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Abstract: We are reporting the synthesis, the physicochemical, and the hydrogen sorption properties
of a novel bcc high entropy alloy Ti0.30V0.25Cr0.10Zr0.10Nb0.25. At room temperature, the alloy rapidly
absorbs hydrogen reaching a capacity of 2.0 H/M (3.0 wt.%) and forming a dihydride with fcc
structure, as confirmed by both synchrotron X-ray diffraction and neutron diffraction. The absorption
Pressure–Composition Isotherms corroborated with synchrotron X-ray diffraction prove that the
reaction with hydrogen occurs within two steps, i.e., bcc alloy→ bcc monohydride→ fcc dihydride.
The thermodynamic parameters calculated for the second step transformation evidence the formation
of a stable dihydride with ∆Habs = −75 kJ/molH2. The phase transition during hydrogen/deuterium
desorption was investigated by in situ synchrotron X-ray and neutron diffraction confirming a
reversible reaction with hydrogen. Furthermore, the cycling properties show a decrease of the
capacity over the first cycles followed by a stabilization at 2.44 wt.%, whereas the absorption kinetics
improve after the first cycle reaching full capacity after only 30 s at room temperature.

Keywords: high entropy alloy; hydrogen storage; synchrotron X-ray diffraction; neutron diffraction;
thermodynamic properties

1. Introduction

To ensure the reduction of carbon emissions and the transition towards a clean, sus-
tainable, and safe energy system hydrogen has the potential to fulfil all requirements as a
future energy carrier due to its abundance and its large chemical energy per mass when
compared to other chemical fuels [1]. As an energy carrier, hydrogen needs to be produced,
transported, stored, and, finally, used in practical applications. Among all steps, hydrogen
storage is considered a bottleneck for further development of hydrogen-based economy.
Hydrogen can be stored in three different ways: as compressed gas at high pressure, as
cryogenic liquid at very low temperature, and in solid-state materials. The latter method is
the safest and most efficient form to increase the volumetric hydrogen density [2]. A large
range of materials have been studied for hydrogen storage, such as complex and salt-like
hydrides [3], alloys, and intermetallics [4–6] but none of these fulfilled the requirements for
the use in practical devices.

A new class of materials called high entropy alloys (HEA), initially proposed in 2004 for
enhancing mechanical properties [7,8], started to attract widespread research interest due to
their interesting hydrogen storage performances [9]. HEAs are defined as alloys containing
at least five principal elements with a composition range between 5 and 35 at.% for each
element. The HEAs are random solid solutions adopting simple crystalline structures
such as, body centered cubic (bcc), face centered cubic (fcc), and hexagonal close-packed
(hcp) lattices. The formation of bcc or fcc solid solutions in HEAs can be predicted following
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two empirical parameters: the atomic size difference (δ) as defined previously [10] and the
valence electron concentration (VEC) [11]. Empirically, it has been established that HEAs
stabilizing in solid solutions have δ < 6.6% [12] whereas single-phase bcc HEAs possess a
VEC < 6 [13].

In 2016, Sahlberg et al., reported the bcc TiVZrNbHf alloy that reaches a high capacity
of absorption of 2.5 H/M, overpassing the maximum uptake known for conventional
alloys and metals [14]. Since then, several HEAs with bcc lattice have been reported with
interesting hydrogen storage performances [15,16]. However, obtaining bcc alloys is not
the merely criterion for reaching high capacities of hydrogen storage but the chemical
composition of the HEAs also plays an important role.

In order to understand the effect of the composition on the hydrogen storage properties,
our group has developed an original strategy based on the investigation of the effect of
the addition of 10 at.% of a new element in an initial quaternary Ti-V-Zr-Nb alloy on the
hydrogen sorption properties. Firstly, Montero et al. optimized the synthesis of the pristine
quaternary composition Ti0.325V0.275Zr0.125Nb0.275 to obtain a bcc single-phase alloy using
different synthetic methods (arc melting, ball milling) [17]. This quaternary alloy undergoes
a phase transition from the initial bcc alloy to a fcc hydride phase with a capacity of 1.7 H/M
(2.5 wt.%). Subsequently, our strategy entails the addition of 10 at.% of a fifth element
to the optimized Ti0.325V0.275Zr0.125Nb0.275 composition, such as Ta [18], Al [19], Mg [20],
and Mo [21]. All novel Ti0.30V0.25Zr0.10Nb0.25M0.10 compositions (M = Ta, Al, Mg, and Mo)
crystallize into a single-phase bcc lattice and reach high gravimetric capacities, such as
2.5, 2.6, 2.7, and 2.8 wt.% for Ta, Al, Mg, and Mo containing alloys, respectively. Other
properties can be also positively affected by the presence of a fifth element, such as the
desorption temperature which strongly reduces in the case of alloys with 10 at.% Al and Ta
and the cycling stability which increases in the presence of 10 at.% Al and Mg. This strategy
confirms that the addition of a fifth element to the quaternary composition can upgrade
the storage capacity and can help rationalize the effect of the chemical composition on the
hydrogen storage performances of refractory HEAs.

