640 16420

2 6400 0.812 290 3590 16330

3 6410 0.847 350 3630 16210

Average 6420 0.831 320 3620 16320

J. Met. Mater. Miner. 34(2). 2024
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Figure 9. Mean particle size distribution of the resultant ball-milled powder.

The significant increase in the average particle diameter from
around 695.6 nm (Table 2) to about 6420 nm (Table 4) suggests that
the ball milling process caused particle agglomeration. The mechanical
forces generated during milling have led to particles adhering to
each other, forming larger clusters. This phenomenon is common in
ball mills, where particles are repeatedly subjected to impact, shear,
and compression forces [80-82]. The higher PDI value after ball
milling (0.831) in Table 4 compared to the initial powder (0.274) in
Table 2 indicates a broader distribution of particle sizes, as shown in
a histogram in Figure 9. This could be due to the non-uniform nature
of the mechanical forces applied during milling, causing uneven
agglomeration and dispersion of particles [83,84]. The decrease in the
D(10%) value from 500.6 nm (Table 2) to 320 nm (Table 4) suggests
the presence of finer particles in the resultant powder after ball milling.
These finer particles may be due to the fragmentation of larger
agglomerates during milling [82,85-87]. The significant increase in
the D(50%) value from 605.6 nm (Table 2) to 3620 nm (Table 4)
indicates that the median particle size shifts towards larger sizes.
This alignment with the agglomeration phenomenon is observed.
The considerable increase in the D(90%) value from 735.5 nm (Table 2)
to 16320 nm (Table 4) highlights the formation of a substantial
fraction of larger particles. These may be conglomerates of multiple
agglomerated particles.

3.4.2 XRD analysis

Figures 10 and Figure 11 depict the diffractograms obtained from
the resulting ball-milled powder, which originated from the same
powder sample yet underwent distinct XRD tests to ensure accurate
compositional analysis. In conjunction with Tables 5 and Table 6,
the outcomes of Rietveld analyses verified the presence of lanthanum
dihydride (LaH2) and lanthanum oxide (La203) within the produced
ball-milled powder. Based on the initial XRD assessment (Figure 10
and Table 5), the content of LaH> was measured at 71.5%, while La;O3
constituted 28.5%. Subsequently, the second XRD measurement
(Figure 11 and Table 6) revealed a composition of 68.1% LaH> and
31.9% Lax0Os within the resultant powder.
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Figure 10. X-ray diffractogram and rietveld analysis from the first XRD
measurement of the resultant ball-milled powder. LaH, = 71.5% and La,0; =
28.5%.
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Figure 11. X-ray diffractogram and rietveld analysis from the second XRD
measurement of the resultant ball-milled powder. LaH, = 68.1% and La,0; =
31.9%.

Table 5. Identified pattern list of the resultant ball-milled powder — the first XRD test.

Visible Ref. Code Score Compound name Displacement [°2Th.] Scale factor Chemical formula
* 96-900-9021 25 9009020 0.000 0.563 Las00Hg.00
* 96-101-0279 13 Lanthanum oxide — 0.000 0.087 La;0005.00
$-alpha
* 96-901-1567 5 Hydrogen 0.000 0.284 Ha.00

Table 6. Identified pattern list of the resultant ball-milled powder — the second XRD test.

Visible Ref. Code Score Compound Name Displacement [°2Th.] Scale Factor Chemical Formula
* 96-900-9021 30 9009020 0.000 0.503 Las00Hg.00

