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In this work, we investigated synthesized porous aluminosilicate materials containing burnable additives, which form a single-phase
cubic zeolite structure (Fm3m, a=4.056 A). The porous ceramic with a zeolite composition at 200°C and a hydrogen pressure of 12 atm
exhibited hydrogen absorption of 11 wt.%. We also studied the initial metallic lithium (BCC, a= 3.507 A), which was subjected to
hydrogenation in the developed sealed reactor at 12 atm and 700 °C with the formation of LiH hydride (FCC, NaCl type, a = 4.081 A,
din = 2.356 A). The average size of LiH crystallites does not exceed 100 nm, and the maximum hydrogen capacity of lithium reached
12.4 wt.%. The developed reactor enables safe, high-temperature, high-pressure hydrogenation. These data demonstrate the potential of
lithium, titanium, and sodium hydrides, and porous aluminosilicates for the accumulation, storage, and transportation of hydrogen.
Keywords: Porous aluminosilicates; Lithium hydride; Synthesis; Hydrogenation; X-ray phase analysis; Hydrogen storage; Cubic
structure; Hydrogen capacity

PACS: 68.37.Hk, 78.70.Ck, 77.84.-s

INTRODUCTION

Gaseous fuels, primarily hydrogen and methane, are currently considered among the most promising energy
sources, as their use in existing power plants and engines is technically feasible and provides high efficiency [1].
Hydrogen is of particular importance in the context of developing sustainable energy systems. As the most abundant
element in the universe and possessing the simplest atomic structure, it is a versatile energy carrier capable of efficiently
storing and transporting energy in a form convenient for practical use. Due to its environmental friendliness, high
energy density, and compatibility with renewable energy sources, hydrogen is considered a key element in the transition
to low-carbon energy. The development of hydrogen energy is central to global strategies to reduce dependence on
fossil fuels and minimize anthropogenic environmental impact. A significant advantage of hydrogen is its ability to
enable decarbonization of sectors that are difficult to electrify, including heavy transport, industrial production, and
power generation [2], making it a fundamental player in building a sustainable energy infrastructure for the future [3].

According to IHS Cambridge Energy Research Associates, the world's natural gas reserves can meet humanity's
energy needs for at least 250 years [4]. However, the key factor hindering the widespread use of gas fuels, especially for
autonomous and remote energy sources, remains the lack of energy-efficient, fire- and explosion-proof storage and
transportation systems capable of handling high gas densities [5]. Hydrogen is of particular interest due to its high
specific heat of combustion (~120 MJ kg') and the environmental friendliness of its products [6]. However, the
practical implementation of hydrogen energy is significantly limited by the difficulties of its storage. Current
technologies involve compressing hydrogen to approximately 700 bars (=70 MPa), which requires robust, sealed tanks
and carries an increased risk of explosion [7]. Cryogenic storage, implemented at approximately 20 K, is associated
with additional energy costs and increased engineering system complexity [8]. Therefore, the development of
alternative, safer methods of hydrogen storage is one of the key objectives of hydrogen energy.

The efficient use of hydrogen in energy systems requires the development of safe, cost-effective, and high-
performance storage technologies [9, 10]. One of the most promising approaches is solid-state storage, based on retaining
hydrogen in solid materials in molecular or atomic form [11]. This approach is implemented through two main
mechanisms: physical adsorption and chemical absorption. Physical absorption is primarily due to van der Waals
interactions and is typical for materials such as porous carbon structures, metal-organic frameworks (MOFs) [12], and
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covalent organic frameworks (COFs) [13]. Despite the high rate and reversibility of sorption processes, this mechanism
typically requires low temperatures and elevated pressures and is characterized by a relatively limited hydrogen
capacity [14]. Chemical bonding involves the dissociation of hydrogen molecules, followed by the formation of hydride
phases, thereby providing a higher storage density [15]. Within this approach, which includes metal and complex hydrides,
hydride materials have attracted considerable attention in recent years as a promising basis for developing sustainable
hydrogen storage technologies [16]. A promising area is solid-phase hydrogen storage via chemical binding in metal
hydrides, which offer high storage density at relatively low pressures (1-40 bar). The volumetric density of hydrogen in
metal hydride systems can reach 120-150 kg m™, which significantly exceeds the value of ~39 kg m™ for compressed
hydrogen at a pressure of 700 bar [17-19]. Metal hydrides are also characterized by high reversibility in hydrogen
absorption and release, as well as the possibility of multiple cycles. The theoretical mass capacity of such materials is
7.6 wt.% for MgH-, 4.04 wt.% for TiH. and reaches 12.7 wt.% for LiH [20, 21]. At the same time, hydrogenation
processes are usually carried out at temperatures of 300-700°C and hydrogen pressures above 10—15 atm, which lead to
significant energy costs and impose limitations on the kinetics of phase transformations and thermal stability [22—24].

