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Abstract

The vast chemical space of high entropy alloys (HEAs) makes trial-and-error experimental approaches
for materials discovery intractable and often necessitates data-driven and/or first principles
computational insights to successfully target materials with desired properties. In the context of
materials discovery for hydrogen storage applications, a theoretical prediction-experimental validation
approach can vastly accelerate the search for substitution strategies to destabilize high-capacity
hydrides based on benchmark HEAs, e.g. TiVNbCr alloys. Here, machine learning predictions,
corroborated by DFT calculations, predict substantial hydride destabilization with increasing
substitution of earth-abundant Fe content in the (TiVNb)75Cras..Fe. system. The as-prepared alloys
crystallize in a single-phase bcc lattice for limited Fe content x < 7, while larger Fe content favors the
formation of a secondary C14 Laves phase intermetallic. Short range order for alloys with x <7 can be
well described by a random distribution of atoms within the bcc lattice without lattice distortion.
Hydrogen absorption experiments performed on selected alloys validate the predicted thermodynamic
destabilization of the corresponding fcc hydrides and demonstrate promising lifecycle performance
through reversible absorption/desorption. This demonstrates the potential of computationally expedited
hydride discovery and points to further opportunities for optimizing bcc alloy < fcc hydrides for

practical hydrogen storage applications.

Key words: high entropy alloys, hydrogen storage, machine learning, density functional theory,
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Introduction

Hydrogen shows great potential as a clean energy carrier that can be produced, stored, and
utilized at scale without harmful emissions. However, a primary obstacle to the widespread adoption
of hydrogen technologies is safe, compact, efficient, and low-cost storage [1]. Among the various H»
storage strategies, solid-state H, storage in the form of high-capacity metal hydrides is one of the most
compelling alternatives to compressed gas to improve the safety, efficiency, and compactness of
practical energy storage systems [2]. Substantial research efforts for many years have been aimed at
finding new materials capable of achieving high reversible capacity under near-ambient conditions,
however many challenges persist, notably concerning cost and roundtrip energy-efficiency [1].

Hydrides of many metals and conventional alloys/intermetallics exhibit high reversibility and
volumetric H> storage density values surpassing those of compressed hydrogen gas, but often suffer
from thermodynamic and/or kinetic limitations [3]. The relatively new class of high-entropy alloys
(HEAs), solid solutions with at least 5 elements with atomic concentrations from 5 to 35%, are
particularly interesting for H> storage [4,5]. Among several types of lattices adopted by HEA solid
solutions (bcc, fcc, hep), bee alloys that undergo a phase transition to fcc dihydrides demonstrate
exceptionally high hydrogen per metal (H/M) capacities and good reversibility. Yet, these advantages
are frequently offset by unfavorably high stability of the fcc hydride, resulting in elevated desorption
temperatures [6,7]. Many theoretical and experimental efforts are currently devoted to control the
thermodynamics of the hydride formation to provide an optimum destabilization, which is necessary to
ensure the material reversibility close to ambient conditions [8]. Compositional machine learning (ML)
models for hydride thermodynamics have proven useful for approximate but computationally cheap
and experimentally verifiable predictions of substitution strategies to destabilize hydrides of (high

entropy) alloys [9,10].



Among numerous bcc HEA alloys that form fcc hydrides, those based on TiVNDb have
demonstrated extremely high saturation capacities around 2 H/M but at the cost of unfavorable
desorption enthalpies (4H ~ 50 - 70 kJ/mol H») [11,12]. Adding elements with low hydrogen affinity,
e.g., (TiVNb)X where X = {Cr, Al, Mo} has been demonstrated to significantly destabilize the fcc
hydride phase and reduce the desorption enthalpies to as low as ~40 kJ/mol H» [13—15]. Nonetheless,
due to the substantial chemical tunability of HEAs, there is a need for continued investigation of novel
X that can yield Pareto optimal hydrogen storage materials [16], i.e., hydrides that optimally balance
the competing tradeoffs between high capacity, low 4H, and low raw material costs.

