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Abstract: The microcalorimetric hydrogen titration technique combined with conventional volumet-
ric measurements has been used to reveal peculiarities of the hydrogenation of the single-phase
TiZrVNbTa equiatomic high-entropy alloy. The alloy has been produced in the form of microfibers by
the pendent drop melt extraction technique. Palladium coating of the fibers has been applied to enable
first hydrogenation at room temperature without additional activation. An analysis of the obtained
data allows us to evaluate the dependence of hydrogenation enthalpy on the hydrogen concentration
in the alloy. Three concentration ranges, presumably related to the formation of the hydrogen solid
solution, monohydride and dihydride phases, have been identified, and the corresponding ∆H values
of about −100, −80 and −60 kJ/mol H2, respectively, have been determined.

Keywords: hydrogen storage; high-entropy alloys; calorimetry; palladium coating

1. Introduction

All of the world’s leading countries have been paying great attention to the develop-
ment of alternative (renewable) energy sources in recent years. Hydrogen is considered as
one of the most promising fuels with a high energy capacity. However, for widespread use,
it is necessary to solve many problems, such as separation of hydrogen from gas mixtures,
compact storage and recycling for energy production.

High-entropy alloys (HEAs) formed by five or more metals with close to equiatomic
concentrations [1] can be used to overcome these problems. These alloys have a high
hardness [2], corrosion resistance [3,4], wear resistance and thermal stability. Some of them
show a high hydrogen sorption capacity [5] because of strong deformation of the HEAs’
crystal lattice due to the difference in atomic sizes, which creates additional opportunities
for hydride formation. For example, the equiatomic alloy TiVZrNbHf absorbs a large
amount of hydrogen (H/M = 2.5, which exceeds the hydrogen absorption capacity of any
of the alloy elements) [6]. Such a high H/M ratio is not typical for transition metals, except
for very high pressures (TiH1.8 + γ at 5 GPa [7]).

In order to predict and adjust HEAs’ properties, it is customary to consider parameters
such as the VEC (concentration of valence electrons), δ (parameter characterizing difference
in atomic sizes of elements in an alloy), δx (parameter characterizing the difference in
electronegativity of elements in an alloy), ∆Hmix (enthalpy of mixing of alloy components)
and Ω (parameter relating to the melting point (Tm), ∆Hmix and ∆Smix) [8,9].

Two trends correlating with the VEC were found experimentally: first, the volume
expansion per metal unit (α) increases linearly with increasing the VEC; second, the
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beginning of the hydrogen desorption temperature decreases linearly with increasing the
VEC, and it reaches room temperature at VEC = 6.4 [8].

The calculation of various thermodynamic parameters of alloys makes it possible
to predict the formation of single-phase structures, to evaluate the hydrogen absorption
properties of alloys. As it has been shown in [10], at Ω < 1, large values of ∆Hmix determine
the predominant contribution of the enthalpy factor to the free energy change (∆G), which
contributes to the formation of highly stable binary and ternary intermetallic compounds.
At Ω > 1, the entropy contribution prevails and there is a tendency for the formation of
disordered solid solutions. It is possible to construct phase stability diagrams based on the
calculations, but the limiting factor of the phase formation and stability prediction method
is related to its inability to take into account all competing phases [11]. Compared to the
empirical approach, thermodynamic models have much greater accuracy and were able to
determine the composition areas in which single-phase HEAs exist [11–14].

The CALPHAD (CALculation of PHAse Diagrams) is another method for calculating
the composition of stable phases in studies of wind farms for hydrogen storage [15,16]. The
construction of phase diagrams of equilibrium phases is based on the use of thermodynamic
models that analytically estimate the Gibbs–Helmholtz free energy for all expected compet-
ing phases [17]. At the moment, several promising HEA systems for hydrogen storage have
been discovered using the CALPHAD method [18–20], for example, the Ti–V–Zr–Nb–Hf al-
loy. The CALPHAD method has such disadvantages as limiting the prediction possibilities
outside the ranges approximated by polynomial functions, errors introduced by the lack of
data on competing inetermetallic phases and limitations in predicting metastable phases
(which may be the most successful).