The kinetics of hydrogen absorption in metal hydride layers are limited by coupled heat and mass transfer
processes, which lead to a slow system response to refueling and reduced overall storage efficiency. For a TiMn-based
metal hydride material with specified porosity and thermal conductivity parameters, three composite groups were
studied: group A, containing 5 wt.% silicone gel and 5 wt.% single-wall carbon nanotubes; group B, including 5 wt.%
silicone gel; and group C, containing 5 wt.% silicone gel and 5 wt.% silicone sheets [25]. It was found that the highest
porosity is observed in group A (0.527), exceeding the values of other samples by approximately three times, while its
thermal conductivity is minimal (2.476 W-m“K™') compared to group B (3.189 W-m'K™') and group C
(3.246 W-m-K™"). The identified differences in the structural and thermophysical characteristics determine the features
of the materials' kinetic behavior: for group A, the diffusion-limited mode of hydrogen absorption in the range of 0.5-
1.15 wt.% predominates, which is associated with a well-developed macroporous structure that ensures efficient
hydrogen transfer. At the same time, group C is characterized by a higher absorption rate at later stages (above
1.15 wt.%), where the key role is played by increased thermal conductivity, which determines the intensity of the heat
flow and, accordingly, the driving force of the sorption process.

In recent years, porous inorganic materials have attracted considerable interest, primarily aluminosilicate and
alumina-alumina ceramics, which are capable of accumulating hydrogen through a combination of physical
adsorption and diffusion in a developed porous structure [26, 27]. According to the literature [28], such materials are
characterized by water absorption in the range of 8-25 %, which corresponds to an open porosity of about 20-50 %
and a specific surface area of up to 300-800 m?-g!. An increase in the specific surface area and degree of porosity
promotes an increase in hydrogen capacity, especially at temperatures above 100 °C, when the contribution of
physical adsorption is supplemented by thermally activated diffusion processes [29-32]. The efficiency of hydrogen
absorption of porous materials is often estimated using the aspect number, defined as the relative increase in the
mass of a sample after saturation with hydrogen. For most aluminosilicate and oxide ceramics, this parameter,
according to published data, does not exceed 1-6 wt.% at temperatures up to 300 °C [33, 34]. An increase in the
aspect number is possible through optimization of the chemical composition, the introduction of silica-containing
components, and the formation of developed open porosity using burnable additives that provide a controlled
architecture of the pore space [35, 36]. Lithium hydride is of interest as a reference system for assessing the ultimate
capabilities of solid-phase hydrogen storage. Lithium has one of the highest theoretical hydrogen capacities, and the
formation of LiH is accompanied by a significant increase in the mass of the material. [37, 38]. X-ray diffraction
analysis of lithium samples treated in a hydrogen flow at a pressure of 12 atm and a temperature of 700 °C
characterizes the almost complete conversion of the original metal into lithium hydride with a cubic structure and
space group Fm3m, which is confirmed by the presence of intense narrow diffraction peaks and the absence of
reflections of metallic lithium. The achieved hydrogen capacity is close to the theoretical limit of 12.5-12.7 wt.%
[39, 40]. At the same time, such high temperatures and energy costs significantly limit the practical application of
lithium hydride in hydrogen storage systems. Against this background, porous aluminosilicate ceramics, which
combine a developed porous structure, controlled phase composition and the ability to operate at moderate
temperatures and pressures, are considered a promising alternative to traditional metallic hydrides [41, 42]. Despite
growing interest in such materials, the quantitative relationships between their chemical composition, porous
structure parameters, phase state, and hydrogen absorption characteristics, especially in the temperature range of
100-200°C, remain poorly understood [43, 44]. Filling this gap represents an important scientific and applied
challenge. Furthermore, conducting comprehensive analytical studies aimed at assessing their readiness for
commercial implementation, taking into account market requirements, remains a pressing task. Such systematic
reviews allow us to identify the most promising materials and technological solutions, as well as focus further
research on addressing existing limitations and unresolved issues [45].

The aim of this work is to conduct a comprehensive study of metal hydrides as hydrogen carriers, assessing their
applicability in stationary and mobile systems, determining the ultimate efficiency of solid-phase storage using the
example of lithium metal hydrogenation using X-ray phase analysis, and developing and studying porous ceramic
materials based on aluminum oxide and aluminosilicates to determine the influence of their composition, structure, and
temperature conditions on hydrogen sorption and retention processes.
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EXPERIMENTAL SAMPLES AND MEASUREMENT METHODS
During experimental studies of material synthesis, various compositions aimed at producing porous ceramics were
tested. The porous ceramic materials were formed by introducing burnable additives into the ceramic matrix. The
chemical composition of the starting components is presented in Table 1.

Table 1. Chemical composition of raw materials

RAW MATERIALS AlLOs Fe20s Si02 Na20 KO | CaO MgO Volatile
impurities
Kaolin 36.91 2.52 46.84 0.04 0.42 | 0.24 0.22 12.81
Diatomite 5.65 3.38 88.23 0.34 0.87 | 0.62 0.82 -

Kaolin was pre-melted in a solar furnace using the previously described method [46], after which the resulting
material was wet ground in a ball mill to a particle size of less than 63 um.

