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Abstract

We have investigated the structure and hydrogen storage properties of a series

of quaternary and quintary high-entropy alloys related to the ternary system

TiVNb with powder X-ray diffraction (PXD), scanning electron microscopy

(SEM), thermogravimetric analysis (TGA), differential scanning calorimetry

(DSC) and manometric measurements in a Sieverts apparatus. The alloys

have body-centred cubic (bcc) crystal structures and form face-centred cu-

bic (fcc) metal hydrides with hydrogen-to-metal ratios close to 2 by hydro-

genation. The onset temperature for hydrogen desorption, Tonset, decreases

linearly with the valence-electron concentration, VEC. Moreover, the volu-

metric expansion per metal atom from the bcc alloys to the fcc hydrides,

[(V/Z)fcc − (V/Z)bcc]/(V/Z)bcc, increases linearly with the VEC. Therefore,

it seems that a larger expansion of the lattice destabilizes the metal hydrides

and that this effect can be tuned by altering the VEC. Kissinger analyses

performed on the DSC measurements indicate that the destabilization is a
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thermodynamic rather than kinetic effect.

Based upon these insights we have identified TiVCrNbH8 as a material

with suitable thermodynamics for hydrogen storage in the solid state. This

HEA-based hydride has a reversible hydrogen storage capacity of 1.96 wt.% H

at room temperature and moderate H2-pressures. Moreover, it is not depen-

dent on any elaborate activation procedure to absorb hydrogen.
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1. Introduction

The international community is currently experiencing a big increase in

the harvest of renewable energy, for instance through windturbines and pho-

tovoltaics [1]. However, the energy output from these technologies is heav-

ily reliant on shifting conditions, such as wind-speed, cloudiness and other

weather related phenomena. Moreover, they can rarely provide immediate

response to the commercial demand of energy. Thus, it is necessary to imple-

ment large-scale energy storage systems into the electrical power grid. In this

context, hydrogen is considered as one of the most attractive energy carriers

due to its simple and efficient conversion, as well as its superior gravimetric

energy density when compared to any known fuel. The technology is espe-

cially attractive if the hydrogen storage unit is coupled to a Proton Exchange

Membrane Fuel Cell (PEMFC) as it is not limited by the Carnot efficiency

[2]. Hence, electrical efficiencies above 50% is achievable at temperatures

below 100 ◦C. Still, the low density of hydrogen stored at 700 bar remains

a challenge for efficient storage. One promising solution is to store the hy-

drogen in the solid-state using metal hydrides. This solution is in general
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attractive as metal hydrides can be made to operate at low pressures and

non-cryogenic temperatures while achieving very high volumetric hydrogen

densities. A wide variety of different metal hydrides has been suggested for

this purpose, i.e. intermetallic hydrides and complex hydrides [3]. Complex

hydrides can achieve the highest gravimetric hydrogen densities among metal

hydrides, such as 18.4 wt.% H in LiBH4 [4]. Unfortunately, their kinetics and

thermodynamics usually prevent applications at ambient temperatures and

they are often subject to non-reversibility during hydrogen sorption [5–9]. In

the case of intermetallic hydrides formed from alloys of type AB, AB2, AB5,

etc., common drawbacks include degradation after repeated hydrogen ab-

sorption/desorption cycling, surface passivation and slow hydrogen sorption

kinetics [10–13]. Moreover, the alloys often contain expensive elements and

the reversible gravimetric hydrogen density is usually lower than 2 wt.% H

[14]. On the other hand, these materials achieve among the highest volumet-

ric hydrogen densities, i.e. 150 g H/L in Mg2FeH6 [15] making them attrac-

tive for stationary, maritime and heavy duty utility vehicle applications [3].

The hydrogen storage properties can in many cases be enhanced by carefully

tuning the elemental composition of either A, B or both [16–18]. However,

the tunability is restricted by the degree of solubility that can be achieved in

the alloy. The Hume–Rothery rules states that the solute and solvent atoms

should have comparable atomic radii, electronegativity and valency to enable

a complete solvation. As can be seen from table 1, these parameters vary

significantly between the transition metals and therefore only small amounts

of one element can usually be dissolved in another or vice versa.