* 96-101-0279 5 Lanthanum oxide 0.000 0.329 La;0003.00

* 96-901-1571 - Hydrogen 0.000 0.000 Ha.00

* 96-901-1569 30 Hydrogen 0.000 0.073 Ha.00

J. Met. Mater. Miner. 34(2). 2024



8 PRAMONO, A. W., et al.

The occurrence of La203 was associated with the oxidation of
LaH:2 powder throughout the stages of pre-milling, milling, and
post-milling. The results of the EDX analysis in Figure 6 verified
the presence of an oxide layer on the surface of the initial LaHa
powder. This ball-mill process involved stainless steel balls placed
within a sealed milling jar along with the original LaHz powder. As
the milling jar rotated or vibrated, the balls repeatedly impacted and
collided with the powder particles. These collisions created a combination
of mechanical stress, friction, and localized heat. The oxide layers
present on the surface of the original powder particles might be
partially disrupted due to the mechanical forces generated by ball
collisions [88,89]. Microscopic cracks, defects, and imperfections
in the oxide layer could occur due to the intense impacts. Despite the
tightly sealed environment, a small amount of oxygen might still be
present within the milling jar. The repeated impacts and particle-to-
particle interactions exposed fresh metal surfaces as well as the
disrupted oxide layers to this limited oxygen supply. The friction
generated by the ball collisions could lead to localized heating of
the powder particles. This increase in temperature promoted reactions
among the metal surfaces, the disrupted oxide layers, and the available
oxygen. The elevated temperature could facilitate the diffusion of
oxygen into the cracks and defects within the oxide layers [73]. The
exposed metal surfaces and disrupted oxide layers could react with the
oxygen present, leading to the further formation of oxide compounds.
This oxidation reaction could be particularly enhanced at the sites
of mechanical disruptions, cracks, and defects in the original oxide
layers [90]. As the ball-mill process continued, the repeated impacts,
friction, and localized heating sustained the cycle of oxide layer
disruption, exposure to oxygen, and oxidation reactions [91]. This
could lead to a gradual increase in the thickness and extent of oxide
layers on the powder particles. After the termination of the milling
process and the lid was removed, the resultant powder exhibited
a minor fire ember (Figure 8) enhancing the formation of oxides.

The possible sequence of chemical reactions that could have
taken place:

e Ball-mill process:

LaH: (s) + H2 (g) — La (s) + 2H2 (g)

In this initial reaction, LaHz reacted with hydrogen gas (Hz)
from the atmosphere inside the milling jar to produce solid La metal
and gaseous hydrogen.

e Spontaneous combustion reaction (after opening the jar lid):

4La (s) + 302 (g) — 2La20s (s)

The La metal produced in the previous step reacted with oxygen
(O2) from the air as the milling jar lid was opened. This exothermic
reaction generated heat, and if conditions were right (such as finely
divided La metal, oxygen supply, and ignition source), it could lead
to spontaneous combustion. The mild fire ember observed could be
a result of this reaction.

e Oxidation of LaHx:

LaH> (s) + 202 (g) — La20s (s) + 2H20 (g)

J. Met. Mater. Miner. 34(2). 2024

The original LaH2 powder, which already had some oxide layers,
further reacted with oxygen from the air, forming La>O3 (lanthanum
oxide) and water vapor.

The generated water vapor during the reaction could have
evaporated due to analysis conditions. XRD is done at controlled
room temperature and low humidity, where formed vapor might
evaporate before detection. XRD detects crystalline structures; water
vapor lacks such structure. Limited water formation due to reaction
kinetics, equilibrium, or pathways. Unfavorable reactions or vapor
not trapped may evade XRD detection. Sample preparation for XRD
might remove initial water content through drying or moisture changes.

In cases like this, it's important to consider that XRD analysis is
a powerful tool for determining the crystalline structure of materials, but
it might not capture all aspects of a complex reaction system, especially
involving gases like water vapor. To gain a more comprehensive
understanding of the chemical reactions and their products,
complementary techniques like thermal analysis (such as thermo-
gravimetric analysis or differential scanning calorimetry) or gas
analysis methods could provide additional insights into the formation
and behavior of water vapor during the reaction processes.

3.4.3 SEM and EDX analysis

Figures 12(a-d) illustrate the structure of the powder obtained through
ball milling, under 100x, 1500x%, 2500x, and 5000x magnifications.
This powder predominantly exhibits spherical and rounded forms,
regardless of their dimensions. Considering the average size of the
powder after ball milling, which is 6420 nm (Table 4), this observation
potentially suggests that the powder displayed in Figure 12 could fall
within the D(10%) and D(50%) percentiles, with an average size of
320 nm and 3620 nm respectively, as indicated in Table 4. A large

particle was observed in Figure 12(a) (blue arrow) showing an example
of particle size beyond the D(90%) percentile.

®

Figure 12. The morphology of the resultant ball-milled powder under SEM
observation: (a) 100x, (b) 1500x, (c) 2500x%, and (d) 5000x. The shapes of the
powder were predominantly spherical (1) and rounded (2), regardless of size.
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Table 7. EDX spectrum of the resultant ball-milled powder.

Element Line Weight% Atom%

(6] K 32.03 £ 0.08 80.36 £0.20
La L 67.97 £0.19 19.64 £ 0.05
Total 100.00 100.00

Map_001_wholespectrum Fitting ratio 0.1817

Map_001_Wholespectrum

Intensity Counts

Energy (keV)

Figure 13. The results of EDX analysis on the resultant ball-milled powder
(magnification: 800x): (a) Lanthanum (green areas), (b) Oxygen (red areas),
and (c) EDX total spectrum.