Conventional arc melting is the most common and the simplest method for the syn-
thesis of HEAs. However, because of the high chemical activity of the components and
their surface oxidation in air hydrogen, interaction is limited. Activation of those alloys
requires preliminary high-temperature (573–973 K) treatment [9,21]. During the activation,
the partial reduction of surface oxides, the formation of cracks and defects (dislocations,
grain boundaries, violations of atomic packing) occur. The combination of these processes
contributes to hydride formation [22,23]. The key factors affecting activation parameters
of HEAs are the valence state of surface atoms and the difference in the atomic sizes of
constituting alloy elements [24].

In some cases, for example, for the arc-melted TiZrNbCrFeNi alloy with the C14 Laves
phase structure, hydrogen absorption (up to 1.5 wt.%) at room temperature is observed
without preliminary activation. However, desorption is possible only at 473 K; the reversible
capacity does not exceed 1.1 wt.%. This is due to the formation of two phases, one of which
is less active to accommodate hydrogen atoms [25]. The Ti–Zr–V–Cr–Ni alloy with a similar
crystal structure demonstrates a higher reversible hydrogen sorption capacity (1.5 wt.%)
and better cyclic stability, which indicates the future potential of developing this class of
high entropy intermetallic-based materials for hydrogen storage [26].

Sometimes, during the formation of a hydride, the initial single-phase HEA transforms
into a hydride consisting of several phases, which is probably determined by the elemental
composition of the initial HEA. However, no general patterns can be traced in this case. It
was found that, in addition to the main FCC phase, the tantalum-containing hydrides con-
tain an additional BCT phase: 30.3 wt.% in TiVNbTaHx, 24.2 wt.% in TiVZr0.15NbTa0.85Hx,
8.2 wt.% in TiVZr0.5NbTa0.5Hx and 2.2 wt.% in TiVZr0.74NbTa0.26Hx [27].

It has been shown that HEAs with a high content of 8–10 group (Fe, Co, Ni) metals
tend to keep the initial C14 crystalline structure in their hydrides, while the volume of the
unit cell can significantly increase with an almost unchanged ratio of c/a (for ZrTiVCrFeNi,
the volumetric effect of hydride formation is 23.3% for an untreated alloy and 2.4% for a
heat-treated alloy [28]).

Mg-containing alloys tend to form hydrides with an FCC crystal structure; for example,
BCC–HEA MgZrTiFe0.5Co0.5Ni0.5 absorbs hydrogen in two stages: first, a solid solution
with a BCC structure is formed, in which hydrogen occupies octahedral positions, and
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then the solid solution turns into a hydride with an FCC lattice, in which hydrogen atoms
occupy tetrahedral positions [18].

Group 5 metals (V, Nb, Ta) with a bcc crystal structure have a high hydrogen perme-
ability and are promising materials for membrane hydrogen separation [29,30]. However,
in most cases, individual metals are subjected to hydrogen embrittlement and passivation,
which hinders their industrial use [31]. Nowadays, many works on developing HEA-based
membranes whose properties will be superior to traditional Pd-based alloys are in progress.
For example, at 673 K, the multicomponent Nb40Ti18Zr12Ni25Co5 alloy has demonstrated a
higher (3.8 × 10−8 mol H2·m−1·s−1·Pa−0.5) permeability than the conventional Pd0.23Ag0.77
(1.6 × 10−8 mol H2 m−1·s−1·Pa−0.5) [32].

The thermochemical parameters of the interaction in metal-hydrogen systems are
essential both for understanding the mechanism of hydrogen absorption and transport,
and for practical application. For some HEAs, the enthalpy of hydride formation has
been calculated on the basis of experimentally measured hydrogen absorption isotherms
using the Van ’t Hoff equation. For alloys with bcc structure TiVZrNb (a = 3.3047 Å),
TiVZrNbHf (a = 3.3664 Å) and TiV0.5ZrNbHf (a = 3.3911 Å), the enthalpy of hydrogen
absorption decreases in absolute value with increasing the cell parameter from 67.6 to
61.8–59.1 kJ/mol H2 [8]. This trend is the opposite of that observed for other types of metal
hydrides (AB, AB2 and AB5) where the hydride stability (that is the formation enthalpy)
increases with an increase in the interstitial void size [33–35]. The reported data on the
enthalpy of hydride formation are of particular interest considering some well-known
metal–hydrogen systems with similar equilibrium hydrogen absorption pressure, but a
higher enthalpy of hydrogenation (for example, −75 kJ/mol H2 for MgH2, [36]).