Recently a novel alloying strategy has emerged in which four or more
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Table 1: Atomic numbers Z, atomic radii r, valence-electron concentrations VEC and

electronegativities by Pauling scale χP for a selection of elements [19].

Element Z [∅] r [Å] VEC [∅] χP [∅]

Ti 22 1.46 4 1.54

V 23 1.32 5 1.63

Cr 24 1.25 6 1.66

Mn 25 1.35 7 1.55

Fe 26 1.24 8 1.83

Co 27 1.25 9 1.88

Ni 28 1.25 10 1.91

Cu 29 1.28 11 1.90

Zn 30 1.39 12 1.65

Zr 40 1.60 4 1.33

Nb 41 1.43 5 1.60

Mo 42 1.36 6 2.16

Ru 44 1.34 8 2.20

Rh 45 1.35 9 2.28

Hf 72 1.58 4 1.30

Ta 73 1.43 5 1.50

principle elements are mixed in an equimolar (or near-equimolar) composi-

tions. Such alloys, that are referred to as high-entropy alloys (HEAs), tend to

form single-phase solid solutions with simple structures such as body-centred

cubic (bcc) or cubic close-packed (ccp) [19]. Hence, the different elements

are randomly distributed over a single crystallographic site and the alloys are

4



characterized by being heavily disordered. Which structure that is formed

can often be predicted a priori from the valence-electron concentration, VEC,

of the HEA which is defined as

VEC =
N∑
i=1

{ci(VEC)i} (1)

where ci is the atomic fraction of element i with valence-electron concentra-

tion (VEC)i present in the alloy. According to Guo et al. [20] and Poletti and

Battezzati [21], a ccp phase is obtained if VEC > 7.6, whereas a bcc phase

is obtained if VEC < 7.6. It appears that a larger degree of solubility can be

achieved in HEAs than what is suggested by the Hume–Rothery rules. This

enables a larger degree of property-tuneability. Hydrogen storage has been

suggested as an application area for HEAs [19], but the field is in its infancy

with only a few reported studies [22–34]. These works demonstrate that the

hydrogen storage properties of HEAs can be dramatically different than in the

binary hydrides based on the isolated elements. For instance, TiVZrNbHf

was reported to absorb hydrogen so that [H]/[M] ∼ 2.5 [25]. This is 25%

higher than what has been reported for the corresponding binary hydrides

such as TiH2 and ZrH2. Unfortunately, the investigated HEA-based hydrides

are too stable for applications at ambient conditions [28–30, 32]. Before such

applications can be considered it is therefore necessary to develop a strategy

to destabilize HEA-based hydrides.

In this work, we report a systematic investigation of the hydrogen stor-

age properties for a series of quaternary and quintary HEAs related to the

ternary system TiVNb. The investigated systems includes TiVNb, TiVCrMo,

TiZrNbHf, TiVZrNbHf, TiVCrNbMo, TiVCrNbTa and TiVNbM with M ∈
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{Cr,Zr,Mo,Hf,Ta}. These systems have VEC ranging from 4.25 (TiZrNbHf)

to 5.25 (TiVCrMo). We show how the stability of HEA-based metal hydrides

can be estimated a priori from the VEC. We also provide a structural expla-

nation to the destabilization mechanism and show that it is a thermodynamic

effect rather than a kinetic one. Based upon these findings, we demonstrate

reversible hydrogen storage at room temperature (RT ) in a TiVCrNb HEA

that is not dependent on any activation procedure.

2. Experimental

2.1. Synthesis.

TiVNb, seven quaternary HEAs of TiVCrMo, TiZrNbHf and TiVNbM

with M ∈ {Cr,Zr,Mo,Hf,Ta}, and three quintary HEAs of TiVZrNbHf,

TiVCrNbMo and TiVCrNbTa are investigated in this work. Alloys with the

compositions TiVNbM with M ∈{Mn, Fe, Ni, Cu, Ru, Rh}, were also syn-

thesized, but did not assume single-phase bcc structures in the as cast state.