Along with the previous examples, Cr addition in refractory HEAs also seems a
promising approach to tailor the hydrogen absorption properties. Strozi et al. studied
the effect of the Cr addition in the ternary equimolar TiVNb by adding the following
concentrations: 15, 25, and 35 at.% Cr [22]. The gravimetric capacities depend upon the
composition and reach almost 3.0, 2.7, and 2.8 wt.% for (TiVNb)85Cr15, (TiVNb)75Cr25, and
(TiVNb)65Cr35, respectively. The amount of the added Cr affects not only the absorption
capacity, but also the Pressure Composition Isotherm (PCI) at room temperature. The
(TiVNb)85Cr15 alloy shows an unique plateau-like PCI at rather low equilibrium values,
whereas for the other compositions the PCIs shows two plateaus at higher pressures
indicating a two-phase transition [22]. Thus, Cr concentration can effectively tune the
capacity and the equilibrium pressure at room temperature. Very recently, Park et al.
studied the hydrogen absorption properties of the equimolar TiZrVNbCr alloy [23]. This
composition is multiphased with a mixture of bcc and fcc lattices and a modest hydrogen
absorption capacity of 1.77 wt.% [23].

In this context and following our aforementioned strategy, we report presently on the
effect of 10 at.% Cr addition into the quaternary Ti0.325V0.275Zr0.125Nb0.275 alloy. A novel
Ti0.30V0.25Cr0.10Zr0.10Nb0.25 high entropy alloy was prepared and thoroughly characterized
by a large palette of experimental techniques from laboratory to large-scale facilities. The
effect of Cr addition into the physicochemical and the hydrogen absorption properties of
the pristine alloy is highlighted and compared to previous results.

2. Materials and Methods

The alloy Ti0.30V0.25Cr0.10Zr0.10Nb0.25 was prepared starting from high purity elements
Ti (99.99%), V (99.7%), Zr (99.95%), Nb (99.95%), and Cr (99.99%) by high temperature arc
melting under argon atmosphere to avoid any contaminations.
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Ex situ structural characterizations were carried out using the laboratory X-ray powder
diffractometer D8 advance Bruker (Cu Kα radiation, Bragg–Brentano geometry) and the
SOLEIL synchrotron radiation (SR-XRD) at the Cristal beamline (λ = 0.7289 Å). For the ex
situ SR-XRD, the powder samples were charged in a capillary tube of 0.2 mm diameter.
The scanning range was from 1◦ to 85◦ (2θ) within a 10-min acquisition time.

In situ SR-XRD measurements during hydrogen desorption from the hydride phase
were carried out at the Cristal beamline in SOLEIL synchrotron (λ = 0.67156 Å). The
sample was finely ground, mixed with fumed silica powder to reduce the X-ray absorbance,
and, finally, placed in a capillary tube of 0.2 mm diameter. The SR-XRD patterns were
recorded during hydrogen desorption by applying a constant temperature ramp from 25 to
450 ◦C (5 ◦C/min) under secondary vacuum. The scanning range was from 0.2◦ to 65◦ (2 θ)
within a 3-min acquisition time.

In situ and ex situ powder neutron diffraction (nD) experiments on a deuterated
sample were measured on the D1B beamline (λ = 1.2858 Å) at the Institute Laue–Langevin
with a scanning range from 1◦ to 128◦ (2 θ◦) https://doi.ill.fr/10.5291/ILL-DATA.CRG-2768.
The ex situ measurements were performed at room temperature using a vanadium container
while the in situ experiments were performed with a silica tube sample holder. The silica
tube was connected to a secondary vacuum and the desorption was carried out by applying
a constant heating rate with 1 ◦C/min up to 450 ◦C while the pressure of evolved gases
was simultaneously recorded by the help of a vacuum gauge.

The collected powder diffraction data were refined using the Rietveld method with
Fullprof software [24]. The peak shape was described by Thompson–Cox–Hastings
Pseudo-Voigt function.

The microstructure analysis was performed by Scanning Electron Microscopy (SEM)
acquiring back-scattered electron signal (BSE) using a Zeiss Merlin microscope. The as-
cast and after cycling samples were embedded in a resin and coated with 1.9 nm of
Pd. The chemical mapping of the sample was performed by energy dispersive X-ray
spectroscopy (EDS).