Diatomite was chosen as one of the main components due to its naturally highly porous structure: total porosity
reaches 92%, and the SiO» mass fraction ranges from 62-97%. Diatomite may also contain fine sand (up to 10%), clay
minerals, and trace amounts of organic matter. Based on these components, an aluminum oxide-enriched material was
developed. The raw materials used to produce the porous ceramics corresponded to the chemical composition listed in
Table 2.

Table 2. Chemical composition of the initial state of the raw material

Oxide AlLO3 P20s SiO» Na20 Fe20s3 SO3
Content, wt.% 67.12 0.21 25.21 6.88 0.02 0.56

As shown in Table 2, the main components of the ceramic material are alumina (67 wt.%), silicon oxide
(25.2 wt.%), and sodium oxide (6.9 wt.%).

The phase composition of the synthesized samples was studied by X-ray diffraction analysis using a PANalytical
Empyrean diffractometer (Cu Ka radiation) in Bragg-Brentano reflection geometry at a wavelength of A=1.5418 A.
Diffraction patterns were recorded in the angular range 20° < 28 < 60°, where 28 is the Bragg angle. The microstructure
and surface morphology of the samples were studied by scanning electron microscopy (SEM) using JEOL JSM-6510
and HITACHI FLEXSEM 100 microscopes.

Hydrogenation experiments were conducted using porous zeolite-type materials and metals (aluminum, iron,
magnesium, titanium, and lithium), applied in both bulk and powder form [46, 47]. The hydrogenation process was
carried out in a reactor equipped with high-temperature packing, as shown in Figure 1.

The high-temperature reactor container shown (Fig. 1) is made of stainless steel and equipped with a sealed lid
with a bolted clamping system. The reactor operates according to the diagram shown (Fig. 2) and is equipped with a
pressure gauge, gas inlets and shutoff valves for the supply and release of working gas, and sealing devices for
operation at elevated temperatures and pressures. The reaction zone is heated using an electric heating module with a
digital temperature controller, allowing for precise temperature control and maintenance during hydrogenation
experiments.

Figure 1. High-temperature Figure 2. Schematic diagram of the furnace-reactor for hydrogenation of absorption

sealed reactor for hydrogenation materials at high temperatures (up to 700 °C) and hydrogen pressures up to 15 atm,

processes including: 1 - steel furnace-reactor with an electric heating system from a 220 V network;
2 - absorber; 3 - hydrogen cylinder for feeding gas to the furnace-reactor; 4 - shut-off and
control valves; 5 - pressure gauge; 6 - thermocouple connected to a temperature meter;
7 - exhaust gas reservoir

Before the experiment, the samples were dried at 200°C, then weighed and placed in the reactor. To remove air
from the reaction chamber before heating, the reactor was purged with hydrogen. The reactor was then sealed and
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pressurized with hydrogen at 10-15 atm. Heating was performed according to a preset temperature program ranging
from 150 to 700°C. After the holding period, the reactor was cooled either slowly or rapidly, depending on the
experimental conditions. Upon completion of cooling, the samples were removed and reweighed. The degree of
hydrogenation was assessed by the relative weight gain:

a=[(M~Mo)/M]x100 %, (1)

where M is the mass of the original sample, M is the mass after hydrogenation.

The formation of metal hydrides is a heterogeneous process [48] that involves the adsorption of molecular
hydrogen on the metal surface, its dissociation to form atomic hydrogen, and subsequent diffusion of atoms into the
metal's crystal lattice.

RESULTS AND DISCUSSION

Zeolites are known to have high sorption capacity and are widely used in water purification processes to remove
hydrocarbon compounds. Their effectiveness is largely determined by the properties of their microstructure, where a
fine-grained structure promotes increased sorption activity [49, 50]. In general, the effectiveness of adsorption processes
is determined by the parameters of the porous structure and the energy characteristics of the adsorbent-adsorbate
interaction, which is driving growing interest in the development of new microporous materials with a specific
micropore volume of about 1-2 cm?/g and a specific surface area of 1500-2000 m*/g [51].

Therefore, studying the microstructural features of zeolites is of considerable interest for optimizing their
performance properties [52, 53]. In particular, the microstructural features of porous ceramics of the zeolitic
aluminosilicate composition Al>SiNaOes, studied by scanning electron microscopy, are shown in Fig. 3 at magnification
~x1000.

Figure 3. SEM image of the microstructure of porous ceramics of zeolitic aluminosilicate composition Al>.SiNaOs

Image analysis shows that the material is characterized by a developed hierarchical porous structure. The sizes of
the primary particles and their agglomerates are in the range of 1-10 um, which corresponds to the scale marks in the
micrograph. The intergranular space is formed by a system of open pores, predominantly micron and submicron in size
(0.3-2 pm), indicating high open porosity of the material. This morphology indicates the formation of a branched pore
network, ensuring efficient mass transfer of gaseous and liquid media [54-56]. The rough surface of the grains
contributes to an increase in the specific surface area, which for zeolitic aluminosilicate materials, as a rule, reaches
values of 100400 m*g. The observed localized areas of compaction up to 5-8 pum in size may be associated with
partial sintering and recrystallization of the aluminosilicate matrix during heat treatment. Moreover, the preservation of
open pores indicates that the firing temperature was below the threshold for intense shrinkage and pore closure, which is
an important factor for the functional properties of the material. The resulting microstructure provides a combination of
mechanical cohesion of the ceramic framework and a developed internal surface area. This suggests a high adsorption
capacity (approximately 0.5-2.0 mmol/g for small molecules) and the potential for the use of porous Al:SiNaOs
ceramics in adsorption, ion exchange, and catalysis processes, as well as in gas storage and transportation systems,
including hydrogen [46, 57].