Thus, they are not discussed in further detail. All the alloys were synthe-

sized from lumps of Ti, Cr, Cu, Nb, Ru, Rh, Ta (Goodfellow, 99.99% metals

basis), V (Goodfellow, 99.6% metals basis), Mn (Goodfellow, 99.98% metals

basis), Fe (Goodfellow, 99.95% metals basis), Ni (Goodfellow, 99% metals

basis), Zr (Alfa Aesar, 95.8% metals basis), Mo (Goodfellow, 99.9% metals

basis) and Hf (Goodfellow, 97% metals basis) by arc melting under Ar atmo-

sphere. Ti oxygen-getter pieces were melted initially and the samples were

subsequently turned and remelted five times to enhance their homogeneity.

The final compositions are very close to the nominal ones as the mass losses

during arc-melting were less than 1 wt.%. TiVCrNbMo and the M = Cr, Mo
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samples were very brittle and could easily be crushed to a fine powder us-

ing a hammer. The other alloys were on the contrary extremely hard and

were filed into coarse powders with an iron file for phase identification with

powder X-ray diffraction. The rest were cut into smaller pieces with a long

handled bolt cutter. These pieces were subsequently loaded into an in-house

built Sieverts apparatus [35] where they were heated to 355± 5 ◦C under dy-

namic vacuum for 1-2 hours for activation. The only exception was TiZrNbHf

which was heated to 522 ◦C. The samples were then cooled to RT and ex-

posed to gaseous hydrogen at 23.6± 1.8 bar in a single pulse. The samples

were left under these conditions until the change in pressure was below the

measurement uncertainty of the pressure transducer (± 0.3 bar). The final

pressure was typically at 14.5± 1.3 bar. For some of the samples (TiZrNbHf,

TiVZrNbHf, TiVNbMo, TiVCrNbTa, TiVCrNbMo and TiVCrMo) the pres-

sure was then raised to 95± 5 bar. However, this did not result in any

significant further hydrogen uptake. TiVCrNb was also hydrogenated with

no activation procedure. In that case, as cast TiVCrNb was stored in air for

5 days before it was loaded into the Sieverts apparatus and directly exposed

to gaseous hydrogen. After an incubation time of 360 min the sample ab-

sorbed hydrogen and a full hydride was achieved within a few minutes. The

pressure was stable within the measurement uncertainty at 20.2 bar H2 after

the absorption was complete. All sample handling and storage was otherwise

performed inside an MBraun Unilab glovebox with purified Ar atmosphere

(< 1 ppm O2 and H2).
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2.2. Powder X-ray diffraction (PXD).

Laboratory PXD patterns were measured for TiZrNbHf, TiZrNbHfHx,

TiVNbMoHx, TiVCrNbTaHx, TiVCrMo, TiVCrMoHx, TiVCrNbMo and TiVCrNbMoHx

with a Bruker D8 Advance diffractometer with Cu-Kα radiation (λKα1 = 1.5406 Å,

λKα2 = 1.5444 Å). For the other investigated HEAs and their corresponding

hydrides, synchrotron radiation (SR) PXD patterns were measured at the

Swiss-Norwegian beamlines (SNBL) BM01 and BM31 at the European Syn-

chrotron Radiation Facility (ESRF) in Grenoble, France using a Dectris Pi-

latus 2M detector [36] with a fixed X-ray wavelength of λ = 0.6866 Å and a

CMOS DEXELA 2D detector with a fixed X-ray wavelength of λ = 0.3171 Å,

respectively. During these measurements, the alloys and hydrides were con-

tained in 0.8 mm and 0.5 mm borosilicate glass capillaries, respectively. These

were all filled and sealed under Ar. The M = Cr sample was also measured in

a 0.8 mm inner-diameter sapphire capillary under 45 bar H2. Phase identifi-

cation was performed by search-matches with the PDF-4 database. Further

analysis was performed with the Rietveld method using the General Structure

Analysis System II (GSAS-II) [37]. In a typical refinement the background

was fitted by a 16th order shifted Chebyschev polynomial. The peaks were

modelled by a Thompson-Cox-Hastings pseudo-Voigt function [38] with 4

refineable parameters. The displacement parameters were also refined.