Hydrogen absorption properties were determined by measuring the Pressure–Composition
Isotherms (PCI) at several temperatures. The PCI curves were recorded using a homemade
volumetric device with thermostatically calibrated volumes at 25 ◦C. Small pieces of the
sample were placed inside a stainless-steel sample holder and firstly activated by a heat
treatment at 350 ◦C under dynamic vacuum for 3 h. For the calculation of the hydrogen
uptake, the real equation of state for hydrogen was used from the program GASPAK V3.32
(Cryodata. Inc., Boulder, CO, USA). The Van’t Hoff equation (Equation (1)) was employed
to evaluate the enthalpy and the entropy from the measured PCIs [25].

ln
(peq

p0

)
=

∆H
RT
−∆S

R
(1)

The cycling measurements (absorption/desorption) were performed using the same
volumetric device. The absorption was performed at 50 bar H2 pressure at 25 ◦C during
which the absorption kinetic curve was recorded, while the desorption was carried out by
heating at 450 ◦C under dynamic vacuum for 3 h.

3. Results and Discussions

The VEC and the lattice distortion parameter (δ) of the studied composition
Ti0.30V0.25Cr0.10Zr0.10Nb0.25 are 4.7 and 6.69%, respectively (the radius of each element is
taken from reference [26]). Cr is the element with the smallest radius and relatively far from the
rest of the components, rCr = 1.25 Å < rV = 1.31 Å < rNb = 1.43 Å < rTi = 1.45 Å < rZr = 1.59 Å,
which increases the atom size disparity in the alloy. Consequently, the lattice distortion
parameter δ = 6.69% is larger than the value for the pristine quaternary alloy δ = 6.0 %
(without Cr) [17]. Moreover, Cr addition into the original quaternary alloy increases the
VEC parameter from 4.55 to 4.7 [17].

https://doi.ill.fr/10.5291/ILL-DATA.CRG-2768
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Concerning the empirical predictions of the phase stability, the δ parameter for the
present alloy is at the limit for obtaining solid solutions (6.6 %) [12] and the VEC is in the range
of alloys adopting bcc lattice (VEC < 6) [13]. Indeed, the as-cast alloy crystallizes in a bcc lattice
(see XRD pattern in Figure 1) with the parameter abcc = 3.225 (1) Å, as determined by Rietveld
refinement. However, the alloy is not single-phased, since the presence of an unknown small
impurity at 2 θ~34.5◦ can be noticed in the XRD pattern (marked with * Figure 1).

Hydrogen 2022, 3, FOR PEER REVIEW 4 
 

 

parameter δ = 6.69% is larger than the value for the pristine quaternary alloy  = 6.0 % 

(without Cr) [17]. Moreover, Cr addition into the original quaternary alloy increases the 

VEC parameter from 4.55 to 4.7 [17]. 

Concerning the empirical predictions of the phase stability, the  parameter for the 

present alloy is at the limit for obtaining solid solutions (6.6 %) [12] and the VEC is in the 

range of alloys adopting bcc lattice (VEC <6)[13]. Indeed, the as-cast alloy crystallizes in a 

bcc lattice (see XRD pattern in Figure 1) with the parameter abcc = 3.225(1) Å , as determined 

by Rietveld refinement. However, the alloy is not single-phased, since the presence of an 

unknown small impurity at 2 ~34.5 ° can be noticed in the XRD pattern (marked with * 

Figure 1). 

25 30 35 40 45 50 55 60 65 70 75 80 85 90

* (220)

(211)(200)

 

 
In

te
n
s
it
y
 (

a
.u

.)

2 (°)

bcc (Im-3m)

a = 3.225(1) Å

(110)

 

Figure 1. X-ray diffraction pattern (λ = 1.5406 Å ) of the as-cast Ti0.30V0.25Cr0.10Zr0.10Nb0.25 with the cor-

responding Rietveld analysis; star symbol indicates a small impurity. The asterisk is indicating the 

presence of a small unknown impurity. 

Compared to the pristine quaternary alloy, the lattice parameter decreases from abcc 

= 3.261(1) Å  [17] to abcc = 3.225(1) Å  by Cr addition. This can be explained by the fact that 

Cr has the smallest atomic radius among all constituents into the quinary alloy, as dis-

cussed above. This increases the  and reduces the bcc lattice parameter, relative to the 

pristine quaternary composition. 

The microstructure and chemical homogeneity of the alloy was investigated by SEM-

EDS (Figure 2). 
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loy. 

Figure 1. X-ray diffraction pattern (λ = 1.5406 Å) of the as-cast Ti0.30V0.25Cr0.10Zr0.10Nb0.25 with the
corresponding Rietveld analysis; star symbol indicates a small impurity. The asterisk is indicating the
presence of a small unknown impurity.

Compared to the pristine quaternary alloy, the lattice parameter decreases from abcc =
3.261 (1) Å [17] to abcc = 3.225 (1) Å by Cr addition. This can be explained by the fact that Cr
has the smallest atomic radius among all constituents into the quinary alloy, as discussed
above. This increases the δ and reduces the bcc lattice parameter, relative to the pristine
quaternary composition.