Figure 4 shows an SEM image of the porous structure of a composite absorbent based on Al<SiO»> (aluminum
powder in a silicon dioxide matrix), obtained at a magnification of X100 for an area of 800x800 pum.

A quantitative analysis of the structure's morphology allowed us to determine the total pore number (1.35-10°) and
record their surface concentration at 2.1-1073 pores/um?. The pore size distribution is characterized by pronounced
heterogeneity. The average equivalent pore diameter, calculated based on the area, is 5.4 pm with a median value of
3.1 um, confirming the presence of a pronounced distribution asymmetry and the predominance of the fine fraction in
the structure. These geometric parameters significantly influence the development of the specific surface area and the
intensification of capillary phenomena. The presence of pores of varying order forms a branched hierarchical network
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that minimizes diffusion resistance and facilitates deep penetration of the working medium into the material. The
minimum recorded size is approximately 1.2 um, while the main range varies between 1.2 and 15 um. Individual coarse
pore formations reach dm.=35 pm, which is associated with the coalescence and agglomeration of particles. An area
porosity of 0.62 %, combined with a high pore density, determines the morphology of the sample's internal surface. The
resulting active phase contact area increases the material's efficiency as an absorber. This porosity value is typical of
materials with intense interparticle void formation. Morphological analysis reveals that the structure is hierarchically
organized and includes pores at multiple scales. The predominance of pores smaller than 10 pm indicates the formation
of a fine- and mesoporous structure, while the presence of individual macropores is due to localized aggregation of
aluminum particles. Al particles form irregular agglomerates, between which intergranular voids form, while the
binding phase SiO: stabilizes the framework and prevents complete compaction of the system. The obtained parameters
reflect the presence of a branched but heterogeneous pore structure resulting from the agglomeration of aluminum
powder and the formation of interconnected channels in the silica matrix, which significantly influences the sorption
capacity and permeability of the material. The combination of high porosity, significant pore density, and a wide pore
size distribution makes this material promising for use as an effective absorber [58, 59].

g

Figure 4. Surface morphology of the porous absorbing structure of AI<SiO2>

The developed porous structure and the presence of active metal centers ensure their high reactivity with respect to
hydrogen, realized through the chemisorption mechanism with the formation of strong Al-H bonds [60, 61]. The
process includes the dissociative adsorption of molecular hydrogen on the aluminum surface, subsequent diffusion of
atomic hydrogen and the formation of a hydride phase, including AlH; [61]. The efficiency of sorption increases at
temperatures above 200 °C due to surface activation and increased mobility of hydrogen atoms [62]. Desorption is
accompanied by the rupture of AIH bonds and occurs upon heating in the range of 200 - 400 °C [63].

Figure 5 shows the isotherms of hydrogen sorption and desorption in porous Al.SiNaOs ceramics at a temperature
0f 200 °C in the pressure range of 1-11 atm.

——Desorption =——Sorption

12

10

Hydrogen cocntent, wt.%
o

P atm

Figure 5. Isotherms of hydrogen sorption and desorption in porous ceramics Al.SiNaOs at a temperature of 200°C

When analyzing the curves (Fig. 5), a gradual increase in the hydrogen content from 1 to 3.5 wt.% is observed in
the low-pressure region (1-5 atm). This region corresponds to the initial stage of sorption, during which predominantly
physical adsorption of hydrogen occurs on the pore surface and active sites of the material. The linear nature of the
curve characterizes a relatively weak interaction and gradual saturation of available adsorption sites. In the pressure
range of 5-8 atm, a sharp increase in the hydrogen content is recorded (up to 9-9.5 wt.%). This region is characterized
by accelerated sorption and reflects the transition to more intense absorption mechanisms. It is likely that chemisorption
occurs in this region, with the formation of chemical bonds between hydrogen and aluminum (possibly the formation of
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hydride phases: AIH). Additionally, capillary condensation of hydrogen in meso- and macropores can occur, which is
due to the developed porous structure of the material. With a further increase in pressure (8-11 atm), the curve reaches a
plateau (10-11 wt%). The established dependence demonstrates saturation of the system with hydrogen and filling of
most of the accessible pores and active sites. Reaching a plateau indicates a limited capacity of the material at a given
temperature. Comparison of the sorption and desorption curves reveals hysteresis in the medium pressure range (6-9
atm): the desorption curve passes above the sorption curve. The process of hydrogen desorption from porous ceramics
occurs intensively at a temperature of 200 °C, ensuring the complete release of previously absorbed hydrogen in a
volume of up to 11 wt.% within 2 minutes; the material retains the ability to undergo multiple sorption and is
characterized by cyclic stability within 5 sorption-desorption cycles, however, after the fifth cycle, degradation of its
structure is observed, accompanied by a decrease and subsequent loss of sorption properties [60, 61, 64].

