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The possible combinations in the multidimensional space of high entropy alloys
are extremely broad, which makes the incremental experimental research
limited. As a result, establishing trends with well-known empirical
parameters (lattice distortion, valence electron concentration etc.) and
predicting effects of the chemical composition change are vital to guide
future research in the field of materials science. In this context, we propose
a strategy to rationalize the effect of chemical composition change on the
hydrogen sorption properties in a series of high entropy alloys:
Tio»3oV0_2SZro_10Nbo_sto_lo with M = Mg, Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo,
Ta and @ (corresponding quaternary alloy). All materials are bcc alloys and
absorb hydrogen at room temperature forming fcc or pseudo-fcc dihydride
phases. The maximum hydrogen storage capacity at room temperature
strongly depends on the valence electron concentration (VEC) of the alloys:
the capacity is high (1.5-2.0 H/M) for low values of VEC (<4.9) whereas, a drastic
fading is observed for VEC >4.9 which is the case for alloys with M being a late 3d
transition metal. The structural analysis suggests that steric effects might not be
responsible for this trend and electronic reasons may be invoked. Increasing the
VEC by alloying with late 3d transition metals will fill the unoccupied valence
states and the electrons from interstitial hydrogens can no longer be
accommodated, which is unfavorable for hydrogen storage. Moreover, the
onset temperature of desorption increases almost linearly with VEC for this
composition series. These findings suggest that alloys with low VEC are more
likely to become promising candidates for hydrogen storage.
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Introduction

In the current environmental and energy context, hydrogen
is considered a clean energy carrier able to achieve the
decarbonization of the economy and to ensure a green and
sustainable growth of industry (Spek et al., 2022). Among the
challenges to be met in the development of decarbonized
hydrogen economy (production, distribution, and transport,
use ... ) its compact, safe and efficient storage remains a
technique to be developed for practical applications (Hirscher
etal., 2020). To simultaneously meet these key criteria, the solid-
state storage in the form of metal hydrides is a very promising
method. Among the several types of materials forming hydrides
currently under investigation, the so-called high-entropy alloys
(HEA) have recently shown very interesting performances
(Sahlberg et al, 2016; Nygard et al., 2020; Marques et al.,
2021a; Ek et al., 2021; Witman et al., 2021; Lin et al., 2022).

The underlying principle of this class of alloy focuses on the
exploration of the central region of the multicomponent phase
diagram and is based on the mixing of five or more elements with
near-equimolar concentrations (Miracle and Senkov, 2017).
Several terms are commonly used to designate these materials:
high-entropy alloys, multi-principal element alloys and multi-
It has
denomination of high-entropy alloys to single-phase solid

component alloys. been proposed to limit the
solutions (Miracle and Senkov, 2017). These alloys adopt
simple crystal structures: body centered cubic - bcc, face
centered cubic (cubic close-packed)—fcc and hexagonal close-
packed—hcp. The stability of such phases seems to be based on
several chemical and physical characteristics, such as
configurational entropy, enthalpy of mixing, lattice distortion
(8) and valence electron concentration (VEC). The latter two
empirical parameters have been previously defined in reference
(Miracle and Senkov, 2017). Based on the analysis of experimental
data it has been observed that single-phase HEAs typically have
8 < 6.6% (Yang and Zhang, 2012) and single-phase bcc alloys
possess a VEC <6 whereas, single-phased fcc solid solutions can be
found for VEC >7 (Couzinié¢ and Dirras, 2019).

The study of reversible hydrogen absorption and desorption
in these alloys is recent with a milestone in 2016 which marks the
discovery of the bec TiVZrNbHf alloy which can absorb
important hydrogen amount (Sahlberg et al, 2016; Karlsson
et al, 2018). This first study triggered a sustained research
activity in the field already with several promising bcc alloys
reported (Nygéard et al., 2019a; Zlotea et al., 2019; Nygérd et al.,
2020; Witman et al., 2020; Marques et al., 2021b; Nygérd et al,,
2021; Witman et al, 2021). Most of these alloys contain
refractory elements and quickly absorb hydrogen at room
temperature forming fcc or pseudo-fec (a slightly distorted fcc)
dihydrides. Among these studies dedicated to bcc HEAs and their
hydrogen storage properties several reports tackled systematic
composition effect in order to rationalize their behavior toward