Here, we consider the substitution of elements in X (specifically Cr) with Fe, which we
hypothesize, can further destabilize the hydride phase. To our knowledge there are no reports in the
literature focused on this strategy. We describe machine learning (ML) predictions and density
functional theory (DFT) calculations that support this hypothesis and indicate that the equilibrium
plateau pressure could be varied in a wide range by relatively small changes in composition. Beyond
any potential technical improvement in hydrogen storage properties, proposing Fe substitution also has
cost benefits since (1) it is cheap and earth abundant and (2) niobium and vanadium, the higher-cost
elements in this composition, are often extracted from naturally occurring ferrovanadium and
ferroniobium. These pre-alloys are substantially cheaper than pure vanadium and niobium and could
potentially be used as the synthetic precursors to reduce material cost [17]. After predicting
thermodynamic destabilization of hydrides in the series (TiVNDb)75Cras..Fe., we then performed a
detailed experimental characterization of the alloys with x =2-15 as well as the equimolar TiVCrFeNb.
Selected compositions are extensively studied by ex situ and in situ neutron diffraction (ND), ex situ
synchrotron X-ray diffraction (SR-XRD) with related pair distribution function (PDF) analysis, thermo-
desorption spectroscopy (TDS) and absorption/desorption cycling. This provides a holistic picture of

the hydride destabilization upon iron addition, including the improved performance under repeated



cycling, and highlights opportunities for further optimization of this system for improved hydrogen

storage performance.

Materials and methods

Computational methods. Details on the machine learning methodology, model cross-validation,
and DFT calculations are provided in the Supplementary Information (SI) shown in Section SI1
and SI2, respectively.

Alloy synthesis. High purity metals were used as feedstock material: Ti (NEYCO titanium 99.99%
pellets), V. (NEYCO vanadium 99.9% pellets), Nb (NEYCO niobium 99.95% pellets), Cr
(ChemPur chromium 99.99% pieces), Fe (Alfa Aesar iron 99.97% pieces).

The (TiVNDb)75Cr2s.cFer (x = 2-15) alloys and equimolar TiIVNbCrFe composition were prepared
by arc-melting in an electric arc furnace under Ar atmosphere (= 300 mbar) and recast 10 times by
flipping the ingot between each melting to achieve good homogeneity. The total mass of each alloy
sample was 3+0.0005 g.

Powder X-ray diffraction. The sample crystalline structures (alloys and hydrides) were
investigated by powder X-ray diffraction (XRD) using a D8 Advance Bruker diffractometer (Cu-
K, radiation A = 1.5406 A, Bragg-Brentano Geometry) in the 20 range 30 - 90°. The XRD patterns
were refined using the fundamental parameters approach implemented in TOPAS Bruker software
to estimate the lattice parameters and phase fractions.

Synchrotron X-ray diffraction. High-energy synchrotron X-ray diffraction (SR-XRD)
measurements were carried out at the ID15A beamline at ESRF, Grenoble (France) [18]. Powder
samples were placed in a borosilicate capillary and the energy of the incident beam was 98 keV (A
=0.1265 A). Two dimensional XRD patterns were obtained from a Pilatus 2M CdTe detector, and

azimuthally integrated with locally modified version of pyFAI with corrections applied for detector



response [19]. G(r) profiles were obtained from the integrated patterns using pdfgetx3 [20]. The
structural analysis was carried out using the PDFgui free software [21]. The SR-XRD patterns were
refined using the Rietveld method as implemented in the FullProf free software [22].

Hydrogen absorption measurements. The hydrogenation process was carried out on selected
alloys with x = 2, 5 and 7 using a Sievert apparatus, which consisted of a home-made manual
manometric device with thermostatically calibrated volumes. The stainless-steel sample holder was
filled with about 400 mg of the alloy, sealed using a metal gasket to prevent gas leakage and
connected to the Sievert apparatus. Before starting the hydrogenation process, an activation
procedure was carried out at 410 °C under dynamic secondary vacuum (10~ mbar) for 24 hours.
Two types of measurements were carried out: (1) absorption kinetics and cycling tests at 25 °C and
(2) absorption PCIs for a range of temperatures for selected alloys with x = 2, 5 and 7. For the
absorption kinetics, the sample holder was placed in a water bath under isothermal conditions (25
°C) and high H» pressure (~ 37 bar). For acquisition of the PCls, small H> doses were used up to
65 bar. A furnace was used for the acquisition of PCIs at temperatures higher than 25 °C. The mass
of the samples was measured before hydrogenation to calculate the samples volume values and
then the values of the storage capacity using the real gas state equation for Hz from GASPAK
Version 3.32 (Horizon Technologies). The cycling tests were carried out under a final 35 bar H»
pressure at 25 °C until reaching equilibrium and dynamic vacuum at 410 °C for 3 hours for
absorption and desorption, respectively.