In addition to the conventional analysis of pressure-composition isotherms (PCI) by
means of the Van ’t Hoff equation, calorimetric studies can provide some useful items of
information on the hydrogenation behavior of alloys. Calorimetric measurements directly
give the values of the enthalpy of the process at a certain fixed temperature at all its stages,
and not only in the region of the phase transition. This is of special importance in the case
when there are no clear boundaries of the phase regions on the isotherms. The effectiveness
of such a thermochemical analysis of metal-hydrogen systems, the so-called calorimetric
titration, has been demonstrated in [37,38], including for disordered alloys.

The need for high-temperature activation seriously complicates the use of this experi-
mental research technique. We have proposed the deposition of a thin palladium layer at
the alloy surface in order to eliminate the high-temperature pre-treatment stage and ensure
the hydrogen interaction with the HEA at room temperature. Palladium coating is a known
approach to improving different characteristics of alloys in the reaction with hydrogen.
It was found for the AB5 alloy (A = La0.34Ce0.50(Pr,Nd)0.16; B = Ni0.63Co0.13Mn0.12Al0.12)
that surface modification with palladium produced by electrodeposition from the solution
greatly improves the activation characteristics and the resistance to poisoning at the inter-
action with hydrogen. In particular, the hydrogen absorption rate after prolonged exposure
to air increases about 100 times for surface-modified materials compared to the unmodified
alloy [22]. Also, an increase in the rate of hydrogen uptake and easier activation after the
palladium coating has been observed for TiFe-based alloys [39] and TiMn1.52 [40].

In this work, the hydrogen absorption properties of EBM-PDME (electron beam
melting with pendent drop melt extraction) TiZrVNbTa fibers with a palladium surface
coating were studied. This crucible-less processing mode is suitable for materials with a
high melting point [41,42]. Due to the high (up to 106 K/s) cooling rates, microcrystalline
and amorphous materials can be obtained. The absorption isotherm for the first cycle has
been measured at room temperature without any preliminary activation; the maximum
sorption capacity was 1.7 wt.%. The enthalpy of absorption in a wide range of hydrogen
concentrations has been evaluated using Tian–Calvet calorimetry. The data obtained allows
us to suggest the prospects of the proposed approach to a deeper study of the processes of
hydride formation in HEAs.



Appl. Sci. 2023, 13, 9052 4 of 13

2. Materials and Methods
2.1. Alloy and Fiber Preparation

The alloy Ti20Zr20V20Nb20Ta20 was chosen based on previously published data [43].
Zr (purity 99.5%), Ti (purity 99.5%), V (purity 99.7%), Nb (purity 99.95%) and Ta (purity
99.95%) metal chips were used to prepare powder mixtures and ingots. Ti–Zr–V–Nb–Ta
alloy ingots (in equiatomic elemental composition) were produced by the arc melting of
mixtures of pure metals in an argon atmosphere purified with a Ti getter. The ingots
were turned over and remelted five times to ensure the homogeneity of the composition
after melting.

The method of EBM-PDME was used to obtain micro-sized fibers from the arc-melted
ingot [43,44]. The formation of fibers was carried out in a vacuum installation with an
electron beam melting of the previously melting material synthesized by conventional arc.
According to this method, the lower end of the vertically positioned workpiece melts to
form a hanging drop of melt. The resulting drop is fed to a rotating heat absorber and,
after solidification, is cut into an isosceles triangle. As the heat sink rotates, the solidified
material is removed from the melt in the form of fibers under the action of centrifugal force.

2.2. Palladium Coating Obtaining

The palladium coating was deposited using a laboratory SPI Module Sputter Coater,
SPI®, USA. A metal plate (Pd 99.99%) of a diameter of 60 mm and a thickness of 0.5 mm served
as a source of palladium. After loading the HEA sample, the chamber was evacuated for
5 min to a pressure of about 0.01 Pa. Sputtering was carried out in an Ar (99.99%) atmosphere.

For palladium deposition, the sputtered sample was placed at approximately 5 cm
from the palladium source. The application time was 60 s, while after 30 s, the sample was
turned over to ensure complete coverage of the surface of the fibers. The coating thickness
can be estimated using the following equation:

d = KIUt (1)

where d is the coating thickness, Å; K is a constant depending on the sprayed material and
the distance from the target to the sample (for Pd and 50 mm K ≈ 2.5); I is the plasma
current strength, mA; and U is the applied voltage, kV.