The microstructure and chemical homogeneity of the alloy was investigated by SEM-
EDS (Figure 2).
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The SEM-EDS analysis shows the presence of dendritic and interdendritic regions
similar to previous observations reported for refractory HEAs, such as, TiZrNbHfTa [27] or
Ti0.30V0.25Zr0.10Nb0.25Mo0.10 HEA [21]. However, the overall chemical composition is close
to the nominal one (Table 1). From the chemical analyses in Table 1, Nb and Zr elements
have the largest deviation from the nominal composition. The dendrites are rich in Nb
and poor in Zr and Cr, whereas the interdendritic region is rich in Zr and Cr as well as
poor in Nb relative to the nominal concentration. The Ti and V values are close to the
nominal composition, irrespective of the region. This composition modulation between the
dendrites and the interdendritic regions 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 compared to the four other elements.

Table 1. EDS chemical analysis of the different regions in the as-cast alloy and the overall composition.

Region Ti (at.%) V (at.%) Cr (at.%) Zr (at.%) Nb (at.%)

Dendritic 30.2 (0.5) 25.1 (0.4) 8.1 (0.4) 5.8 (0.5) 30.8 (1.2)

Interdendritic 29.9 (1.1) 23.4 (0.7) 11.1 (0.8) 18.5 (1.5) 17.1 (1.8)

Overall 30.5 (0.1) 25.4 (0.6) 9.5 (0.5) 10.3 (0.6) 24.3 (1.1)

Nominal 30 25 10 10 25

After the synthesis of a homogeneous bcc Ti0.30V0.25Cr0.10Zr0.10Nb0.25 alloy, the next
step is the investigation of the hydrogen absorption/desorption properties. Figure 3 shows
the PCIs recorded in the temperature range from 25 to 300 ◦C. At room temperature,
the Ti0.30V0.25Cr0.10Zr0.10Nb0.25 alloy can absorb up to maximum 2.0 H/M i.e., 3.0 wt.%.
Thus, the 10 at.% Cr addition into the pristine quaternary alloy positively impacts the
storage capacity which enhances from 1.7 H/M (2.5 wt.%) in the pristine materials [17]
to 2.0 H/M (3.0 wt.%) in the present composition. Furthermore, it might be interest-
ing to compare this capacity to alloys from the same family Ti0.30V0.25Zr0.10Nb0.25M0.10
(M = Al, Mo, Mg and Ta) already reported, see Table 2. The present material has the highest
gravimetric capacity, whereas the capacities of the other alloys are inferior ranging from
2.5 to 2.8 wt.%. Moreover, the gravimetric capacities of other well-known intermetallics,
such as TiFe (1.89 wt.%) [28] and LaNi5 (1.4 wt.%) [28], are also smaller, compared to the
present alloy.
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Figure 3. Pressure Composition Isotherms of the Ti0.30V0.25Cr0.10Zr0.10Nb0.25 alloy at various temper-
atures from 25 ◦C to 300 ◦C. The inset shows the Van’t Hoff plot (ln(peq) vs. 1/T).
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Table 2. Comparison of the hydrogen storage properties of similar HEAs.

Composition As-Cast
Phase

Hydride
Phase

Capacity
(wt.%) Reference

Ti0.30V0.25Cr0.10Zr0.10Nb0.25 bcc fcc 3.0 Present study

Ti0.325V0.275Zr0.125Nb0.275 bcc fcc 2.5 [17]

Ti0.30V0.25Zr0.10Nb0.25Mo0.10 bcc fcc 2.8 [21]

Ti0.30V0.25Zr0.10Nb0.25Al0.10 bcc bct 2.6 [19]

Ti0.30V0.25Zr0.10Nb0.25Mg0.10 bcc fcc 2.7 [20]

Ti0.30V0.25Zr0.10Nb0.25Ta0.10 bcc fcc 2.5 [18]

The equilibrium pressure from the PCI curve at room temperature is very low, within
the limit of the pressure gauge (10−2 bar). At higher temperature, the PCIs curves clearly
show a two-step reaction with hydrogen: one transition occurs at a very low equilibrium
pressure forming a monohydride (1 H/M) and another reaction at a higher pressure leading
to a dihydride (2 H/M). The equilibrium pressure of the second event increases with
temperature, which allows us to calculate the variation of the enthalpy (∆Habs) and entropy
(∆Sabs) of the absorption reaction using Van’t Hoff equation (Equation (1)). The results
are listed in Table 3 together with thermodynamic values obtained for other compositions
reported previously [29,30]. These results prove that the present alloy forms a very stable
dihydride phase with the lowest ∆Habs value among the selected materials. Discrepancies
can be noticed for the ∆Sabs values, which are expected to be close to the entropy of gaseous
hydrogen i.e.,−130 J/K mol H2. This might be due to the slopping nature of the PCI curves,
which may introduce errors in the thermodynamic evaluation [31].