hydrogen absorption/desorption. For example, Nygard et al.
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(2019a) firstly proposed to use VEC as a useful parameter to
comprehend the evolution of several hydrogen sorption
properties. It has been shown that the onset temperature for
hydrogen desorption decreases linearly with the VEC while the
volumetric expansion per metal atom from the bcc alloys to the
fec hydrides increases linearly with VEC. Recently, Ek et al.
(2021) confirmed the latter growing trend of the unit cell
volume expansion per metal atom by hydrogen absorption
with  VEC with  the Pauling
electronegativities. Interestingly, a closely related parameter

and also average
based on the volume per atom in a crystal was used as a
descriptor to predict the thermodynamic stability of a wide
range of metal hydrides by machine learning approach
(Witman et al, 2020). However, proposing a clear trend of
the with

parameters/descriptors is not trivial. This can be explained by

hydrogen  sorption  properties well-known
the complexity of understanding chemical composition effects in
alloys in which each element is highly concentrated and the
distinction between main and minor elements is no longer
relevant. Another difficulty is related to the vast compositional
space of HEAs that has been sparingly explored for hydrogen
storage purposes so far. Thus, providing a systematic and
comprehensive assessment is restricted to a limited number of
HEAs previously reported for the targeted application.
Recently, we have developed an original strategy based on the
addition of 10 at% of a fifth element in an initial quaternary
Tio.325V0.275Zr0.125Nbg 275 alloy optimized for obtaining single-
phase bcc alloy by various synthetic methods: arc melting and ball
milling under inert atmosphere (Montero et al, 2019). This
preliminary composition quickly absorbs hydrogen at room
temperature and undergoes a phase transition from the initial
bee alloy to a fec hydride phase (CaF,-type structure) with a
capacity of 1.75 H/M (2.5 wt%). The next step of our strategy
implies the addition of 10 at% of a fifth element to the optimized

pristine composition in order to obtain
TiOA30V0A25Zr0A10Nb0A25M0A10 HEAs with various M elements
(transition or lightweight metals). If five

Tio30Vo0.25Z10.10Nbg25Mg 19 compositions have been already
detailed in our earlier publications [M = Ta (Montero et al,
2020), Al (Montero et al., 2021a), Mg (Montero et al., 2021b), Mo
(Bouzidi et al., 2021), and Cr (Bouzidi et al., 2022)], the present
study aims to provide a comprehensive insight of a larger series of
alloys including six other compositions with M = Mn, Fe, Co, Ni,
Cu and Zn. This report will not duplicate our earlier results and
discussion but will offer a global assessment of selected alloy’s
properties: storage capacity at room temperature, volume
expansion upon full hydrogenation and onset temperature of
desorption. Thus, a total of twelve materials, eleven quinary
Tio.30Vo0.25Z10.10Nbg 25M0 19 with M = Mg, Al, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Mo and Ta and one quaternary alloys, are presently
studied and compared with the goal to track systematic effects on
the hydrogen sorption properties due to changes in the chemical
composition (10 at%).
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Materials and methods

Depending on the nature of M element, the alloys
Tio30V0.25Z10.10Nbg25Mo 19 Were prepared, starting from high
purity elements, either by high temperature arc melting or
mechanochemistry. The alloys with M = Al, Cr, Mn, Mo and
Ta were obtained by arc melting under 500 mbar Ar pressure
(AM), as described previously (Montero et al., 2019; Montero
et al., 2020; Montero et al., 2021a; Bouzidi et al., 2021), whereas
the compositions with M = Mg, Fe, Co, Ni, Cu and Zn were
synthesized by ball milling under 1 bar Ar atmosphere (BM). The
BM process time varies between 45 and 120 min, depending on
the composition. Alloys with M = Fe and Zn are formed after
only 45 min of BM, whereas compositions with M = Co, Ni and
Cu need slightly longer process time, ie, 60 min. The Mg-
containing alloy is obtained after 120 min of ball milling, as
explained in our earlier study (Montero et al., 2021b).