The observed rounded or circular shape in Figure 12 could be
influenced by several factors. Given the initial shapes of the powder
before the ball mill (rounded, angular, acicular, and flaky), the
transformation to rounded or circular shapes could be attributed to
the ball mill process itself, while the oxidation might modify the
surface properties without drastically altering the overall morphology.
The initial powder with various shapes might have undergone plastic
deformation during the ball mill, causing the particles to round out
or become more spherical [92-94]. This could occur as a result of
shearing forces and particle-to-particle collisions [95,96]. Oxidation
primarily affects the outermost layers of particles. The oxidized layer
can form due to reactions with oxygen in the environment. While
oxidation might lead to changes in the chemical composition of the
surface, it may not significantly alter the overall shape of the particles,
especially if the deformation induced during the ball mill has already
shaped them into more rounded or circular forms. However, the
formation of oxides on the surface might have smoothing effects,
further enhancing the appearance of rounded shapes [97,98]. Oxidation
might also alter the surface energy and interactions between particles,
influencing how they aggregate and adhere [99,100]. It's possible
that the combined effects of the ball mill and subsequent oxidation
were responsible for the observed rounded or circular shapes in the
resultant ball-milled powder. The mechanical forces from the ball mill
could initiate the reshaping process, and oxidation might refine and
enhance the formed shapes.

Figures 13(a-c) along with Table 7 present the outcomes derived
from EDX mapping analysis performed on the resultant ball-milled
powder. The quantification of oxygen content at 32.03 + 0.08 wt%
or 80.36 + 0.20 at% provides corroborative evidence of the oxidation

phenomenon within the obtained powder. As previously expounded,
the oxidation process of LaH> powder demonstrated intricacies arising
from the interplay of mechanical forces and localized heat engendered
during the ball-milling procedure. The intricate dynamics involved
the establishment and disruption of oxide layers on the powder's
surface, coupled with the constricted availability of oxygen. The
recurring occurrences of particle collisions and interactions facilitated
the exposure of disrupted oxide layers to oxygen, thereby fostering
oxidation reactions. The confluence of mechanical perturbation, oxygen
contact, and localized heating culminated in a gradual augmentation
of oxide layer thickness and coverage on the particles. Furthermore,
the emergence of a minor fire ember after milling termination served
to augment the progression of oxide formation.

In Figure 13 and Table 7, the presence of LaHx is identified through
its detection as La. However, the analysis of samples containing
hydrogen, such as LaH2 powder, faces intrinsic limitations that hinder
effective hydrogen detection. The low atomic number of hydrogen
leads to feeble X-ray emissions and shallow penetration, which makes
distinguishing hydrogen signals from background noise challenging
and impedes accurate measurement. EDX detectors, designed for
higher-energy X-rays, demonstrate reduced sensitivity to hydrogen
detection. The adherence of hydrogen onto surfaces, originating from
both the sample's surroundings and handling procedures, introduces
potential interference. Complexities arising from background correction
and detector response at low energies further complicate the precise
quantification of hydrogen, consequently introducing uncertainties
in the quantified hydrogen content.

4. Conclusion

A comprehensive investigation was conducted into the behavior
of LaH: during ball milling, revealing significant mechanical, chemical,
and morphological changes. Through meticulous experimentation,
the intricate relationship between milling time and hydrogen pressure
reduction was elucidated, highlighting the dynamic nature of the
process. The observation of a minor fire ember upon unsealing the
milling jar post-milling underscored the complex interplay between
mechanical forces and chemical reactivity within the LaH2 powder.
Utilizing advanced analytical techniques including X-ray diffraction
(XRD), scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy (SEM/EDX), and particle size distribution analysis,
profound alterations in the structure, composition, and morphology of
the milled powder were unveiled. A dual-phase composition comprising
lanthanum dihydride (LaH2) and lanthanum oxide (La203), indicative
of a dynamic chemical equilibrium during milling, was demonstrated.
Moreover, the characterization of particle size distribution highlighted
a significant increase in average diameter and polydispersity index (PDI),
reflecting extensive particle agglomeration and plastic deformation.
Insights into the morphological evolution of the powder were provided

J. Met. Mater. Miner. 34(2). 2024
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through SEM imaging, revealing predominantly spherical and rounded
forms, characteristic of particle agglomeration. Additionally, the
formation of oxide layers on the powder surface was elucidated
through EDX mapping, contributing further to the understanding of
morphological evolution during milling. In summary, the findings
advanced the understanding of LaH> behavior under extreme
mechanical and chemical conditions, with implications for materials
processing, hydrogen storage technologies, and broader applications
in materials science and engineering. By unraveling the intricate
dynamics of LaH> during ball milling, this study laid the groundwork
for optimizing materials synthesis and processing techniques in future
research endeavors.
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