Table 3. V0.25Cr0.10Zr0.10Nb0.25 alloy absorbs hydrogen in two steps forming a dihydride phase at
maximum capacity.

Composition ∆Habs (KJ/mol H2) ∆Sabs (J/Kmol H2) Reference

Ti0.30V0.25Cr0.10Zr0.10Nb0.25 −75 (±4) −161 (±8) Present work

(TiVNb)85Cr15 −67 (±2) −172 (±4) [29]

TiVZrNb −67.6 −90.3 [30]

TiVZrNbHf −61.8 −88 [30]

TiV0.5ZrNbHf −59.1 −87.4 [30]

The structural characterization of this phase was performed by SR-XRD and nD for
the hydrogenated and the deuterated phases, respectively (Figure 4).
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Figure 4. (a) SR-XRD pattern (λ = 0.7289 Å) of the dihydride Ti0.30V0.25Cr0.10Zr0.10Nb0.25H2, and
(b) nD pattern (λ = 1.2858 Å) of the deuteride Ti0.30V0.25Cr0.10Zr0.10Nb0.25D2 and the corresponding
Rietveld analyses. The star symbol indicates the presence of a minor impurity visible only by SR-XRD.
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The analysis of the SR-XRD diffraction pattern of the dihydride phase in Figure 4a
proves that the dihydride phase adopts a fcc structure (space group Fm3m) with the lattice
parameter afcc = 4.459 (1) Å, as determined by Rietveld analysis (see Table 4). Small
impurity is also present, as marked by star, in agreement with our finding for the as-cast
alloy (Figure 1). The analysis of the nD pattern in Figure 4b confirms that the deuteride
crystallizes in a fcc type structure with a lattice parameter afcc = 4.451 (1) Å very similar to
the one obtained from SR-XRD. However, the minor impurity is not visible by this method.
The main advantage of neutron diffraction is the ability to locate the deuterium within the
interstitial sites of the fcc lattice. From Rietveld refinement, the deuterium atoms occupy the
tetrahedral sites of the fcc structure ( 1

4 ; 1
4 ; 1

4 ), in agreement with previous studies [18,20,21].

Table 4. Structural analysis (phase fractions and corresponding lattice parameter) of the
Ti0.30V0.25Cr0.10Zr0.10Nb0.25 alloy at different stages of the dehydrogenation process.

Hydrogen
Capacity

fcc Dihydride
Lattice Parameter

(Å)

fcc Phase
Fraction (%)

bcc Monohydride
Lattice Parameter

(Å)

bcc Phase
Fraction (%)

bcc (Desorbed)
Lattice Parameter

(Å)

bcc Phase
Fraction (%)

2.0 H/M 4.459(1) 100 − − − −
1.3 H/M 4.399(1) 54 3.305 (1) 46 − −
0.8 H/M − − 3.322 (1) 100 − −
0.3 H/M − − 3.245 (5) 56 3.194 (5) 44
0.0 H/M − − − − 3.222 (2) 100

To confirm the existence of two step reaction with hydrogen, as suggested by the
PCIs measurements, we used ex situ SR-XRD to characterize the alloy at different stages of
the dehydrogenation process with the following capacities: three intermediate stages at
1.3 H/M, 0.8 H/M and 0.3 H/M, and the fully desorbed material at 0 H/M (Figure 5). The
SR-XRD pattern of the dihydride (2.0 H/M) already presented in Figure 4a is also shown
for the sake of clarity.
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Figure 5. Ex situ SR-XRD patterns of Ti0.30V0.25Cr0.10Zr0.10Nb0.25 at different stages of the dehydrogena-

tion process with the following capacities: 2.0 H/M, 1.3 H/M, 0.8 H/M, 0.3 H/M, and 0 H/M. Minor 
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Figure 5. Ex situ SR-XRD patterns of Ti0.30V0.25Cr0.10Zr0.10Nb0.25 at different stages of the dehydro-
genation process with the following capacities: 2.0 H/M, 1.3 H/M, 0.8 H/M, 0.3 H/M, and 0 H/M.
Minor impurity is marked with star symbol. The fcc dihydride, bcc monohydride and bcc desorbed
phases are marked with green spades, blue hearts and red diamonds, respectively.
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The patterns in Figure 5 were analyzed by Rietveld method (Figure SI-1 and Tables SI1–SI4)
and the structural results, i.e., phase fractions and corresponding lattice parameters, are
listed in Table 4.