The deposition was carried out at current I = 30 mA and voltage U = 1 kV. In order
to detect and measure such a thin Pd layer, a protected Pt layer was deposited onto the
specimen surface by the GIS system inside FIB-SEM Tescan Solaris using the following
parameters: ion deposition mode, beam current of 150 pA, beam landing energy of 30 kV,
thickness of 2 µm, width of 2 µm and length of 10 µm. The cross-section of the material
was etched via ion beam with 30 kV and 2.5 nA, with a subsequent polishing using ion
beam with 30 kV and 250 pA.

2.3. Hydrogen Sorption Properties

The study of the hydrogen sorption properties of the HEAs was carried out by the
volumetric and calorimetric methods using a heat-conducting differential microcalorime-
ter of the Tian-Calvet type (DAC-1 a) combined with a hand-made Sieverts measuring
system [45]. In this experimental technique, the heat flow accompanying the hydrogen
absorption process is recorded simultaneously with stepwise isotherm measuring. For
dehydrogenation, the samples were subjected to degassing at 673 K in a dynamic vacuum
of 1 Pa for 10 h.

2.4. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

The study of the morphology of materials was carried out on a high-resolution scan-
ning electron microscope (SEM) TESCAN Vega3 XM and FIB-SEM TESCAN Amber with
Ga+ ions (TESCAN ORSAY HOLDING, Brno, Czech Republic). A quantitative elemen-
tal analysis was performed using an Oxford Instruments INCA x-act energy dispersive
microanalyzer (Oxford Instruments, High Wycombe, UK).
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In order to detect and measure such a thin Pd layer, a protected Pt layer was deposited
onto the specimen surface by the GIS system inside FIB-SEM Tescan Solaris using the
following parameters: ion deposition mode, beam current of 150 pA, beam landing energy
of 30 kV, thickness of 2 µm, width of 2 µm and length of 10 µm. The cross-section of the
material was etched via ion beam with 30 kV and 2.5 nA, with a subsequent polishing
using ion beam with 30 kV and 250 pA.

2.5. X-ray Phase Analysis

X-ray diffraction patterns of the samples were obtained at room temperature on a
Thermo ARL X’TRA powder diffractometer with CuKα radiation (λ = 1.5405Ắ, reflection
geometry, semiconductor Peltier detector, with angles 2θ in the range from 10◦ to 120◦ at a
speed of 0.5◦/min). All calculations were performed using the PHAN% software [46]. To
calculate the lattice parameter, the Rietveld refinement was used.

2.6. Time-of-Flight Secondary Ion Mass Spectrometry

In order to reliably confirm the thickness and composition of Pd coating, Time-of-
Flight Secondary Ion Mass Spectrometry (TOF-SIMS) was applied in combination with the
above-described FIB-SEM. The principle of this method is based on stepwise secondary ion
extraction from the specimen surface by etching it with FIB. This allows us to obtain the 3D
ions’ distributions considering the homogeneous layer-by-layer etching that requires some
FIB calibration procedures. In this study, TOF-SIMS measurements were performed under
the following conditions: ion beam voltage of 30 kV, ion beam current of 250 pA (to obtain
gentle etching with a small penetration depth), positive ion polarity, dwell time of 20 µs,
resolution of 1024 × 1024 pixels and view field of 20 µm.

3. Results and Discussion

The alloy studied in this work has been produced by arc melting followed by EBM-
PDME processing. The composition of the alloy was analyzed by the EDX method (Table 1).

Table 1. Chemical composition of TiZrVNbTa after EBM-PDME.

Element Set Composition, at. % Defined Composition, at. %

Ti 20 18.1
Zr 20 19.7
V 20 19.2

Nb 20 21.5
Ta 20 21.5

It is confirmed that the chemical composition of the resulting alloy is close to the
initially specified nominal composition.

3.1. Palladium Coating

The thickness of the palladium coating, defined by FIB-SEM, is ≈240 nm (Figure 1),
and the mass fraction of Pd is at the level of 0.01%.