The obtained data are typical for porous materials with a developed structure and allow us to conclude the
presence of pores of various sizes (micro-, meso-, and macropores), capillary effects, and hydrogen retention within the
pores, as well as partially irreversible processes caused by chemisorption and the formation of hydride phases. The
convergence of the sorption and desorption curves at high pressures (9-10 atm) confirms the achievement of a quasi-
equilibrium state of the structure and the mitigation of the influence of kinetic limitations. The obtained isotherms
demonstrate a combined mechanism of hydrogen absorption in Al:SiNaOs, including physical adsorption,
chemisorption, and capillary condensation. Materials of this type are considered promising for the storage and
accumulation of hydrogen due to reversible chemisorption and the formation of stable hydride compounds, while
pronounced hysteresis indicates the presence of a developed hierarchical porous structure that facilitates the effective
accumulation of gas [65, 66].

Figure 6 shows the particle size distribution spectrum for a sample of porous aluminosilicate ceramics of the
composition Al-SiNaQOs, obtained by laser diffraction.
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Figure 6. Spectrum of particle size distribution of a porous ceramic sample of aluminosilicate composition Al>SiNaOs

The distribution is polydisperse, reflecting the presence of particles of different sizes. The majority of particles are
concentrated in the range of 0.5-3.0 um, with the distribution maximum (modal size) observed in the region of about
1.2-1.5 pm. The cumulative curve shows that approximately 50 % of the particle volume (Dso) is accounted for by sizes
of the order of 1.3-1.6 um, while 90 % of the particles (Dso) are smaller than 6-8 um. The presence of a distribution tail
in the region of >10 um indicates the presence of individual agglomerates formed during the sintering process [67]. The
obtained data are in good agreement with the results of SEM analysis, confirming the formation of micron-scale
agglomerates and a developed porous structure. The predominance of submicron and micron-sized particles contributes
to an increase in the specific surface area and the formation of a branched pore network, which is an important factor
for the adsorption and ion-exchange properties of the material. The particle size distribution demonstrates the structural
heterogeneity characteristic of zeolitic aluminosilicate ceramics and confirms the potential of the AlSiNaOs
composition for functional applications.

X-ray diffraction (XRD) analysis (Fig. 7) of the developed alumina-based material was performed to establish the
phase composition, crystallographic parameters, and structural state of the synthesized sample.
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Figure 7. X-ray diffraction pattern of the developed material based on aluminum oxide [68]
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The experimental X-ray diffraction pattern is characterized by a set of intense and well-resolved diffraction
maxima, the position and relative intensity of which reflect the formation of a single-phase crystalline structure of the
zeolite type, corresponding to sodium aluminosilicate of the composition Al:SiNaOs. Experimental data have shown
their correspondence to the cubic syngony with the space group Fm3m. The calculated unit cell parameter is
a=4.056 nm, which is in good agreement with the literature data [69] for zeolitic aluminosilicate systems. The main
diffraction maxima recorded in the X-ray diffraction pattern, as well as the corresponding interplanar distances and
crystallographic indices are given in Table 3

Table 3. Diffraction maxima and calculated crystallographic parameters of the AlISiNaO-based material

Ne peak 20, degree 0, degree d{rslttz:;lz leagaf& Miller indices (hkl) Relative intensity, %
1 38.5 19.25 2.34 (111) 100
2 44.7 22.35 2.02 (200) ~45
3 65.1 32.55 1.43 (220) ~20

The interplanar distances diwa were calculated using Bragg's law:
nA=2dsind, 2)

where, A is the X-ray wavelength, 0 is the diffraction angle, and n=1 is the reflection order. For a cubic crystal system,
the lattice parameter was determined from the relationship:

a=dhk1(h2+k2+12) 12, 3)

The obtained values of the unit cell parameter, calculated from various reflections, are in good mutual agreement,
indicating the correctness of the phase identification and a high degree of structural ordering. The absence of additional
diffraction lines in the studied angular range is an indication of the high phase purity of the synthesized material. The
content of possible impurity crystalline phases does not exceed the detection limit of the X-ray diffraction method and
is estimated at less than 3-5 wt.%. Analysis of the shape of the diffraction maxima shows that the peaks are narrow and
symmetrical, indicating a high degree of crystallinity and a low level of internal microstrains [70]. The sizes of the
coherent scattering regions were estimated using the Scherrer formula [71]:

D=KMpcosh, 4)

where, K is the shape factor (0.9), B is the full width of the peak at half maximum.