2.3. Scanning electron microscopy (SEM).

The elemental composition was studied by energy dispersive X-ray spec-

troscopy (EDS) in a Zeiss Merlin SEM equipped with an Ultim Max 100 mm2

silicon drift detector. The data was acquired using an acceleration voltage

of 20 kV and a beam current of 1 nA for 20 min at a working distance of
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8.5 mm. The data was evaluated using the AZtec software. Prior to analysis

the samples were prepared by mechanical grinding using 220 grit SiC pa-

per, followed by polishing using 9 µm, 3µm and 1µm diamond suspensions.

Finally, the samples were polished using a H2O2:SiO2 (1:5 ratio) mixture.

2.4. Thermal analysis.

Thermogravimetric analysis (TGA) and differential scanning calorimetry

(DSC) were measured simultaneously with a heat flux type Netzsch STA

449 F3 Jupiter apparatus. In a typical measurement a ∼ 45 mg sample was

placed inside an alumina crucible equipped with a pierced lid. The mea-

surement was conducted under flowing Ar at 50 mL/min. The samples were

briefly exposed to air when they were loaded into the apparatus. The gravi-

metric measurements of the hydrogen contents were taken as the mean value

of several measurements and the corresponding standard deviations were

taken as the uncertainty. Furthermore, the measurements were conducted at

four different heating rates, 2, 5, 10 and 20 ◦C/min, for Kissinger analyses.

2.5. Sieverts measurements.

Kinetics of hydrogen absorption were measured manometrically with an

in-house built Sieverts apparatus [35].

3. Results and discussion

The HEAs investigated in this work are summerized in table 2. All the al-

loys assume single-phase bcc (Im3m) structures in the as cast state. The mi-

crostructure of TiVNb, TiVZrNbHf, TiVCrMo, TiVCrNbMo and TiVNbM

with M ∈ {Cr,Zr,Ta} were investigated using SEM and EDS. Fig. 1 shows
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backscattered electron images and EDS mappings for TiVNb, TiVCrNb and

TiVCrMo. The EDS results are summarized in table 3. Corresponding mea-

surements for TiVCrNbMo can be found in fig. A.1 and table A.1 in the

supplementary information, while measurements for TiVZrNb, TiVNbTa and

TiVZrNbHf have been reported elsewhere [27, 34]. The alloys have dendritic

microstructures with different chemical compositions in the dendritic and in-

terdendritic areas. Nevertheless, the variation in VEC deviates less than 4 %

from that of the nominal compositions, and usually by less than 1 %. There-

fore, the nominal value for the VEC can be considered as representative for

the overall alloys.

The alloys were activated by heating to 355± 5 ◦C under dynamic vac-

uum for 1-2 hours to enable hydrogen sorption to commence at reason-

able timescales. However, TiVCrNb was not dependent on such activa-

tion procedures even after storage in air for 5 days. The resultant hy-

drides are single-phase face-centred cubic (fcc, Fm3m) if VEC < 4.75. When

VEC ≥ 4.75, the hydrides assume a fcc/bcc multiphase composition when

retrieved from the Sieverts apparatus. The amount of fcc in the multi-

phase decreases with VEC and eventually reaches zero for TiVCrNbMo

(VEC = 5.20). TiZrNbHfH8 is the only hydride that deviates from the gen-

eral trend. In this case, the hydride assumes a pseudo-fcc structure with a

slight body-centred tetragonal deformation (bct, I4/mmm). The lattice pa-

rameters are abct = 3.3007(6) Å and cbct = 4.5959(8) Å. The corresponding

volume per metal atom is (V/Z)bct = 25.04(2). A similar bct structure has

been observed for TiVZrNbHfH12.5 [25, 27], but in this work TiVZrNbHfH10

is obtained as a single-phase fcc. We have not been able to reproduce the
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Table 2: Comparison of the valence-electron concentration VEC, lattice parameters a·,

volume per atom (V/Z)· and lattice expansion α for the considered bcc HEAs and their

corresponding fcc hydrides.