The EDX analysis was used to confirm the progress of the palladium deposition pro-
cess. The presence of palladium on the surface of the HEA fibers was established (Figure 2);
however, the SEM resolution used does not allow us to characterize the morphology of a
very thin formed coating. The TOF-SIMS was used to analyze the chemical composition
of the deposited layer which allowed us to conclude that the process of deposition was
carried out. The obtained Pd+ ions’ distribution after TOF-SIMS measurements is shown
in Figure 2d. In order to estimate the depth of the Pd coating, this map was averaged
across the x-axis as illustrated in Figure 2e. It was confirmed that the Pd coating is quite
homogenous and has the same thickness of ~240 nm.
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According to the XRD analysis, the alloy obtained by EBM-PDME is single-phase
(Figure 3a) with a bcc lattice (Table 2). We have to note that the palladium coating does
not affect the XRD patterns; the palladium phase is not detected because of its very small
amount. The unit cell parameter of the alloy is 0.3301 nm, which agrees with the literature
data on the similar alloy (0.3304 nm [2]).
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Figure 3. X-ray diffraction patterns of the EBM-PDME fibers TiZrVNbTa alloy obtained by:
(a) as prepared; (b) after hydrogenation; (c) after dehydrogenation; (d) palladium-coated fibers
after hydrogenation; (e) palladium-coated fibers after dehydrogenation.
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Table 2. Phase composition and structure parameters of the EBM-PDME TiZrVNbTa alloy.

Sample Space
Group

Phase
Content, %

Unit Cell
Parameters, nm

Crystallite
Size, nm V, nm3 ∆V/V0

As prepared

TiZrVNbTa Im3m 100 a = 0.3301(5) >200 0.0359(3) -

After hydrogenation

TiZrVNbTa Fm3m 100 a = 0.4539(3) >200 0.0935(2) 30.2
Pd@TiZrVNbTa Fm3m 100 a = 0.4538(1) >200 0.0935(1) 30.2

TiZrVNbTa *
Fm3m 95 a = 0.4517(5) >200 0.0922(4) 27.3

Pnnn 5
a = 0.4795(7)
b = 0.4829(4)
c = 0.3450(2)

>200 0.0799(3) 22.1

After dehydrogenation

TiZrVNbTa Im3m 100 a = 0.3321(2) 100 0.0366(6) 1.9
Pd@TiZrVNbTa Im3m 100 a = 0.3314(4) 100 0.0364(2) 1.4

TiZrVNbTa *
Im3m 95 a = 0.3304(2) 40 0.0361(5) 0.6
Im3m 5 a = 0.3395(7) 50 0.0391(2) 8.2

*—arc-melted alloy [27].

3.2. Hydrogen Sorption Properties

Volumetric measurements were carried out in a wide range of pressures and tem-
peratures to evaluate the hydrogen sorption capacity of the TiZrVNbTa alloy. Since the
original Pd-free fibers do not react with hydrogen at room temperature without preliminary
activation, they were subjected to heating in a vacuum (1 Pa) for 2 h at 673 K. Then, the
reactor was filled with hydrogen at a pressure of 40 bar at the same temperature. The
maximum value of the absorbed hydrogen reached 1.6 wt.% (H/M = 1.5). It is worth
noting that, under the conditions described above, we were not able to measure the ab-
sorption isotherm step by step. Moreover, the subsequent hydrogen desorption was not
complete: the re-hydrogenation, although it proceeds at room temperature, shows a no-
ticeably smaller capacity of about 1.25 H/M. Only a separate long-term degassing at a
temperature of 673 K for 10 h allowed us to remove the maximum possible amount of
hydrogen and to characterize the products of such dehydrogenation.

The XRD analysis of the hydrogenation products (Table 2) indicates that the main
phase is the fcc hydride (space group Fm3m). The transformation of bcc to fcc is complete;
no additional phases were found. The volume expansion after hydride formation was
30.2%, which is 18% per 1 H atom. This value is slightly higher compared to literature data
for related TiVZrNbTa alloys (14%) [47].

After prolonged dehydrogenation, the transition from the fcc to the original bcc
structure has been recorded. Compared to the initial alloy, the unit cell parameter increases
after dehydrogenation, which corresponds to the formation of a solid solution phase with a
volume expansion of 1.9%. Assuming a linear dependence of the volume expansion on the
hydrogen concentration, the residual hydrogen content is about 0.1 H/M.

The applied palladium coating dramatically increases the activity of the alloy in
relation to hydrogen. Already, the first hydrogenation proceeds at room temperature
without any additional activation and without a noticeable induction period. The recorded
hydrogen absorption isotherm for Pd@TiZrVNbTa microfibers is shown in Figure 4. We
note the absence of a clear plateau on the isotherm, which would allow us to distinguish
individual phase transformations as the amount of absorbed hydrogen increases.