Neutron diffraction studies. Deuteration was used in the framework of the sample’s preparation
for this analysis. The procedure was similar as for Hz absorption kinetics and the final pressure was
around 1445 bar of D». Selected deuterated (TiVNDb)75Cras.cFex (x = 2, 5 and 7) alloys were
characterized by ex situ powder neutron diffraction on the DI1B beamline at the Institute Laue-

Langevin, Grenoble, France (A = 1.2858 A) with a scanning range of 20 from 1 to 128°, using a
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vanadium container (DOI:10.5291/ILL-DATA.5-25-284). The neutron powder diffraction data was
refined using the Rietveld method with FullProf software [22], where the peak shape was described
by Thompson-Cox-Hastings Pseudo Voigt function. The deuterated sample with x = 5 was also
characterized by the in situ powder neutron diffraction during deuterium thermo-desorption. The
measurements were performed in a silica tube containing the deuterated powder sample, connected
to a secondary vacuum and with a constant heating rate of 1 °C/min while the evolved gas pressure
was recorded with a vacuum gauge. The lattice parameters thermal evolution was determined by
Le Bail fitting [23] implemented in FullProf software.

Scanning electron microscopy. The microstructure was analyzed by scanning electron
microscopy (SEM) using a Zeiss Merlin instrument equipped with an EDS (energy-dispersive X-
ray spectroscopy) detector. The powder samples were placed in an epoxy resin, polished with
various abrasive sizes (finally with 3 microns) and coated with a 1.5-2.5 nm Pd layer directly
before the SEM analysis. For elemental analysis, an accelerated electron voltage of 15 keV was
used and the element quantification was performed using Ti(Kqi1), V(Ka1), Nb(La1), Cr(Kq1) and
Fe(Kq1) signals. The analyses were carried out for the as-synthesized, hydrogenated alloys and the
alloy materials after cycling tests.

Thermal desorption spectroscopy. The hydrogen desorption properties for the hydrogenated
alloys were analyzed by a home-made thermal desorption spectroscopy (TDS) using a quadrupole
mass spectrometer (QMS) [24]. About 10 mg of the hydride sample was loaded into the sample
holder each time and then connected to the QMS, working under secondary vacuum (1x107° mbar).
The desorption profile (partial pressures of released gases) was recorded by heating the sample at

a constant rate of 5 °C/min up to 450 °C.



Results and discussion

Compositional ML model predictions of Fe destabilization

We updated the ML-ready HydPARK database to v0.0.6 [25] with recent literature data for
(TiVNb)X [5,15,26,27], retrained/validated gradient boosting tree models for hydride
thermodynamics [9,10] (see Supplementary Section 1, Figure SI1 for details) using Magpie [28]
and custom features derived from the alloy composition, and finally predict hydride
thermodynamic properties of the Fe-substituted series (TiVNDb)75Cr2sFey (0 < x <20). Increasing
x is predicted by the compositional ML model to further destabilize the hydride phase by decreasing
AH (Figure 1a), commensurate with a predicted drop in the saturation capacity (Figure 1b). Note
that x = 0 is a composition represented in the v0.0.6 database with AH = 48 kJ/molH> extracted
from Ref. [26]. Figure 1c plots the global summary of the 4H model’s Shapely Additive Prediction
(SHAP) values [29], i.e., the impact on the model’s output (x-axis) attributed the value (color code)
to each feature (row) for a given prediction (scatter point). Here only the top 5 most important
features (rows), as quantified by the sum of absolute SHAP values for a given feature, are visualized
and correspond to composition-weighted averages of an elemental property, p = Y; x;p; (x; =
atomic fraction of element i, p; = the elemental property). These properties include Magpie
features (1. = covalent radius, Me# = Mendeleev number, T,,, = melting temperature, y = Pauling
electronegativity) and a hydride specific feature (AH, = binary hydride formation enthalpy from
the Materials Project). Large variation in SHAP values (impact on predicted 4H) is only observed
for x, i.e., the model mainly utilizes the increased average electronegativity with Fe substitution

for Cr to explain the decrease in AH.
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Figure 1. ML-predicted (a) desorption enthalpy and (b) max saturation capacity as a function of
Fe-substitution, as well as (c) SHAP values for the desorption enthalpy model. (d) Dehydrogenation
enthalpy of (TiVNb)75Cr2s and (TiVNb)75Cri6.7Fes 3 obtained by DFT calculations. Four fcc alloy
configurations (one with the lowest, two with medium and one with high formation energy from
100 sampled configurations) are selected for hydride formation, and their dehydrogenation
enthalpy at different H/M (between 1.0 and 2.0) were plotted as scatter points. The solid lines are
the average dehydrogenation enthalpy of the four selected configurations.