For the above-mentioned BM materials, the corresponding
hydrides were synthesized by reactive ball milling (RBM) under
70 bar H, pressure during 120 min following the procedure
reported elsewhere (Montero et al, 2019). For the sake of
comparison, the quaternary Tip3,5V0.275Zr0.125Nbg 275 alloy
was prepared by the three previous techniques i.e, AM, BM
and RBM (Montero et al., 2019). To ensure a fluid reading of the
next sections, the quinary alloys will be identified either as Ti-V-
Zr-Nb-M or simply by the M-containing element alloys whereas
the quaternary composition will be called Ti-V-Zr-Nb.

Structural characterizations were carried out by X-ray
powder (XRD) the laboratory
D8 advance Bruker instrument (Cu K, radiation \ = 1.5406 A,
Bragg- Brentano geometry) and the synchrotron radiation (SR-
XRD) on the Cristal beamline (A = 0.7289 A) at SOLEIL large
scale facility. For the SR-XRD investigations, the powder samples

diffraction using both

were placed in a capillary tube of 0.2 mm diameter. The scanning
range was from 1° to 85° (20) within a 10-min acquisition time.
Structural refinements of the XRD patterns were performed
either by fundamental parameters approach as implemented
in TOPAS (Cheary et al, 2004) or the Rietveld method
(Rietveld, 1969) in the
(Rodriguez-Carvajal, 1993) (Thompson-Cox-Hastings pseudo-

implemented Fullprof software
Voigt function for the peak shape).

Microstructural analyses were performed by scanning
electron microscopy (SEM) acquiring back-scattered electron
signal (BSE) using a Zeiss Merlin instrument. The samples (as
coarse grains or powders) were embedded in an epoxy resin, then
finely polished and finally coated with 1.5-2.5 nm Pd layer. The
chemical mapping and quantitative chemical analyses of the
samples were performed by energy dispersive X-ray
spectroscopy (EDX).

The Pressure-Composition-Isotherms (PCI) were measured
using the Sievert’s method consisting of a manual homemade
manometric device with thermostatically calibrated volumes, as

detailed previously (Montero et al., 2019; Montero et al., 20205
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Montero et al., 2021a; Bouzidi et al., 2021). The storage capacity
was calculated using the real gas state equation for H, (GASPAK
Version 3.32, Horizon Technologies). Prior to hydrogenation,
the samples prepared by AM and RBM have been activated under
dynamic vacuum at 350°C for 3-6h or 400°C for 12h,
respectively. The choice of these values (350 and 400°C for
AM and RBM materials, respectively) were justified by our
previous results since RBM materials need slightly higher
temperature to ensure full hydrogen desorption (Montero
et al., 2019).

The hydrogen desorption was analyzed by thermal
desorption spectroscopy (TDS) using a homemade instrument
with a quadrupole mass spectrometer (QMS), as described
elsewhere (Zlotea et al, 2011). The procedure consists of
loading about 15 mg of the hydride sample and measuring the
evolved gases by the QMS working under secondary vacuum
(107 mbar) during constant heating with 1°C/min rate.

Results

The lattice distortion (8) and VEC of the quinary
Tio30V0.25Z10.10Nbg 25Mp 10 alloys with M = Mg, Al, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Mo, and Ta as well as the starting quaternary
composition, Tig 325V275Zr0.125Nbg 275, are listed in Table 1. The
values for the atomic radius for the lattice distortion calculation
have been taken from the reference (SI Chemical Data, 1995).

The alloys with M = Al, Mn, Mo, and Ta together with the
pristine quaternary composition prepared by AM are single-
phased materials with bec lattice, as proven by laboratory XRD in
Figure 1 A. The Cr-containing alloy also crystallizes in a bec lattice
with a small unknown impurity marked with star in Figure 1A.