The maximum hydrogen sorption capacity was 1.7 H/M (1.8 wt.%), which is slightly
more than for palladium-free fibers. According to the XRD results (Figure 3d, Table 2), a
single-phase product is formed with the same unit cell volume expansion as for the original
alloy (30.2%). Comparing the resulting isotherm with an isotherm of the second cycle for
the palladium-free alloy (Figure 4), there is a significant increase in absorption pressure.
This phenomenon is often observed in metal hydride systems, and it may be associated
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with the necessity to overcome the energy barrier to initiate the primary act of interaction
of an alloy with hydrogen.

The desorption under the conditions described above leads to the reverse phase tran-
sition from fcc to the original bcc cell, similar to that observed for the non-coated alloy. Yet,
the residual unit cell parameter (∆V/V0) = 1.4% indicates a more complete dehydrogenation
process due to a certain catalytic effect of palladium during dehydrogenation.
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3.3. Calorimetric Tests

As it is mentioned above, the palladium coating enables the low-temperature first
hydrogenation, which allowed us to perform a correct calorimetric study of this process.
At the initial stage of the reaction (hydrogen concentration in the metallic phase of 0 to
0.7H/M), the maximum heat release close to 100 kJ/mol H2 in absolute value has been
recorded (Figure 5), which corresponds to the equilibrium pressure range of 0.03–0.1 bar at
308 K (Figure 4). As the reaction proceeds, the heat release gradually decreases to 80 kJ/mol
H2. In the hydrogen concentration range from 1 to 1.5 H/M, one can observe a constant
value of the reaction enthalpy of 60 kJ/mol H2. Most likely, this corresponds to the phase
transformation of a monohydride to dihydride phase, similarly described in [9]. When
the phase transition is completed, the thermal effect of the reaction reduces sharply to
40 kJ/mol H2.
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The analysis of experimental heat release curves (Figure 6) provides some important
additional items of information.
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First, we point out the absence of any induction period for all curves corresponding
to different concentration ranges. Second, there is an acceleration section on each curve,
and in all cases, the maximum heat release rate is reached after 15–17 min, regardless of
the concentration range and the overall thermal effect on each section. This peculiarity
is not related to the inertia of the measuring system, the response time of which is at the
level of several seconds. The nature of the phenomenon is not entirely clear. It is quite
likely that it is related to the features of the crystallite structure of the alloy under test
and the time to reach the maximum heat release rate (i.e., the maximum reaction rate) is
determined by the characteristic migration path of hydrogen in the metal lattice. Third, all
experimental heat release curves can be conditionally divided into three groups depending
on the concentration range described by them (Figure 6). Each of these groups corresponds
to processes similar in nature and thermochemical characteristics. The concentration ranges
0–0.3 and 0.3–0.7 are characterized by the maximum heat release rate, and the curves prac-
tically coincide. Based on the general concepts of phase transformations in metal-hydrogen
systems, this concentration range may correspond to the formation of a solid solution in
an HEA matrix. In the range of 0.7–1.25 H/M, the formation of a monohydride phase
occurs, and at higher concentrations, this monohydride turns into a dihydride. Probably,
the boundaries of these concentration ranges require further clarification, although the very
fact of their separation is quite clearly seen from the results of the thermochemical analysis.

4. Conclusions

The single-phase high-entropy alloy (HEA) TiZrVNbTa with an equiatomic element
concentration has been obtained in the form of microfibers using electron beam melting
combined with pendant drop melt extraction. The structure study of the alloy in the course
of the interaction with hydrogen has shown that a reversible phase transformation from
the initial bcc HEA to fcc-type hydride occurs during hydrogenation.

Palladium coatings on HEA fibers allowed us to eliminate the stage of the high-
temperature activating treatment, and to perform the complete hydrogenation at room
temperature. The maximum hydrogen absorption capacity of 1.7 H/M was reached.

The values of the enthalpy of hydrogen adsorption in a wide range of concentrations
were obtained using Tian–Calvet calorimetry. The enthalpy of absorption has a strong
dependence on the composition of the hydride phase, which may indicate a multi-stage
mechanism of the phase transformation. Three concentration ranges with hydrogenation
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enthalpy, a ∆H of about −100, −80 and −60 kJ/mol, can be attributed to the formation of
the hydrogen solid solution, monohydride and dihydride phases, respectively.

The obtained results demonstrate that the used calorimetric titration technique is a
powerful tool for in-depth study of hydrogenation processes in complex metal hydride
systems, including high-entropy alloys.
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