Sample M VEC [∅] abcc [Å] (V/Z)bcc [Å3] afcc [Å] (V/Z)fcc [Å3] α [∅]

TiZrNbHf n/a 4.25 3.4290(6) 20.16(2) n/a n/a 0.242(2)

TiVZrNbHf ZrHf 4.40 3.3573(7) 18.92(2) 4.5784(1) 23.993(8) 0.268(1)

TiVZrNb Zr 4.50 3.3029(3) 18.02(1) 4.5291(2) 23.22(1) 0.2886(9)

TiVNbHf Hf 4.50 3.2975(4) 17.92(1) 4.5174(1) 23.047(7) 0.2861(8)

TiVNb ∅ 4.67 3.2000(2) 16.382(5) 4.4296(1) 21.728(7) 0.3263(6)

TiVNbTa Ta 4.75 3.2277(2) 16.813(5) 4.4355(4) 21.815(5) 0.2975(5)

TiVCrNb Cr 5.00 3.1243(1) 15.249(3) 4.3963(3) 21.24(2) 0.393(1)

TiVNbMo Mo 5.00 3.1806(1) 16.088(4) n/a n/a n/a

TiVCrNbTa CrTa 5.00 3.1816(2) 16.103(6) n/a n/a n/a

TiVCrNbMo CrMo 5.20 3.135(2) 15.41(5) n/a n/a n/a

TiVCrMo n/a 5.25 3.0736(5) 14.52(1) n/a n/a n/a

high [H]/[M] reported earlier for TiVZrNbHf.

Fig. 2 shows Rietveld refinements for the SR-PXD patterns of the differ-

ent states of the TiVCrNb HEA (VEC = 5.0). Note from this figure that a

single-phase fcc hydride is obtained for this composition when it is placed un-

der 45 bar H2. The bcc phase of TiVCrNb is retrieved when the TiVCrNbHx

is heated to 600 ◦C. If the hydride is heated to 1000 ◦C it decomposes into a

multiphase composition that consists of a bcc phase (abcc = 3.24862(8) Å),

a C15 Laves phase (aC15 = 7.1623(1) Å) and a small fraction of an unidenti-

fied compound. Corresponding Rietveld refinements for the other alloys and
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(a) TiVNb

(b) TiVCrNb

(c) TiVCrMo

Fig. 1: Backscattered electron images (left) and EDS maps (right) of as cast TiVNb (a),

TiVCrNb (b) and TiVCrMo (c).
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Table 3: The composition of TiVNb, TiVCrNb and TiVCrMo measured by EDS. V EC

values for different compositions are shown for comparison.

Composition

System Ti V Cr Nb Mo V EC [∅]

TiVNb (nominal) 0.33 0.33 - 0.33 - 4.67

TiVNb (average) 0.35 0.33 - 0.32 - 4.65

TiVNb (dendrite) 0.34 0.32 - 0.35 - 4.71

TiVNb (interdendrite) 0.36 0.35 - 0.29 - 4.64

TiVCrNb (nominal) 0.25 0.25 0.25 0.25 - 5.00

TiVCrNb (average) 0.26 0.25 0.25 0.24 - 4.99

TiVCrNb (dendrite) 0.25 0.25 0.24 0.26 - 4.99

TiVCrNb (interdendrite) 0.26 0.25 0.26 0.23 - 5.00

TiVCrMo (nominal) 0.25 0.25 0.25 - 0.25 5.25

TiVCrMo (average) 0.28 0.25 0.24 - 0.22 5.13

TiVCrMo (dendrite) 0.23 0.27 0.22 - 0.28 5.27

TiVCrMo (interdendrite) 0.37 0.23 0.28 - 0.12 5.03

hydrides are presented in fig. A.2 and A.3 in the supplementary information.