The alloys with M = Mg, Fe, Co, Ni, Cu and Zn could only be
obtained as bec phases by using BM under Ar atmosphere due to
several reasons. Firstly, the synthesis of Mg and Zn containing
alloys by high temperature melting techniques is unsuitable due
to the low melting point and high vapor pressure of these
elements. Secondly, our attempts to prepare the Ti-V-Zr-Nb-
M alloys with M = Fe, Co, Ni and Cu by AM were unsuccessful
because of the formation of multiphase materials (see
Supplementary Figure S1). High temperature melting seems to
stabilize Laves phase intermetallics along with the desired bcc
phase. Consequently, the BM technique is more suitable for the
preparation of metastable bce solid solutions, as proven by XRD
during the BM process the Ti-V-Zr-Nb-Fe alloy
(Supplementary Figure S2). The XRD patterns of BM alloys
are shown in Figure 1B. The diffraction peaks are broader

for

than the AM alloys due to the small crystallite size and the
numerous defects commonly introduced by the ball milling
process. The bcc lattice parameters of the initial alloys are
listed in Table 1.

Microstructural and chemical analyses by SEM/EDX clearly
prove that all AM and RBM materials are single-phase alloys
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TABLE 1 The synthetic method (arc melting-AM, ball milling under Ar-BM and reactive ball milling-RBM), the empirical parameters (5 and VEC), the
lattice parameters of the initial and hydride phases, the capacity, and the onset temperature of desorption of the series of alloys

Tio.30V0.25Zr0.10Nbo.25Mo 10 alloys with M = Mg, Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo and Ta together with the initial quaternary composition.

M Synthesis o VEC Initial Apec
(%) phase (A)
%] AM 6.0 4.55 bee 3.261 (1)
BM 3.270 (1)
RBM — —
Mg BM, RBM 6.6 4.3 bee 3.273 (1)
Al AM 55 44 bee 3247 (1)
Cr AM 6.7 4.7 bee 3.225 (1)
Mn AM 5.7 4.8 bee 3.267 (1)
Fe BM, RBM 6.8 4.9 bee 3.277 (4)
Co BM 6.7 5.0 bee 3.299 (8)
Ni BM, RBM 6.7 5.1 bee 3.296 (4)
Cu BM, RBM 6.4 52 bee 3.278 (4)
Zn BM, RBM 59 53 bee 3.279 (3)
Mo AM 5.7 4.7 bee 3.240 (3)
Ta AM 55 46 bee 3263 (3)

Hydride Acc/bet Cict Capacity Tonset
phase (A) (A) (H/M) (C)
fec 4.497 (1) — 1.75 271
4.548 (1) — 1.70 —
4474 (1) — 1.75 —
fec 4.492 (1) — 1.53 251
bet 3.137 (1) 4374 (1) 1.60 114
fec 4.459 (1) — 2.0 145
fec 4.482 (1) — 2.0 195
fec 4.505 (3) — 1.16 199
fec 4.508 (3) — 123 209
fec 4.500 (3) — 1.1 218
fec 4.499 (1) — 1.35 217
fec 4.506 (4) — 1.18 228
fec 4.459 (1) — 2.0 188
fec 4.474 (1) — 2.0 125

(Supplementary Figure S3). Firstly, all AM alloys show a
dendritic microstructure with a chemical gradient between the
dendrites and interdendritic zones. This is due to the
solidification process, as reported for many HEAs prepared by
high temperature melting techniques (Zollinger and Fleury,
2020). More precisely, the dendrites are rich in Nb, whereas
the interdendritic regions are poor in Nb which can be accounted
by the distribution of the alloying elements in the liquid and the
solid phases during solidification: a Nb-rich solid phase
(dendrite) is firstly formed during solidification because of the
higher melting temperature of Nb as compared to the other
elements. Secondly, all RBM materials show a very homogenous
composition without any secondary phase.

The hydrogen absorption properties have been determined
by recording the PCI curves for both AM and RBM materials at
room temperature (Figures 2A,B). This choice is motivated by
our previous finding that alloys prepared by either AM or RBM
show same hydrogen uptake whereas BM counterpart possesses a
smaller capacity (Montero et al., 2019). Prior to hydrogenation
investigation, the AM and RBM materials have been heat-treated
at 350 and 400 °C under dynamic vacuum to ensure both the
activation of AM alloys and the desorption of initial hydrogen
from the RBM hydrides, respectively. The XRD patterns in
Supplementary Figure S4 show that all desorbed materials are
bee single-phase which confirms the appropriateness of the pre-
treatment.