Although methods have been proposed that may address some of its shortcoming [30], this
compositional ML model’s features are structure agnostic and provide limited predicted
information beyond scalar hydride thermodynamic properties. Therefore, density functional theory

(DFT) calculations were also performed to confirm ML-predicted destabilization and gain further

atomistic understanding of the underlying hydrogen absorption/desorption mechanism.

Density functional theory calculations of Fe destabilization

To corroborate the ML predictions, we probed the hydride dehydrogenation enthalpy with
density functional theory (DFT) calculations (Supplementary Section 2, Figure SI2-1 and Figure
SI2-2 for details). Random configurations of the same chemical composition but differing metal

distributions on the fcc lattice were generated for (TiVNDb)75Cr2s and (TiVNDb)75Cri6.7Fes 3. For each
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composition, four alloy configurations out of 100 are selected for hydrogenation: the one with the
lowest formation energy, two with formation energies near the median value, and the other with
high formation energy. Hydride structures at varying H/M ratios were generated using a minimum
possible H-H distance dmin = 1.6 A chosen to be less than the Switendick criteria [31] while greater
than experimentally measured exceptions to this rule [32] as follows. All tetrahedral interstitial
sites are identified and sorted ascendingly by the mean electronegativity of the atoms at the vertices.
Hydrogen atoms are sequentially placed at these sites except when there is an existing hydrogen
atom within dmin, in Which case the site is skipped. After all tetrahedral sites are exhausted, the
same procedure is repeated for octahedral holes (hydrogen atoms are placed if the H-H distance
did not fall below dmin). The hydrides were then relaxed, and the total energy of the hydrides,
Enydride, Of the original alloy, Enea, and of the gas-phase H, molecule, Enp, can be used to calculate
the dehydrogenation enthalpy at 0 K for a structure with N hydrogen atoms:
AH = Ey, + %EHEA - %EHydride (equation 1)

As shown in Figure 1d, within the H/M range of 1.0-2.0, the average dehydrogenation
enthalpy of (TiVNDb)75CriesFess is 10-20 kJ/molH, lower than that of (TiVNb)75Crs, 1.e.,
substitution of Cr by small amounts of Fe in TiIVNbCr substantially destabilizes the hydride phase.
Notably, the average dehydrogenation enthalpy in TIVNbCr remains approximately constant in the
1.8 < H/M < 2.0 range, while it begins to decrease for H/M > 1.8 in (TiVNDb)75Cri6.7Feg3, a
qualitative hint that the capacity of the latter may be reduced (as later confirmed experimentally).
Therefore, the agreement of DFT-calculated reduction in the dehydrogenation enthalpy through Fe
substitution of Cr both validated our ML model while providing more detailed atomistic insights
on the interaction between hydrogen and different alloy compositions. Note that even closer

quantitative agreement in the enthalpy predictions may be achieved in the future with a more
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rigorous sampling procedures (i.e., Monte Carlo simulations) and by considering correction factors
for errors in DFT predictions of hydrogen-metal interactions [33], and also by including zero-point

energy contributions.

HEAs synthesis and characterization

Following computational predictions of thermodynamic destabilization by Cr substitution
with Fe in TiVNDbCr, systematic experimental validation was performed for (TiVNb)75Cras.Fex
with x = 2-15, and the equimolar TiVCrFeNb alloy. Composition-derived parameters previously
shown to correlate HEAs with their solid solution formation ability, d (mean square deviation of
atomic size) and VEC (valence electron concentration), are shown in Table 1. An empirical
guideline for solid solution formation (6 < 6.6%) [34] is satisfied for x < 15, although it increases
with x and exceeds the empirical threshold for the equimolar composition, suggesting the formation

of multiphase alloys with intermetallic precipitates.