Calculations show that the material is characterized by a finely dispersed crystalline structure typical of zeolitic
aluminosilicates, which determines the developed specific surface area and potentially high sorption capacity. From a
physical point of view, the formation of an ordered aluminosilicate framework with the participation of sodium ions
ensures stabilization of the crystal lattice and confirms the completion of the processes of structural self-organization
during synthesis [52, 54]. This is a key factor determining the material's functional properties when used in adsorption,
catalytic, and ion-exchange processes. Experimental studies have shown (see Fig. 5) that porous zeolite ceramics
exhibit good hydrogen absorption. For example, at a temperature of 200 °C and a pressure of 12 atm, porous
aluminosilicate ceramics Al,SiNaQOg absorbs 11% by weight of hydrogen.

For the metals we obtained, we found that porous nickel possessed a maximum hydrogen capacity of
approximately 0.7 wt.% at a pressure of 15 atm and a temperature of 300 °C, while magnesium's absorption value
reached 1.5 wt.%. In the aluminum-nickel alloys, signs of hydrogenation were absent across the entire range of the
studied parameters. Powdered titanium exhibited the ability to accumulate hydrogen up to 3.8 wt.% at 12 atm and
700 °C, which is slightly lower than the theoretical limit of 4.04 wt.% for TiH- hydride. The highest hydrogen capacity
was recorded for lithium: at a temperature of 700 °C and a pressure of 12 atm, the hydrogen content reached 12.4 wt.%.
According to the analysis of the obtained data, high hydrogen absorption values (over 6 wt.%) are achieved at
temperatures of approximately 600-700°C and pressures above 15 atm. Metallic sodium is capable of binding up to
4.3 wt.% hydrogen [72-75].

Figure 8 shows the X-ray diffraction pattern of the original lithium metal sample before exposure to hydrogen
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Figure 8. X-ray diffraction pattern of metallic lithium in its original state
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The X-ray diffraction pattern is characterized by a set of intense and narrow diffraction peaks corresponding to
metallic lithium with a body-centered cubic (BCC) lattice. The diffraction peaks and calculated physical values are
listed in Table 4.

Table 4. Diffraction characteristics and interplanar distances of Li

No. peak 20, degree 0, degree Interplanar distance d, A | Miller indices (hkl) Note
1 36.2 18.1 2479 (110) The main peak of BCC lithium
2 52.3 26.15 1.748 (200) Second reflex
3 65.1 32.55 1.432 (211) Maximum intensity
4 77.0 38.5 1.237 (220) Additional reflex

The main reflections were recorded at 20 angles corresponding to the (110), (200), (211), and (220) planes, which is
typical for bee structures. The absence of additional peaks associated with lithium hydrides or oxides (LiH, Li-O, LiOH)
indicates high phase purity of the sample and minimal surface oxidation. The interplanar distances dwq were calculated
using Bragg's law (2). For the most intense reflection (211) at 20 = 65.1°, d»11=1.432 A was obtained. The cubic unit cell
parameter a was calculated using formula (3), which yielded a value of 3.507 A for the (211) reflection, which is consistent
with the reference data [69] for metallic lithium at room temperature (a = 3.51 A). The observed small width of the
diffraction maxima indicates high crystallinity and large crystallites (>100 nm). The predominance of the intensity of the
diffraction peak (211) compared to the reflection (110) is due to the presence of a preferred orientation of crystallites,
characteristic of rolled or annealed lithium foils. In the region of small angles (10°-25°), a weak amorphous rise in the
background is observed, which is associated with the presence of a thin layer of natural lithium oxide or carbonate on the
surface. The absence of distinct peaks of hydrides or oxides confirms the predominance of the metallic phase in the initial
state. The experimental results indicate that lithium in the initial state is a thermodynamically stable metallic phase with a
well-ordered bec lattice, ensuring high atomic mobility and the presence of interstitial positions. These properties create
favorable conditions for subsequent hydrogenation and the formation of the hydride phase LiH [76-78]. The X-ray
diffraction pattern confirms that the original sample is single-phase metallic lithium with a high degree of crystallinity and
lattice parameters corresponding to reference data, which allows this material to be used as a reference when assessing
structural changes after hydrogen treatment [79].

An X-ray diffraction pattern (Fig. 9) of metallic lithium after treatment in a hydrogen atmosphere at a pressure of 12
atm and a temperature of 700 °C allows us to evaluate the phase composition, degree of hydrogenation and structural
changes of the original material.
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Figure 9. X-ray diffraction pattern of metallic lithium after treatment in a hydrogen atmosphere at a pressure of 12 atm and a
temperature of 700°C

The diffraction pattern shows a significant weakening of the peaks of the original metallic lithium, as well as the
appearance of new diffraction maxima characteristic of LiH with a cubic lattice of the NaCl type and the Fm3m space
group, demonstrating partial or complete conversion of the metal into hydride under the specified conditions. Additional
weak peaks in the range of 20°-35° correspond to the products of surface interaction with oxygen or moisture, such as
LiOH and Li2O [80]. The interplanar distances dng were calculated based on Bragg's law (2). For the (111) peak of LiH at
20~38.2°, the angle 6=19.1°, which gives d;11=2.356 A. The cubic lattice parameter has a value of a=4.081 A, close to the
reference value [69] for LiH (=4.084 A), confirming the formation of a stoichiometric hydride. The average size of the
coherent scattering regions was estimated using the Scherrer formula (4). The narrow peaks of LiH indicate large
crystallites (>100 nm), characteristic of hydrides obtained at high temperatures.