At the intermediate capacity of 1.3 H/M, a coexistence of two phases is observed: 54%
of fcc dihydride with 4.399 (1) Å lattice parameter and 46% of a bcc monohydride with
lattice parameter 3.305 (1) Å. The fcc lattice parameter is slightly smaller relative to the value
of the full dihydride 4.459 Å, probably due to slightly smaller hydrogen content compared
to the fully hydrogenated material. The Ti0.30V0.25Cr0.10Zr0.10Nb0.25H0.8 (0.8 H/M) marks
the formation of a single bcc monohydride with the lattice parameter 3.322 (1) Å. At the
intermediate uptake 0.3 H/M the material contains two phases: the bcc monohydride is
still identified (56% phase fraction) with a slightly smaller lattice parameter 3.245 (5) Å and
the bcc desorbed phase (44% phase fraction) with lattice parameter 3.194 (5) Å, which is
slightly smaller than 3.225 (1) Å of the as-cast alloy. This small discrepancy might be due to
the use of different diffractometers for the characterization of the as-cast alloy (laboratory
instrument) and desorbed material (synchrotron radiation). The coexistence of two phases
at intermediate hydride with 0.3 H/M is also confirmed by the variation of the full width
at half maximum (FWHM). The FWHM of the first peak (110) at the intermediate capacities
0.8 H/M and 0.3 H/M are 0.535◦ and 0.723◦, respectively. The higher FWHM value for
the Ti0.30V0.25Cr0.10Zr0.10Nb0.25H0.3 sample suggests the coexistence of two convoluted bcc
phases (a bcc monohydride and a desorbed bcc phase) with very close lattice parameters.
Finally, the desorbed sample adopts a bcc structure with a lattice parameter 3.222 (2) Å,
very close to 3.225 (1) Å for the as-cast alloy, which confirms the full reversibility of the
absorption/desorption reaction with hydrogen.

For an in-depth comprehension of the phase transition during desorption re-
action, we have performed in situ neutron diffraction starting from the deuteride
Ti0.30V0.25Cr0.10Zr0.10Nb0.25D2 by heating to 450 ◦C with 1 ◦C/min under dynamic vacuum
(Figure 6). The desorption profile of the evolved gases during in situ nD is also plotted in
the right part of Figure 6.
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Figure 6. In situ neutron diffraction (λ = 1.2858 Å) of Ti0.30V0.25Cr0.10Zr0.10Nb0.25D2 during heating under
dynamic vacuum from 22 ◦C to 445 ◦C with 1 ◦C/min (left) and the corresponding desorption profile (right).
The symbol # indicates the initial fcc deuteride whereas, the stars indicate the desorbed phase.
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Initially, there is no observable change of the diffraction peaks of the deuteride fcc
(marked with #) up to around 185 ◦C, where the intensity of the diffraction peaks starts
to smoothly decrease. This behavior can be accounted by the beginning of the deuterium
desorption, as confirmed by the desorption profile showing a first desorption event. In the
temperature range 230–265 ◦C, the sample experiences a sharp phase transition with the
complete vanishing of the fcc phase due to deuterium desorption, also confirmed by the
intense peak in the desorption profile at around 264 ◦C. After the phase transition from
the deuteride to the desorbed phase, the diffraction signals are negligible, though two very
weak peaks marked with * can be noticed in Figure 6. This could be explained by the very
small bound coherent scattering length (bc) of the material after deuterium desorption from
15 fm for the deuteride phase to ~2 fm for the desorbed sample. This is in agreement with
many previous studies on neutron diffraction on refractory HEAs [18,20,21]. Thus, nothing
can be inferred about the structure of the desorbed phase from these measurements.

It is interesting to compare these results to the in situ nD of the quaternary pristine
alloy recorded under the same conditions and reported previously [19]. The alloy without
Cr undergoes a sharp transition from the fcc dihydride to a bcc desorbed phase at around
270 ◦C without any desorption happening at lower temperature, as observed presently.
This demonstrates the 10 at.% Cr addition into the initial quaternary alloy decreases the
desorption temperature and consequently the stability of the fcc dihydride.

To better describe the structural change during desorption, we performed in situ
SR-XRD measurements on Ti0.30V0.25Cr0.10Zr0.10Nb0.25H2 by applying a constant heating
ramp from 25 to 450 ◦C with 5 ◦C/min under secondary dynamic vacuum (Figure 7a). We
used Rietveld refinements to determine the phase and lattice parameter evolutions with
the temperature (Figure 7b,c).
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Figure 7. (a) In situ SR-XRD (λ = 0.67156 Å) during hydrogen desorption from 

Ti0.30V0.25Cr0.10Zr0.10Nb0.25H2 under dynamic vacuum from 25 °C to 450 °C with 5 °C/min: the initial 

fcc dihydride and the desorbed bcc phase are marked with # and *, respectively. (b) Evolution of the 

lattice parameter of both fcc and bcc phases during rise of the temperature. 
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Figure 7. (a) In situ SR-XRD (λ = 0.67156 Å) during hydrogen desorption from Ti0.30V0.25Cr0.10Zr0.10Nb0.25H2

under dynamic vacuum from 25 ◦C to 450 ◦C with 5 ◦C/min: the initial fcc dihydride and the
desorbed bcc phase are marked with # and *, respectively. (b) Evolution of the lattice parameter of
both fcc and bcc phases during rise of the temperature.