The lattice parameters, abcc and afcc, as well as the volumes per metal atom,

(V/Z)bcc and (V/Z)fcc, of the bcc HEAs and their corresponding single-phase

fcc hydrides are shown in table 2.

We define α, the expansion of the volume per metal atom from the bcc

HEA to the corresponding hydride, as

α = [(V/Z)fcc − (V/Z)bcc]/(V/Z)bcc (2)
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Fig. 2: Rietveld refinements to the SR-PXD patterns of TiVCrNb in its different states. |

indicates a bcc phase (Im3m), | indicates a fcc phase (Fm3m) and | indicates a C15 Laves

phase (Fd3m). Peaks belonging to an unidentified compound are marked with arrows.
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Fig. 3: Correlation between the valence-electron concentration VEC and the expansion

of the volume per metal atom from the bcc HEA to the corresponding hydride α that is

defined in equation 2 for the considered HEAs. The error bars are within the data points.

where (V/Z)bcc and (V/Z)fcc are the volumes per metal atom in the bcc and

fcc lattices, respectively. Fig. 3 shows that α increases linearly with the VEC

following the relation

α = 0.185 · VEC− 0.546 (3)

The smallest and largest expansion in the volume per metal atom observed

in this study is 24% and 39% for the TiZrNbHf and TiVCrNb systems, re-

spectively.

Fig. 4 presents the manometric and gravimetric measurements for the hy-

drogen contents of the synthesized hydrides. The manometric measurements
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show [H]/[M] close to 2 for the lowest VEC. If VEC ≥ 5.0 the manometric

measurements indicate lower hydrogen content. For example, the highest ob-

served hydrogen content for TiVCrMo (VEC = 5.25) is [H]/[M] = 0.75, and

in this case a fcc hydride is not achieved with pressures as high as 100 bar H2.

It is likely that this marks the transition between the first and second plateau

in the pressure-composition isotherm, and that the plateau pressure is higher

than the H2 pressures applied in this study. Fig. 4 shows that the mano-

metric and gravimetric measurements agree when VEC < 4.75. Beyond this

limit the manometric measurements are larger than the gravimetric ones, and

thus indicating outgassing of hydrogen when the material is removed from

the autoclave. The TG/DSC measurements conducted during desorption of

hydrogen from a representative selection of the hydrides are presented in fig.

5. The corresponding measurements for the other hydrides are shown in fig.

A.4 in the supplementary information. For the most stable hydrides, the

desorptions consist of two events. If TiVCrNbHx is left in the glovebox at

RT and 1 bar Ar for 100 days, the hydride spontaneously desorbs H2, and

thus the structure changes from fcc to bcc. When TG/DSC is measured on

the resultant hydride, the first desorption step is not observed while the sec-

ond is still present. The first event is not observed for TiVCrNbMoHx and

TiVCrMoHx. In these cases a fcc hydride is never achieved in the first place.

These observations suggests that the first event corresponds to the transition

from a fcc dihydride to a bcc monohydride. The second event would then

be the transition from a bcc monohydride to the hydrogen-free bcc alloy.

Fig. 6 presents the onset temperature for the desorption for both events.

The onset temperature of the first event is constant at Tonset = 280 ◦C when
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VEC ≤ 4.67. Above this limit, the onset temperature decreases indicat-

ing destabilization of the hydrides. Therefore, we expect that the deviation

between the manometric and gravimetric measurements of the hydrogen con-

tents can be explained by outgassing of hydrogen during transport from the

high-pressure environment inside the Sieverts apparatus to the TG/DSC.

Fig. 6 also shows that the second event is destabilized when VEC increases.