All alloys quickly absorb hydrogen at 25°C with 90% of
capacity reached in less than 5 min, as proven by the kinetic
curves at room temperature under 25-30 bar H, pressure for a
selection of materials in Supplementary Figure S5. Moreover, the
alloys show similar PCI profile with a plateau-like feature at low
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pressure (the equilibrium pressure is below the gauge reading
limit) followed by an ascendant branch at high pressure
(Figure 2). This hints to a phase transition from the initial
alloy toward a hydride phase at low pressure, irrespective of
the composition. Moreover, very small solubility of hydrogen in
the hydride phase is revealed. The maximum capacities vary from
1.1 to 2.0 H/M and seem to depend on the nature of M-type
element despite its limited atomic concentration of only 10 at%
(Table 1). Our previous finding put forward that for the same
composition the AM and RBM prepared materials have similar
capacities (Montero et al., 2019; Montero Banuelos, 2020). This
hints that the chemical composition rather than the preparation
method might be responsible for the observed variation of the
capacity.

The XRD patterns of all hydrides are plotted in Figure 3: the
hydrides of AM alloys have been investigated by SR-XRD
whereas the hydrides prepared by RBM have been measured
by laboratory XRD. Except Al- and Cr-containing alloys, all
hydrides are single-phased fcc materials (CaF, type), in
agreement with most of the reports on dihydrides of
refractory HEAs (Zepon et al., 2018; Nygird et al, 2019b;
Shen et al, 2019; Shen et al, 2020). The Al-containing
hydride crystallizes into a body centered tetragonal (bct)
structure that can be understood as a slightly distorted fecc
lattice along c-axis, as also encountered in a small number of
refractory HEAs (Sahlberg et al., 2016; Shen et al., 2020). The Cr-
containing hydride adopts a fcc lattice with a small unknown
impurity (marked as star in Figure 3A), as initially observed. The
RBM hydrides show a broadening of the diffraction peaks as
compared to AM materials because of the formation of large
number of defects by mechanochemistry, as also noticed for the

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.991447

Zlotea et al.

A 1 1 1 1 1 1
(3t Ti-V-Zr-Nb
. (\ Ti-V-Zr-Nb-Al
3' A
© Ti-V-Zr-Nb-Ta
= N PN
5 Ti-V-Zr-Nb-Mo
)
c j\_ Ti-V-Zr-Nb-Mn
—_ N
| *‘JL _ j\ _ lel-\V'-Zr-le-'Cr
20 30 40 50 60 70 80 90
20 (°)
B N 1 " 1 N 1 N 1 " 1 N 1 "
a Ti-V-Zr-Nb
(200) (211) (220)
“A Ti-V-Zr-Nb-Zn
S AN Ti-V-Zr-Nb-Cu
S
> __.._,.k _ TiV-ZeNbeNi
2 AN Ti-V-Zr-Nb-Co
m s i
f= N\ Ti-V-Zr-Nb-Fe
I\ Ti-V-Zr-Nb-Mg
20 3|0 ‘ 4I0 l 5I0 6I0 I 710 I 8l0 90
26 (°)
FIGURE 1

XRD patterns (\ = 1.5406 A) of the Tig 30V 2520 10Nbg 25Mo 10
alloys prepared by arc melting (A) and ball milling under inert gas
(B). The diffraction patterns of the starting quaternary alloy
(Ti-V-Zr-Nb) as prepared by both methods are also shown.

BM alloys in Figure 1B. The lattice parameters of the hydride
phases are listed in Table 1.

The hydrogen desorption properties from all hydrides have
been determined by thermo-desorption-spectroscopy with a
heating rate of 1°C/min (Figure 4). The TDS profiles are
strongly dependent on the type of M element, which also
influences the values of the onset temperature of desorption
and the temperature of the main peak corresponding to the
maximum of the desorption rate. Most of the materials desorb
hydrogen within one step (one main peak) whereas, two
compositions stand apart with two step desorption i.e., Al-
and Ta-containing hydrides. Consequently, the latter alloys
have the lowest onset desorption temperature among all
studied materials. The onset temperature of desorption for all
compositions are listed in Table 1.
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FIGURE 2

PCI curves at 25°C for arc melting alloys (A) and reactive ball
milling compositions (B). The PCI curve of the pristine quaternary
alloy (QA) prepared by arc melting is also shown.