.. . Capaci

Fi:t(.";ﬁm (02) MEC L'LT:! anee (A) pr::;ge aree (A) "(tHg/i;)éy (kﬁfﬁ’ihz) (J/Ié‘-i::in) Ref.
0 6.11 | 5.00 bee 3.132 fee 4.378 2.0 -51.6 -1293 [14,26]
2 6.283 | 5.04 bce 3.129(1) fee 4.371(1) 1.94 -48.0(2.0) -142(5.2) present
3 6.290 | 5.06 bce 3.128(1) - - - present
4 6.298 | 5.08 bce 3.124(1) - - - present
5 6.305 | 5.10 bcc 3.123(1) fec 4.369(1) 1.93 -45(1.0) -140(1.7) present
7 6.319 | 5.14 | bec+ Cl14 | 3.127(1) | fee+CIl4 | 4.364(4) 1.79 -41.3(1.8) 134(5.3) present
8 6.327 | 5.16 | bec+ Cl4 | 3.123(1) - - - present
10 6.341 | 520 | bec+ CI4 | 3.127(1) - - - present
15 6.377 | 5.30 | bec+Cl4 - - - - present

TiVNbCrFe | 6.7 5.60 | C14 + bcc - Cl14 + bce 0.81 - - present

Table 1. Empirical physicochemical parameters (6 and VEC) of the as-synthesized (TiVNDb)75Cr2s.
«Fey alloys with x = 0-15 and the equimolar TiVCrFeNb composition; the main phase is in bold.
Storage capacity and thermodynamic data for selected hydrides.
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X-ray diffraction (XRD) patterns shown in Figure 2a demonstrate single-phase bcc (space
group Im3m) alloys for x < 5, while traces of a secondary C14 Laves phase are already evident for
x =7 and account for 30% of the phase fraction for x = 15. Therefore, the limit of Fe solubility in
the quaternary TiVNDbCr alloy is in the range 5 — 7 at. %, after which further Fe addition precipitates

the formation of a secondary intermetallic phase (despite obeying to the empirical rule 8 < 6.6%).
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Figure 2. (a) XRD patterns of the as-synthesized (TiVNDb)75Cr2s.cFex alloys with x = 2-15 and the
equimolar composition TiIVNbCrFe; the diffraction peaks of the C14 hexagonal phase are marked
with asterisks and (b) Lattice parameter abcc as a function of Fe content up to x = 10; the value for
x = 0 (star) is taken from reference [26]; the values for single-phase alloys are marked as squares
whereas the multi-phased materials are represented as circles with a X; the linear fit for single-
phase alloys is a guide for the eyes.

The lattice parameter of the bcc phase linearly decreases with increasing Fe concentration
(Figure 2b) up to x = 5 (for single-phase alloys) due to its smaller atomic radius compared to the
other elements (r1i = 145 pm, rv =131 pm, rno = 143 pm, rcr = 125 pm, rre = 124 pm [35]). This
correlation breaks down for x > 7 and is likely associated with the formation of Fe-containing C14
Laves phase that limits the Fe incorporation in the bcc lattice. The equimolar TiVNbCrFe sample

consists of a dominant C14 Laves intermetallic with a secondary bcc phase. Formation of C14

Laves phase has been previously related in closely related compositions [36,37].
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The CALPHAD (Calculation of phase diagrams) approach was used to obtain further insights
into phase stability in this system (Figure SI3-1). A direct quantitative comparison between these
experimental results and CALPHAD predictions is difficult since the as-prepared alloys undergo a
rapid quenching from the melt favoring the formation of metastable phases whereas CALPHAD
method predicts phases which are in thermodynamic equilibrium. Nevertheless, the formation of
bce phase as well as the C14 Laves intermetallics, with the overall composition (Nb23Ti11)(CrisFeos),
are predicted via CALPHAD in qualitative agreement with the experiments.

Three (TiVND)75Cras..Feyx alloys with x =2, 5 and 7 were selected for an in-depth study of the
local structure from the pair distribution function (PDF) analysis of synchrotron X-ray total
scattering (Figure 3). All PDF profiles are similar, and these alloys have long-range structural
correlations. An enlarged zone from 2 to 6 A is also shown to better appreciate the short-range
ordering in these alloys. The alloy with x = 7 shows a first intense peak at ~2.7 A that might contain
contributions from both bcc and C14 phases and an additional small peak at around 4 A, most
probably from the C14 Laves intermetallic phase. The PDF data fitting is based on an undistorted
random bcc lattice and shows a good agreement between experimental and calculated profiles,
mainly for alloys with x =2 and 5 (Figure SI3-2). This demonstrates that a random distribution of
atoms within an undistorted bcc lattice, irrespective of the composition, can well describe the
atomic arrangement in the low- and high-R regions without any evidence of lattice distortion or

preferential ordering or clustering of atoms [5].
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Figure 3. The PDF profiles of the (TiVNDb)75Cr2s..Fe. alloys with x =2, 5 and 7 from total X-ray

scattering. An enlarged zone from 2 to 6 A is also shown in the left-hand side. An additional small
peak at around 4 A marked with an asterisk is present in the alloy with x = 7.