In this case, the onset temperature for desorption Tonset decreases linearly

with the VEC following the relation

Fig. 4: The hydrogen-to-metal ratio [H]/[M] of the hydrides TiVCrMoHx, TiZrNbHfHx,

TiVNbMHx, M ∈ {∅,Cr,Zr,Mo,Hf,Ta}, TiVZrNbHfHx (M = ZrHf), TiVCrNbMoHx

(M = CrMo) and TiVCrNbTaHx (M = CrTa) determined by TGA in the TG/DSC ap-

paratus and manometrically in the Sieverts apparatus.
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Tonset = 1203 ◦C− (184 ◦C) · V EC (4)

Extrapolation suggests that VEC = 6.00 is needed to achieve desorption on-

set at 100 ◦C for the second event while V EC = 6.40 is needed to have onset

at RT . It should be noted that the desorption appears to be slightly more

complicated for TiZrNbHf, TiVZrNbHf and TiVZrNb because of additional

endothermic events in the DSC signals between 400 and 800 ◦C. As these

systems were observed to phase-separate during the desorption, we believe

that the additional events are associated with desorption of hydrogen from

the decomposition products. It should also be noted that an exothermic

event with onset at T = 746 ◦C is observed for TiVCrNb. This is most likely

where the compound phase-separates from the bcc HEA into the multiphase

composition shown in fig. 2.

TiVNbHx and the two most unstable hydrides for which dihydrides were

obtained, TiVNbTaHx and TiVCrNbHx, were cycled between 23± 2 bar H2

and dynamic vacuum at RT . Fig. 7 shows that TiVNbHx has very little re-

versible hydrogen storage capacity under these conditions. On the contrary,

TiVNbTaHx has a reversible capacity of 0.92 wt.% H ([H]/[M] = 0.85) after

one absorption/desorption cycle. The reversible capacity is unfortunately

reduced to zero after five absorption/desorption cycles. TG/DSC confirms

that the reduction in reversible capacity corresponds to a capacity-loss as the

remaining hydrogen content in the sample is 1.24 wt.% H ([H]/[M] = 1.15).

This is lower than what was observed for the same system after only one cycle

(see fig. 4). PXD reveal that the reduction in reversible capacity is accom-

panied by structural changes when compared to the as cast alloy. After one
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Fig. 5: TG/DSC measurements during hydrogen desorption from TiVNbMHx,

M ∈ {∅,Cr,Hf,Ta}, TiZrNbHfHx and TiVCrMoHx at a constant heating-rate of

10 ◦C/min. The upper part of the figure show the DSC heat flow signals while the cor-

responding mass loss ρm that is assumed to be solely due to desorption of hydrogen is

shown in the lower part.
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Fig. 6: The onset temperatures Tonset for desorption of hydrogen from the investigated

HEA-based hydrides as a function of the valence-electron concentration VEC. The onset

temperature for the first and second event is shown in the upper and lower panel, re-

spectively. Notice that there is a linear correlation between the onset temperature of the

second event and VEC.
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absorption/desorption cycle, a new peak has appeared on the low-angle side

of the 110 reflection of the main phase. At this point, no other new peaks

can be resolved. After ten absorption/desorption cycles, more peaks can be

resolved and it is evident that a bcc impurity phase with lattice parameter

abcc = 3.3000(4) Å has formed. This is very similar to the lattice parameter

of bcc-Ta [39] and suggests that Ta separates out of the HEA during cycling.

This also seems reasonable from a SEM perspective as obvious Ta-rich and

Ta-poor areas can be observed in this alloy [34]. In the case of TiVCrNbH8,

a reversible hydrogen storage capacity of 1.96 wt.% H is observed. This is

significantly higher than LaNi5H6, and comparable to TiFeH2. It is also in-

teresting that the volumetric hydrogen storage capacity of this material is

158 g/L which is higher than the current record of 150 g/L (Mg2FeH6) in

transition metal hydrides [15]. Furthermore, the absorption kinetics are very

fast, and the reaction is for all practical purposes complete within few min-

utes. However, the desorption commenced slowly and a complete desorption

could only be obtained if the system was placed under dynamic vacuum for

at least five hours. No structural changes could be observed by PXD after

ten absorption/desorption cycles.