The phase transition from the fcc dihydride phase to the bcc desorbed phase occurring
at around 262 ◦C can be clearly noticed in Figure 7a. More structural information can
be inferred from the Rietveld refinement results in Figure 7b,c. In the temperature range
25–180 ◦C, the fcc phase is stable with temperature and the lattice parameter constantly
increases from 4.457 (1) Å to 4.461 (1) Å due to thermal expansion of the lattice (Figure 7b).
Starting from 180 ◦C and up to 220 ◦C, the fcc lattice parameter stabilizes to around 4.46 Å
due to concomitant thermal expansion and shrinking of the lattice by hydrogen desorption.
In between 220 ◦C and 250 ◦C, the lattice parameter strongly decreases proving the major
hydrogen desorption event, in agreement with nD findings. In the temperature range
250–300 ◦C, a phase transformation occurs with the coexistence of the fcc and the bcc phases.
The fcc lattice parameter diminishes drastically reaching 4.449 (4) Å at around 300 ◦C, after
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which the dihydride completely disappears. The lattice parameter of the newly formed
bcc phase decreases smoothly with temperature from 3.336 (2) Å at 260 ◦C to 3.234 (2) Å at
450 ◦C, which can be explained by the continuous desorption of the hydrogen. The value
of the bcc lattice parameter 3.234 (2) Å at 450 ◦C is slightly larger than 3.225 (1) Å obtained
for the as-cast alloy due to thermal expansion.

Interestingly, the in situ SR-XRD during desorption demonstrates the existence of only
one obvious phase transition from fcc dihydride to a bcc phase, whereas the PCIs during
absorption and ex situ SR-XRD investigations at different stages of the dehydrogenation
process put forward a two-step reaction: fcc dihydride→ bcc monohydride→ bcc desorbed
phase. One possible hypothesis would be that the second transition from bcc monohydride
to the completely desorbed bcc phase is not easily detected, since it implies a very small
displacive rearrangement of atoms involving similar crystalline structures. Nevertheless,
the in situ nD and SR-XRD results are in very good agreement, both clearly indicating a
phase transition from fcc dihydride to bcc desorbed phase at similar temperatures.

The hydrogen absorption/desorption cycling in the Ti0.30V0.25Cr0.10Zr0.10Nb0.25 HEA
were performed to investigate the effect on the kinetics, the structural stability, and the
reversibility of the hydrogen absorption capacity over 20 cycles (Figure 8a). The absorption
reaction was performed at 25 ◦C under 50 bar of H2 and the desorption was realized
by heating at 450 ◦C for 3h under dynamic vacuum. The kinetics were recorded during
the absorption step (Figure 8b). For the sake of clarity, we have also plotted the capacity
variation over 20 cycles for the quaternary alloy Ti0.325V0.275Zr0.125Nb0.275 [17].
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The quinary Ti0.30V0.25Cr0.10Zr0.10Nb0.25 alloy loses around 20% of the initial capacity
(from 3.0 wt.% to 2.44 wt.%) in the first seven cycle followed by stabilization. Similarly,
the quaternary alloy also undergoes a 16% reduction of the initial capacity in the first four
cycles (from 2.70 wt.% to ~2.27 wt.%), followed by stabilization [21]. Thus, the 10 at.%
Cr addition in the pristine quaternary alloy upgrades the stable reversible capacity from
2.27 wt.% to 2.44 wt.%. Moreover, the reversible capacity of the quinary alloy is higher than
that of similar bcc alloys like Ti-V-Cr (1.8 wt.%) and intermetallics such as LaNi5 (1.7 wt.%)
and TiFe (1.89 wt.%) [32].

Many factors may lead to the loss of the capacity during hydrogen absorption/desorption
cycling, for instance, the surface contamination with oxides or adsorbed hydrocarbons
that are introduced from gas/vacuum contaminants or the kinetic issues that may lead to
incomplete absorption or desorption or the decrease in the degree of crystallinity of the
alloy. In our case, the XRD after 20 cycles of the hydride phase (Figure SI-2) proves that the
bcc desorbed phase is still present along with the expected fcc hydride. This demonstrates
that the absorption is not complete in our conditions, which can account for the progressive
loss of the capacity during cycling.