Discussion

The eleven Tig30Vo.25Zr0.10Nbg25sMo 10 compositions with
M = Mg, Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, and Ta
crystallize into a single-phase bcc lattice, as the pristine
quaternary alloy (Montero et al, 2019). There is one
exception for Cr-alloy which shows the presence of a small
unknown impurity. One hypothesis to explain this finding is
based on the lattice distortion parameter. Among the twelve
alloys, only four compositions (M = Cr, Fe, Co and Ni) have a
lattice distortion (8) larger than 6.6% which is the empirical
upper limit for obtaining solid solutions, as proposed in reference
(Yangand Zhang, 2012). This might account for the presence of a
small impurity in the case of Cr-containing alloy prepared by
AM. The other three alloys (M = Fe, Co, and Ni) have been
prepared by BM and consequently, the diffraction peaks are very
broad making the identification of minor secondary phases
challenging (Figure 1B).

Interestingly, the bcc lattice parameters, as determined by
structural analysis, show a weak increasing tendency with the
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FIGURE 3

SR-XRD patterns of the hydrides of compositions prepared by

arc melting (A) and laboratory XRD of the hydrides prepared by
reactive ball milling (B). For the sake of comparison, the quaternary
hydrides prepared by hydrogenation of AM alloy and by RBM

are also shown.

lattice distortion (Figure 5), with one exception for Cr-containing
alloy that might be explained by the presence of a small impurity,
as discussed above. Moreover, the attempts to correlate the bcc
lattice parameters to other empirical parameters such as, the
average atomic radius and VEC failed (Supplementary
Figure S6).

The hydrogen storage capacities expressed as H/M are
plotted against VEC in Figure 6A to highlight the effect of the
nature of the M element on the hydrogen absorption
performances. Obviously, two main groups of alloys can be
distinguished: those with low VEC (<4.9) with a capacity in
the range 1.5-2.0 H/M and the alloys with VEC >4.9 with low
uptakes between 1.1-1.35H/M. This trend is in line with
previous results from a different series of refractory HEAs
(Nygard et al, 2019a). In this article the trend has been
accounted for a very high H, pressure necessary to ensure the
phase transition to a hydride phase. In our case, the PCI curves of
all materials are comparable indicating a phase transition to a fcc
or pseudo-fcc (bet) hydride phase, irrespective of composition.
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FIGURE 4

The TDS spectra for the hydrogen desorption from the
Tio.30Vo0.25Zr0.10Nbg 25Mg 10 alloys with M = Mg, Al, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Mo, and Ta. Quaternary alloy (QA) is also shown. The
spectra are stacked as function of increasing VEC.

In order to better understand the evolution of the hydrogen
absorption properties, the relative volume expansion per metal
atom from the initial alloy to the related hydride phase was
calculated, as initially proposed by Nygard et al. (2019a):

a= [(V/Z)fcc - (V/Z)bcc]/(V/Z)bcc (1)

where V is the unit cell volume and Z is the number of metal
atoms in the unit cell for fec or bee phases.

Figure 6B displays the relative volume expansion as a
function of VEC for all considered alloys including the
quaternary one. All materials show a relative volume
expansion scattered between 0.25 and 0.320 with an average
value at 0.29. Moreover, there is no clear correlation of this
parameter with VEC which is in contrast with earlier findings
showing a linear increase of a with VEC (Nygard et al., 2019a; Ek
et al,, 2021). However, if only AM alloys are considered (the red
dotted square in Figure 6B), the correlation is closer to the
previous linear trend reported by Ek et al. (2021) and Nygard
etal. (2019a). Our result demonstrates that the volume expansion
upon hydride formation is comparable among this series of
alloys, irrespective of the hydrogen capacity and composition.
To better discern steric effects, the volume of interstitial
hydrogen atoms has been calculated from the cell volume
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FIGURE 6