The microstructure and chemical homogeneity of all as-synthesized alloys were investigated
by SEM-EDS (Figure SI3-3). The average chemical composition agrees well with the nominal
values, irrespective of composition (Table SI3-1). Typical for refractory HEAs,
dendritic/interdendritic microstructures are observed for the single-phase bcc samples which can
be attributed to the large difference between the melting temperatures of containing metals and the

element partitioning during solidification [38]. The other samples also show

dendritic/interdendritic microstructures with Fe rich inclusions from the secondary Laves phase.

Thermodynamics of high entropy hydride formation

Hydrogen sorption properties were investigated for selected alloys with x =2, 5 and 7. The
equimolar composition TiIVNbCrFe absorbs 0.8 H/M under 60 bar H, and 25 °C forming a solid
solution with hydrogen (Figure SI3-4) and will not be further considered. The selected alloys with
x=2,5 and 7 quickly absorb hydrogen at room temperature with a high storage capacity (Table 1)

around 2 H/M, in agreement with previous results for bcc HEAs [4]. The H: capacity decreases
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with the increase in Fe content from 2.0 H/M for TiVNbCr [26] to 1.79 H/M for the alloy with x =
7, in qualitative agreement with ML predictions and DFT calculations (Figure 1). The reduced
capacity with increasing Fe content might be reasonably explained by the rigid band model: the
addition of a late 3d element (second half of 3d row) fills the unoccupied valance states of the alloy
and consequently decreases the available vacant electronic states for a possible donation of the
hydrogen’s electron. This reduces the hydrogen storage uptake, as proposed for conventional bcc
and high entropy materials [39,40].

The absorption PCI curves and related van’t Hoff plots for the (TiVNDb)75Cr2s..Fex alloys
with x = 2, 5 and 7 are shown in Figure 4 and the derived thermodynamic properties (AH»s and
ASaps) are listed in Table 1. These alloys undergo a two-step reaction with hydrogen typical for
hydrides based on bcc alloys and HEAs [5,26,40]: the initial bcc alloy absorbs hydrogen forming
an intermediate bcc monohydride (around 1 H/M) at very low pressure (within the error bar of zero
on the pressure transducer £0.06 bar) and a fcc dihydride phase (around 2 H/M) at measurable high
pressure. The PCI curves for the second transition occurs at higher pressure at the same temperature
(i.e., the fcc dihydride is destabilized) and the plateau becomes more sloped with increasing Fe

content.
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Figure 4. The absorption PCI curves at several temperatures and van’t Hoff plots for the
(TiVNDb)75Cr2s.<Fey alloys with x =2, 5 and 7.

The TiVNDBCr alloy has an enthalpy of absorption 4Huss = -51.6 kJ/mol Haz [26], whereas
the absolute values obtained for (TiVNb)75Cras.xFex (x = 2, 5 and 7) decrease with increasing Fe
content (Table 1), demonstrating that the presence of Fe destabilizes the hydride phase. This can
be rationalized by both steric and electronic effects: 1) substitution of Cr with Fe decreases the
lattice volume and consequently the available volume of the interstitial sites and therefore the
pressure needed to form the hydride increases and ii) the electronegativity of Fe (1.83 on Pauling
scale) is higher in comparison with that of Cr (1.66 on Pauling scale) which indicates that the
interaction of hydrogen (2.1 on Pauling scale) with tetrahedrons featuring Fe is expected to be less

ionic than the interaction of hydrogen with similar tetrahedrons composed of only Cr. These results,
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in agreement with the ML predictions and DFT calculations, further validate the use of such
computational techniques to target hydride destabilization strategies in the complex and vast

chemical space of HEA-based hydrides.
Hydride characterization, reversibility, and cycle-life properties

To further assess the hydrogen storage performance of the single-phase alloys, we
characterized the crystalline properties of the hydride phases, the phase transition during hydrogen
desorption, and the cycle-life stability. Powder XRD diagrams of (TiVNDb)75Cr2s.xFex (x =2, 5 and
7) hydrides (lattice parameters are listed in Table 1) and powder neutron diffraction (ND) patterns
for the corresponding deuterides are plotted in Figure 5. X-ray and neutron diffraction are
complementary techniques, and they explore the metal and hydrogen/deuterium networks of the
lattice (the coherent scattering length of the metallic subnetwork is small, around +2 fm, as

compared to the corresponding deuteride +15 fm), respectively [41].
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Figure 5. (a) XRD (L = 1.5406 A) (b) neutron diffraction (A = 1.28 A) diagrams of the
hydride/deuteride phases of (TiVNb)75Cr2s..Fe, withx =2, 5 and 7.