Table 5. Diffraction maxima and calculated parameters of LiH

No. peak | 20, degree | 6, degree Interplanar distance d, A Miller indices (hkl) | Parametera, A Note
1 38.22 0.3335 2.353 (111D 4.076 Main peak LiH
2 44.39 0.3874 2.039 (200) 4.078 Second reflex
3 64.58 0.5636 1.442 (220) 4.078 Additional peak
4 77.72 0.6782 1.228 (311 4.073
5 81.85 0.7143 1.176 (222) 4.074
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The change in the intensity and position of the diffraction peaks compared to the original metal indicates a complete
rearrangement of the lithium crystal structure. The appearance of new reflections confirms the formation of lithium
hydride, and the weakening of the peaks of the original Li indicates a high degree of metal transformation. The width of
the peaks demonstrates the high crystallinity of the hydride and the large sizes of the crystallites, and the increase in the
background in the small-angle region indicates the presence of an amorphous phase or fine-crystalline oxidation products
[81, 82]. The X-ray diffraction pattern (Fig. 9) confirms the successful synthesis of lithium hydride with a cubic structure,
high crystallinity and stability of the hydride phase. The presence of additional peaks confirms the sensitivity of the
material to oxygen and moisture, which form surface hydroxides and oxides. The data obtained form the basis for the
analysis of the hydrogenation kinetics and thermodynamics of lithium hydrogen accumulation. In the case of lithium, the
hydrogenation reaction proceeds according to the equation [80]:

2Li+H,—2LiH, (5)

At an optimal temperature of 600-700 °C, the resulting lithium hydride is characterized by an ionic bond (Li*H") and
remains thermally stable up to its melting point of approximately 688 °C.

When heated to temperatures around 700 °C or upon contact with water, LiH decomposes, releasing hydrogen. The
thermal decomposition is described by the reaction:

2LiH—2Li+H,, (6)
whereas when interacting with water, an exothermic reaction occurs:

LiH+H,0—LiOH+H,. (7)

Calculations show that up to 290 g of hydrogen can be produced from 1 kg of lithium hydride when reacted with
water. Overall, it has been established that lithium, titanium, and sodium provide hydrogen storage at levels of 12.4, 4.1,
and 4.3 wt.%, respectively, making these hydride systems promising for hydrogen storage and transportation.

CONCLUSIONS

In this study, porous aluminosilicate materials Al,SiNaOg were synthesized based on kaolin and diatomite using
burnable additives to ensure the formation of a developed porous structure. The porous ceramics of the zeolitic
aluminosilicate composition Al,SiNaO, are characterized by a developed hierarchical microstructure with a system of
open pores of micron and submicron sizes (~0.3-2 pm). The particle sizes and their agglomerates range from 1-10 um,
while granulometric analysis revealed a polydisperse distribution with a median size of Dso =~ 1.3-1.6 pm and a Doo
value of < 6-8 um. The rough surface of the grains ensures a high specific surface area for the material, ranging from
100 to 400 m?/g. The preservation of an open porous structure after heat treatment indicates an optimal sintering regime,
ensuring mechanical cohesion of the framework without significant pore closure. The combination of structural
characteristics suggests a high adsorption capacity of the material (~0.5-2.0 mmol/g for small molecules) and confirms
the potential for the use of Al.SiNaOs ceramics in adsorption, ion exchange, and catalytic processes, as well as in gas
storage systems, including hydrogen storage.

X-ray diffraction analysis revealed that the samples possess a single-phase zeolite-type crystal structure with a
cubic syngony and the Fm3m space group. The unit cell parameter was a = 4.056 A, and the dimensions of the coherent
scattering regions according to the Scherrer formula indicate a finely dispersed crystalline structure, which ensures a
developed specific surface area and high sorption capacity.

An analysis of sorption and desorption isotherms revealed that porous Al-SiNaOs ceramics at 200 °C and pressures
of 1-11 atm is characterized by stepwise hydrogen absorption, reaching a maximum capacity of 10-11 wt.%. Physical
adsorption occurs in the range of 1-5 atm (1-3.5 wt.%), while at 5-8 atm (up to 9-9.5 wt.%) a transition to intense
mechanisms, including chemisorption and capillary condensation, is observed. Reaching a plateau at 8-11 atm reflects
the saturation of the porous structure. Hysteresis in the range of 6-9 atm indicates the development of hierarchical
porosity and partially irreversible processes associated with the formation of hydride phases. Desorption occurs rapidly,
completing within 2 min, with the release of up to 11 wt.% hydrogen. The Al.SiNaOs material has a high sorption
capacity and a combined mechanism of interaction with hydrogen, demonstrating stability for up to 5 sorption-
desorption cycles; after this, structural degradation is observed, limiting its cyclic stability for gas storage.