The hydrogen storage capacity (A), the relative volume expansion per metal atom (B) and the volume of interstitial H (C) versus VEC for the series
of the Tig 30V0.25Zr0.10Nbp.25Mo 10 alloys with M = Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, and Ta as well as the quaternary pristine alloy (QA). For
comparison, the linear correlation proposed earlier by Nygard et al. (2019a) is also shown as dotted line in the B graphic. The red dotted square

indicated the arc melting prepared materials.
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FIGURE 7

The variation of the onset temperature of desorption with

VEC for the Tig.30V0.25Zr0.10Nbg 25M0 10 alloys with M = Mg, Al, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Mo, and Ta together with the quaternary
material (QA).

hydrogens can no longer be accommodated. Consequently,
increasing the VEC of the HEAs above 4.9 becomes
unfavorable for hydrogen storage. Moreover, this value is in
good agreement with the earlier suggestion for conventional bcc
alloys. Lynch et al. (1978) and Kagawa et al. (1991) demonstrated
that if the parameter electron per atom ratio (e/a) overpasses 5.0,
the absorption capacity of V-Cr and V-Ti alloys strongly
decreases.

The onset temperatures of desorption for the main peak, as
determined by TDS, are plotted as function of VEC in Figure 7. Most
of these values show an increasing linear correlation with VEC with
two outliers, the quaternary pristine material, and the Mg-containing
alloy. At this stage of our comprehension, we cannot explain the
reason of this behavior. At a first glance, the addition of a fifth element
in the initial material is beneficial since the onset temperature of
desorption decreases for all quinary alloys, irrespective of composition,
as compared to the pristine quaternary alloy.

The lowest desorption temperatures are obtained for Al- and
Ta-containing alloys that also possess low VEC. For this series of
compositions, it seems that low VEC is beneficial for both high
hydrogen capacity and low onset desorption temperature.

Interestingly, the variation of the onset temperature of
desorption was found to decrease with VEC in a previous
study of a series of HEAs (Nygard et al, 2019a; Ek et al,
2021). However, the thermal analyses are based on different
experimental conditions and measurement techniques (TDS
under high vacuum in the present case and DSC under
atmospheric pressure in the previous report).

To better comprehend this discrepancy, one suggestion would
be to scrutinize the type of alloys chosen for constructing the
statistics of materials pool. In the studies conducted by Nygard
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etal. (2019a) and Ek et al. (2021) several ternary, quaternary, and
quinary HEAs have been selected containing exclusively refractory
metals in the wide definition sense (Ti, V, Cr, Zr, Nb, Mo, Hf, and
Ta). These alloys are mainly equimolar with only few of them non-
equimolar. Thus, the alloy’s pool comprises different types of alloys
(from ternary to quinary) containing refractory elements. Here, the
methodology is different: the starting point is a fixed quaternary
alloy with optimized composition (non-equimolar) then, a fifth
element of diverse type is added in limited quantity to form a total
of eleven quinary systems. The change in composition in our case
is limited (10 at%) but this allows to scan a broader range of
additional atoms from light non-transition metals (Mg, Al) to the
almost full range of 3d transition elements (from Cr to Zn) and
several refractory ones (Mo and Ta). Therefore, we believe that this
approach consistently tries to tackle effects of chemical
composition change in high entropy alloys in order to advocate
a statistical assessment and uncover interesting tendencies of
hydrogen absorption with well-known empirical parameters.

Conclusion

In this report, we propose a novel methodology to
rationalize the effect of the composition on the hydrogen
sorption properties of a series of HEAs by altering only one
element at a time contained in a limited quantity. It is shown
that the hydrogen storage capacity strongly depends on VEC of
the alloys: the capacity is high in the range 1.5-2.0 H/M for low
VEC  (<4.9)
VEC >4.9 corresponding to alloys with M being a late 3d
transition metal. The structural analysis of hydrides suggests

whereas, a fading is observed for

that steric effects might not be responsible for this trend.
Consequently, increasing the VEC by alloying with late 3d
transition metals will fill the unoccupied valence states and
the electrons from interstitial hydrogens can no longer be
accommodated decreasing the overall hydrogen storage
capacity. Moreover, the onset temperature of desorption
increases almost linearly with VEC for this composition
series suggesting that HEAs with low VEC (<4.9) are more
likely to become promising candidates for hydrogen storage.
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