A series of Kissinger analyses were performed on the DSC heat flow sig-

nals measured on the systems TiVNbMHx, M ∈ {∅,Cr,Zr,Mo,Hf,Ta} and

TiVZrNbHfHx to investigate the desorption kinetics further. The Kissinger

analyses of the endothermal desorption events are shown in fig. 8. The

activation energy of the first event is significantly higher for TiVNbHx as

compared to the other hydrides. Therefore, it seems that the desorption ki-

netics is enhanced if an additional element is added to the HEA. Among the
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Fig. 7: The reversible hydrogen storage capacity ρm measured during absorp-

tion/desorption cycles between dynamic vacuum and 23± 2 bar H2 at room-temperature

for TiVNbHx, TiVNbTaHx and TiVCrNbHx. The black dashed line indicate the mean

value of the reversible hydrogen storage capacity in TiVCrNbHx. As a reference, the re-

versible hydrogen storage capacity of LaNi5H6 and TiFeH2 are indicated by the red and

blue solid lines, respectively. The error bars are within the data points.

quaternary HEA-based hydrides there are no significant differences in the

activation energies. This indicates that the desorption kinetics are compara-

ble for these systems. If yet another element is added, as in TiVZrNbHfHx,

the desorption kinetics are not enhanced further. The activation energy of

the second event is similar for all the investigated hydrides. As there are no

systematic variation in the activation energies with respect to the V EC, the

destabilization process can not be explained by enhanced desorption kinetics

alone. Thus, it seems that the destabilization process is a thermodynamic

effect.
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Fig. 8: Activation energies Ea,· for the two different events determined by

Kissingers method performed on DSC measurements during desorption of hydrogen from

TiVNbMHx, M = ∅,Cr,Zr,Mo,Hf,Ta and TiVZrNbHfHx. The figures in the upper row

show the activation energies Ea,· as a function of the valence-electron concentration V EC

while the figures in the lower row show the corresponding Kissinger analyses.

4. Conclusions

The present systematic investigation of the structure and hydrogen stor-

age properties of a series of quaternary and quintary high-entropy alloys

(HEAs) has revealed a series of interesting trends. All the considered alloys

assume body-centred cubic (bcc) crystal structures and form face-centred
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cubic (fcc) hydrides if the valence-electron concentration VEC ≤ 5.00. The

volume expansion per metal atom increase linearly with the VEC of the

HEA from the bcc alloy to the corresponding hydride. The hydrogen des-

orption occurs in two steps. First, the fcc dihydride decomposes into a bcc

monohydride. Then, the bcc monohydride decomposes into the hydrogen-free

alloy. When the VEC > 4.75, the dihydride is destabilized and the hydride

spontaneously desorbs hydrogen when it is removed from the high hydrogen

pressures after synthesis. A linear correlation is observed between the onset

temperature for the desorption of hydrogen from the bcc monohydride to the

hydrogen-free alloy. When VEC ≥ 5, the maximum hydrogen storage capac-

ity is reduced, meaning that [H]/[M] < 2.0. Thus, it seems that a larger

VEC destabilizes the hydrides, and eventually the destabilization results in

a reduction in the maximal hydrogen storage capacity.

Based on these insights we have identified TiVCrNbH8 (VEC = 5.0) as

a promising hydrogen storage material. This HEA-based hydride exhibits

a reversible hydrogen storage capacity of 1.96 wt.% H at RT and moderate

pressures. Moreover, it is not dependent on elaborate activation procedures

to absorb hydrogen. Hence, TiVCrNbH8 prevail at many of the classical

show-stoppers for hydrogen storage in transition-metal-based hydrides. We

acknowledge that the proposed alloy still suffers from being based on expen-

sive elements, such as V and Nb. Nevertheless, the insights provided might

serve as a road-map towards developing novel bcc HEA-based metal hydrides

that are cost-efficient and reversible at RT with higher gravimetric hydrogen

capacities.
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