The absorption kinetics shows a short incubation time on the first cycle (~5 s) and
90% of the full capacity is reached within 30 s. In the following cycles, all the kinetics
are faster without incubation time reaching 95% of the full capacity within only 15 s
(Figure 8b). The kinetics of absorption are increasing after the first cycles, probably due
to the hydrogen decrepitation of the material and the creation of new clean surfaces that
interact and dissociates more easily hydrogen molecules and increases the diffusion rates
into the material.

The effect of the cycling on the microstructure and the chemical homogeneity of the
HEA after 20 absorption/desorption cycles was studied by SEM-EDS (Figure 9). The BSE
image in Figure 9 clearly shows the effect of hydrogen embrittlement with the formation of
multiple cracks in the sample’s grains. However, the EDS chemical mapping proves similar
homogeneity as the as-cast sample with the presence of dendritic/interdendritic regions
with same variation of the elements: dendritic regions are rich in Nb and poor in Zr and
the interdendritic regions are rich in Zr and poor in Nb whereas, the overall composition is
close to the nominal one (Ti = 30.5 at.% (±0.1); V = 25.4 at.% (±0.6); Nb = 24.3 at.% (±1.1);
Zr = 10.3 at.% (±0.6); Cr = 9.5 at.% (±0.5)).
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This demonstrates that cycling does not affect the elemental chemical homogeneity of
the initial HEA and does not introduce any phase segregation.

In summary, the 10 at.% addition of Cr into the quaternary Ti0.325V0.275Zr0.125Nb0.275
alloy enhances the cycling properties: the initial maximum capacity of hydrogen absorption
in the first cycle and the reversible hydrogen uptake after stabilization are both increasing,
as compared to the pristine alloy.

4. Conclusions

The Ti0.30V0.25Cr0.10Zr0.10Nb0.25 HEA was successfully synthesized by high tempera-
ture arc melting and adopts a bcc lattice with minor unknown impurity. The alloy rapidly
absorbs hydrogen reaching a capacity of 2.0 H/M (3.0 wt.%), during which the alloy under-
goes a two-step transition: bcc alloy→ bcc monohydride→ fcc dihydride. This sequence
was confirmed by synchrotron XRD. The ex situ neutron diffraction on the deuterated fcc
phase confirmed that the deuterium atoms occupy the tetrahedral interstitial sites. In situ
synchrotron XRD and neutron diffraction experiments during hydrogen/deuterium desorp-
tion are in good agreement and prove that the transition from dihydride to monohydride
occurs around 262 ◦C.

The comparison between the quaternary Ti0.325V0.275Zr0.125Nb0.275 alloy with the
present Ti0.30V0.25Cr0.10Zr0.10Nb0.25 shows an increase of the capacity from 1.7 H/M
(2.5 wt.%) to 2.0 H/M (3.0 wt.%) by Cr addition. Moreover, the cycling properties are
upgraded after the addition of Cr in the quaternary alloy: the reversible capacity increases
from 2.27 wt.% to 2.44 wt.% for the quaternary and quinary composition, respectively. After
20 absorption/desorption cycles of the Ti0.30V0.25Cr0.10Zr0.10Nb0.25 HEA, the SEM-EDS in-
dicated a homogeneous chemical composition without any phase segregation. Interestingly,
the addition of 10 at.% of Cr decreases the onset desorption temperature, compared to the
quaternary alloy.

In conclusion, the addition of 10% of Cr into the quaternary Ti0.325V0.275Zr0.125Nb0.275
alloy proves to be an efficient way to boost the hydrogen storage properties. These results
are very promising and open to way to rationalize the effect of the chemical composition
on the hydrogen sorption properties of refractory HEAs.

Supplementary Materials: The following supporting is available online at https://www.mdpi.com/
article/10.3390/hydrogen3020016/s1: Figure SI-1: Structural analysis (phase fractions and corre-
sponding lattice parameters) of the Ti0.30V0.25Cr0.10Zr0.10Nb0.25Hx (x = 0.3; 0.8; 1.3) and the desorbed
phase from SR-XRD. Figure SI-2: X-ray diffraction pattern after 20 absorption/desorption cycles
(λ = 1.5406 Å) of the hydride Ti0.30V0.25Cr0.10Zr0.10Nb0.25H1.53. Table SI-1. Crystallographic informa-
tion of the SR-XRD of the desorbed Ti0.30V0.25Cr0.10Zr0.10Nb0.25 sample. Table SI-2. Crystallographic
information of the SR-XRD of the Ti0.30V0.25Cr0.10Zr0.10Nb0.25H0.3 hydride. Table SI-3. Crystal-
lographic information of the SR-XRD of the Ti0.30V0.25Cr0.10Zr0.10Nb0.25H0.8 hydride. Table SI-4.
Crystallographic information of the SR-XRD of the Ti0.30V0.25Cr0.10Zr0.10Nb0.25H1.3 hydride.
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