All hydrogenation experiments were conducted in a specially designed high-temperature sealed hydrogen reactor
operating at pressures up to 15 atm and temperatures up to 700 °C. This reactor enabled us to achieve a high degree of
hydrogenation and the stable formation of crystalline LiH. The initial lithium metal was characterized by a body-
centered cubic lattice with a lattice parameter a =~ 3.507 A and large crystallites (>100 nm). After treatment in a
hydrogen atmosphere at a pressure of 12 atm and a temperature of 700 °C, lithium was completely or partially
converted to lithium hydride (LiH) with a face-centered cubic NaCl-type structure and a lattice parameter a = 4.081 A.
The main interplanar distances are: dij; = 2.356 A, dago = 2.039 A, dayo = 1.442 A, which corresponds to the reference
data for LiH. The average crystallite size exceeds 100 nm, which confirms the high crystallinity of the hydride.
Experimental measurements of hydrogen absorption showed maximum values: Li - 12.4 wt.%, Ti - 3.8 wt.%, Na -
4.3 wt.%, which indicates the high efficiency of lithium as a hydrogen battery at temperatures of 600-700 °C and
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pressures of 12-15 atm. Lithium hydrogenation proceeds according to the equation 2Li + H. — 2LiH, and LiH
maintains thermal stability up to 688 °C and can release hydrogen upon reaction with water: LiH + H2.O — LiOH + Ha,
yielding up to 290 g of hydrogen per 1 kg of hydride. Due to its high hydrogen capacity and stable crystalline structure
under standard conditions, lithium hydride (LiH) is widely used in aerospace, portable hydrogen generators, as a
neutron moderator, and as a component of fusion fuel. LiH is also a promising material for storing and transporting
hydrogen in industrial processes.
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MNOPUCTA KEPAMIKA TA METAJIOTOAPUAHI MATEPIAJIA JJI5S1 EOEKTUBHOI'O 3BEPII' AHHA BOJHIO
M.C. Maiizyanaxanos’2, O.P. Ilapmies!, ®.A. Iisicoa’, C.Y. Typanosal, E.3. Hogipmatos!, M.A. I0ag0men?,
O.T. Icmanosa’, ®.A. Tisicos’, A. Eram6epuics®, C.K. Aouiskanies’, M.A. l:xanenos’, C.A. Typcin6acs’, A.A. A6ayBaxooos?
TTnemumym mamepianosnascmea Axademii nayx Pecnybnixu Yzbexucman, Tawxenm, Yzbexucmarn
2®epeancvruil depoicagnuii mexniunuil ynieepcumem, Yzbexucman
SMincnapoonuii ynieepcumem Kimvo 6 Tawikenmi, Y3bexucmar
*Mincnapoonuii ynieepcumem Typan, Hamanean, Y3bexucman
SHamaneancokuii depocasnuil ynicepcumem, Hamanzan, Yzbexucman
STawkenmcokuil incmumym ingcenepie ipuzayii ma mexanizayii citbcoko2o 2ocnooapcmea, Hayionanshuii 00cnionuybKuil
YHigepcumem, V3bekucman
7Hykyccokuii 0eporcasnuti nedazo2iunuti incmumym imeni Adxcunisniza, Hykyc, Ysbexucman

VY wiii poboTi MM JOCTIIKYBal CHHTE30BaHI MOPHCTI ANTOMOCHJIIKATHI MaTepiaind 3 BUroparoynMy 100aBKaMH, LIO YTBOPIOIOTH
onHOMa3Hy KybiuHy CTpyKTypy neomitaoro Tumy (Fm3m, a = 4,056 A). IToprcta kepamika IIEONITHOTO cKiagy 3a Temmeparypu 200°C
Ta TUCKY BOIHIO 12 aTM JeMOHCTpyBaJia MMOTJIHAHHS BOJMHIO B KUTbKOCTI 11 Mac.%. Takoxk MU IOCHIKYBaIH BUXITHHN METaICBHA
nitiit (BCC, a=3,507 A), skuii mijnaBascs TiipyBaHHs B PO3pO6IEHOMY TepMETHUHOMY peakTopi mpu 12 atM ta 700 °C 3 yTBOpeHHAM
rinpuny LiH (FCC, Ty NaCl, a =~ 4,081 A, din1 = 2,356 A). Cepenniit posmip xpuctanitis LiH He nepesuiye 100 HM, a MaKCHMATbHA
BOZHEBA €MHICTh JiTito pocarna 12,4 wmac.%. Po3poOneHnii peaktop n03BOJIsie O€3MEYHO MPOBOJMTU TifPYBaHHS 3a BHCOKOI
TEMIIepaTypl Ta BHUCOKOTOo THCKy. Lli maHi AeMOHCTPYIOTh TMOTEHHiaNd TiAPHWIIB JIiTi0, THTaHY Ta HATPil0, a TaKOX IOPHCTHX
QTFOMOCHITIKATIB JUI1 HAKOITMUEHHs1, 30epiraHHst Ta TPAHCIOPTYBAHHS BOIHIO.

KawuoBi cioBa: nopucmi amomocunikamu; 2iopud aimiio; cunmes; 2IOPYSAHHA, PEeHMeHOMa306ull analiz; 30epicanHs 600HIO;
KYOiuHa cmpykmypa; 600He8d EMHICHb