Both hydrides and deuterides of (TiVNb)75Cras..Fe, alloys with x = 2, 5 and 7 adopt an fcc

lattice (space group Fm3m) with hydrogen/deuterium occupying the tetrahedral sites, as
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previously reported for bcc HEAs [4,5]. The lattice parameter decreases as function of Fe content
(Table 1), consistent with the lattice parameter of the initial bcc alloys (Figure 2b). Interestingly,
both X-ray and neutron diffraction patterns of the hydride/deuteride material for x =7 (top of Figure
5), which initially contains about 8 % of C14 intermetallic, show negligeable presence of the
secondary phase. This might be reasonably explained by either the overlapping diffraction peaks
in the X-ray pattern or the negligible neutron scattering length of the intermetallic Laves phase in
the case of neutron diffraction data.

To investigate the reversibility of hydrogen reaction, the desorption process was studied by
in situ neutron thermo-diffraction for one composition (x = 5) and TDS for the hydrides with x =
2, 5 and 7. The neutron diffraction patterns during thermal desorption of deuterium (55-425 °C),

together with the gas desorption profile and fcc lattice parameter variation for the

(TiVNDb)75Cra0Fes, are plotted in Figure 6.
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Figure 6. Left-hand panel: in situ neutron diffraction diagrams (A = 1.28 A) recorded during thermal
desorption from (TiVNb)75CroFes deuteride with 1 °C/min (55-425 °C); middle panel: gas

desorption profile during desorption; right-hand panel: thermal evolution of the fcc lattice
parameter.
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The initial fcc deuteride phase for x =5 is stable up to around 140 °C, during which the lattice
parameter steadily increases with temperature. Above this temperature, a main desorption event is
observed in the gas profile at 165 °C, followed by a decrease in both the fcc peak intensity and the
lattice parameter. The diffraction peaks of the desorbed phase are too weak to be accurately
measured due to the low mean neutron cross-section of the elements in the alloy composition, a
feature already encountered in refractory HEAs [42,43]. The main desorption event at 165 °C
marks the loss of ordering of the deuterium network as no other peaks are visible above this
threshold. This hypothesis was proposed recently and is based on the fact that neutron diffraction
mainly probes deuterium arrangement while metallic network is almost transparent to neutrons
[41]. However, a second desorption event at 200 °C is noticeable on the desorption profile which
might be attributed to the fcc to bce phase transition, as proposed recently based on combined
synchrotron radiation and neutron diffraction experiments during desorption from a high entropy
material [41].

The TDS profiles of the hydrides with x =2, 5 and 7 are shown in Figure 7a while the XRD
of desorbed materials are displayed in Figure 7b. The desorption shifts to lower temperatures with
increasing the Fe content (Figure 7a) which is in good agreement with the thermodynamic
destabilization determined above. The onset temperature of desorption decreases from 155 to 130
°C with increasing Fe content. The XRD patterns of materials after TDS analysis (Figure 7b)
demonstrate the recovery of the initial bcc lattice with very similar lattice parameters (3.126(1),
3.121(1) and 3.121(1) A for x =2, 5 and 7, respectively) to the initial ones (Table 1). Moreover, the
alloy with x = 7 contains a main bcc phase along with 5% of C14 Laves intermetallic, in agreement

with the initial structural analysis.
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Figure 7. (a) TDS curves for the (TiVNb)75Cr2s.<Fe, hydrides with x =2, 5 and 7 recorded with 5
°C/min; (b) XRD patterns of the materials obtained after desorption.

The in situ neutron diffraction and TDS experiments conclude that the hydrogen absorption
and desorption reactions into these alloys are fully reversible. All alloys absorb hydrogen forming
a fcc hydride and desorb hydrogen to recover the initial bcc phase. Consequently, we tested the
cycle-life stability of these three alloys, and the variation of the reversible capacity during cycling
is plotted in Figure 8a, while the kinetic curves during absorption are shown in Figure 8b. A
comparison of SR-XRD patterns (A = 0.1265 A) of as-synthesized and desorbed after cycling
materials is displayed in Figure 8c (SI3-5 for details). Despite an obvious loss of capacity, the
hydrogen absorption and desorption reactions are fully reversible and the overall capacity slightly
decreases during cycling (~6-8 % after 15 cycles), in contrast to the pristine TiVCrNb alloy whose
reversible capacity stabilizes after first 5 cycles [14]. The absorption kinetics are improved during
the cycling due to the decrepitation effect. Overall, the three alloys quickly absorb hydrogen at
room temperature reaching full capacity within the first minute, while the absorption rate slightly
decreases with increasing Fe content (Figure 8b). From the structural point of view, the initial bcc
lattice 1s maintained (Figure 8c) without any phase segregation or increase in the quantity of the

C14 Laves intermetallic for the alloy initially containing this phase (x = 7). The bcc lattice
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parameters after cycling are slightly larger than the initial values and the diffraction peaks are
broadened after cycling, irrespective of composition. These observations hint at two phenomena
that might explain the progressive loss of capacity during cycling: a trapping of hydrogen or
incomplete desorption under the present conditions and a development of defects during cycling,
as already demonstrated for the TiVNDbCr alloy [14]. The microstructure of the alloy with x =5 is
unchanged after cycling, as demonstrated by SEM-EDS (Figure SI13-6). Despite the gradual loss of
capacity, the reversibility between the fcc hydride and the initial bcc lattice is maintained, without

phase segregation or major microstructural changes, regardless of the composition.
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Figure 8. (a) Hydrogen absorption capacity during 15 absorption/desorption cycles for the
(TiVNDb)75Cr2s..Fex (x = 2, 5 and 7) alloys; (b) absorption kinetic curves for the 1st, 5th, 10th and
15th cycles recorded under 35 bar and 25 °C, (¢) SR-XRD (A = 0.1265 A) of powder samples as-
synthesized and desorbed after 15 cycles.

Conclusions

This work demonstrates how ML predictions, corroborated by DFT calculations, can
efficiently and expeditiously direct materials discovery efforts for hydrogen storage applications.
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We specifically focused on the addition of Fe as low-cost raw material in a high-capacity HEA,
TiVCrNb. This addition was predicted to thermodynamically destabilize the hydride phase with
increasing x in the (TiVNDb)75Cr2s..Fex series (at the cost of reducing the storage capacity). To
validate these predictions and assess its suitability for hydrogen storage, a detailed characterization
of (TiVNDb)75Cr2s.cFe, alloys with x = 2-15 has been carried out. This study elucidated Fe
substitution effects on the structure, microstructure, and hydrogen sorption properties. While
single-phase solid solutions with a bcc lattice can be obtained for a maximum of 5 at. % Fe,
exceeding this limit leads to the progressive formation of a secondary C14 Laves phase with
increasing x. The local structure of alloys up to x = 7 is well described as a random distribution of
atoms within the bcc lattice without distortion. Hydrogen absorption experiments on bcc alloys
with relatively small Fe substitution (x = 2, 5 and 7) most importantly confirm that substantial
destabilization (up to ~10 kJ molH,"! change in reaction enthalpy) of the fcc dihydride phase
formation can be achieved, as predicted by ML and DFT approaches, albeit with a ~10% reduction
in saturation capacity.

Notably, the hydrogen absorption and desorption reactions are fully reversible with good
cycle-life performance, indicating that the Fe-substitution approach in refractory HEAs is a
promising route to optimize hydrogen storage performances and lower the cost of these materials.
Further research efforts should focus on several areas to improve fundamental understanding and
optimize these HEA hydrides. For example, what co-substitutions can further destabilize the
intermediate monohydride to the same thermodynamic stability of the fcc dihydride phase, and can
such co-substitutions increase the Fe solubility in the bcc alloy phase without sacrificing further
capacity? If such materials can be targeted and discovered that both have reversible capacity equal
to the total capacity under mild desorption conditions and improve raw material costs (e.g.,

synthesis routes from ferrovanadium or ferroniobium), these materials may represent attractive
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alloys with double the capacity of traditional alloys (e.g. TiFe) for practical hydrogen storage

applications.
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