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A B S T R A C T

The hydrogen storage properties of Hf1-xTixNbVZr high entropy alloys (HEAs) synthesized by arc melting have 
been investigated. The first hydrogenation of the alloys was performed at room temperature under 20 bars of 
hydrogen pressure. Results show an increase in gravimetric hydrogen content with Ti substitutions. Upon hy
drogenation, the multiphase alloys (x = 0 and x = 0.25) exhibit a combination of faces-centred-cubic (FCC) 
hydride and C15 Laves phases, while single-phase alloys (x = 0.5, 0.75, and 1) display FCC structures. The crystal 
structure evolution during dehydrogenation of HfNbVZr (x = 0) and TiNbVZr (x = 1) HEAs was examined using 
in-situ neutron diffraction. The analysis demonstrates temperature-dependent desorption behaviour, with 
HfNbVZr displaying lower desorption temperatures compared to TiNbVZr. Additionally, in-situ neutron 
diffraction experiments during deuterium desorption indicate a two-step phase transition from FCC dihydride to 
BCT monohydride, followed by a transition to BCC.

1. Introduction

Hydrogen is attracting interest as an energy carrier in renewable 
energy systems [1,2]. Hydrogen could be stored in liquid, gaseous and 
solid state, each of these techniques having advantages and disadvan
tages. In the case of the solid-state method using metal hydrides, the 
advantages are high volumetric storage capacities at low pressure and 
near room temperature [1,2].

Recently, a new class of alloys, the so-called high entropy alloys 
(HEA), have been investigated for their hydrogen storage properties. In 
these multi principal elements alloys described by Cantor et al. and Yeh 
et al.[3,4], the large number of elements and their random distribution 
on the lattice sites provides a large diversity of local environments for 
hydrogen atoms [5–7].

Recently, a new class of alloys, the so-called high entropy alloys 
(HEA), have been investigated for their hydrogen storage properties. In 
these multi principal elements alloys described by Cantor et al. and Yeh 
et al.[3,4], the large number of elements and their random distribution 
on the lattice sites provides a large diversity of local environments for 
hydrogen atoms [5–7].

HEAs often solidify in body-centered cubic (BCC) [8], face-centered 

cubic (FCC) [9], or hexagonal close-packed (HCP) [10] structures. 
Nevertheless, Laves phases, which are very common intermetallic pha
ses having an AB2 stoichiometry, (mainly hexagonal MgZn2 (C14), cubic 
MgCu2 (C15) and more rarely hexagonal MgNi2 (C36)) are generally 
found alongside other phases in high-entropy alloys.

Interest has laid towards the HEA BCC alloys containing refractory 
elements such as Nb, V and Hf that all have melting points higher than 
2000 ◦C. Since these individual metals can form hydrides with a large 
amount of hydrogen (H/M = 2), it could be expected that a combination 
of them would also absorb hydrogen [11]. For example, the TiVZrNbHf 
HEA showed an outstanding storage capacity of 2.5H/M (2.7 wt%) [12]. 
In order to better understand this high sorption content, several authors 
have tried to link the hydrogen content with the fundamental properties 
of the alloys like the lattice parameter, atomic mismatch (lattice 
distortion) [13], Valence Electron Concentration (VEC) [14], or chem
ical composition [15–17]. The differences in chemical composition can 
have strong effects on the hydrogen storage properties in the HEAs. For 
instance, Gustav Ek et al. synthesized a total of 21 HEAs in the 
TiVZrNbHf system with varying elemental compositions [14]. Among 
the synthesized alloys, 15 of them formed either face-centred-cubic 
(FCC) or body-centred tetragonal (BCT) metal hydrides with 
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maximum H/M ratios close to 2. As the alloys underwent hydrogenation, 
there was a linear increase in the unit cell volume expansion per metal 
atom, correlating with both the valence electron concentration (VEC) 
and the average Pauling electronegativity of the alloys. Overall, the 
authors suggested the existence of a complex relationship between the 
chemical composition of HEAs and their corresponding hydrides in 
terms of hydrogen storage properties.

Zlotea et al. analyzed the effect of the composition on the hydrogen 
sorption properties by replacing only one element in the 
Ti0.30V0.25Zr0.10Nb0.25M0.10 (with M = Mg, Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
Mo and Ta) alloy [8]. The authors concluded that the maximum 
hydrogen storage capacity at room temperature strongly depends on the 
valence electron concentration (VEC) of the alloys: at low VEC values (<
4.9) the capacity is high (1.5–2.0H/M), while at VEC ≥ 4.9 a drastic 
decrease in the capacity is observed.

Floriano et al. synthesized a TiZrNbCrFe HEAs by arc melting [18]. 
Their findings revealed that the alloy primarily consisted of a C14 Laves 
phase, with a minor presence of a BCC structure. The alloy demonstrated 
a reversible hydrogen capacity of 1.90 wt% at 200 ◦C.

Yadav et al. synthesised the high-entropy Ti–Zr–V–Cr–Ni using con
ventional melting and casting methods as well as the melt-spinning 
technique. The melt-spun TiZrVCrNi HEA ribbons achieved a total 
hydrogen storage capacity of approximately 2 wt% [19].

Zlotea et al. have shown that the hydrogen storage capacity strongly 
depends on VEC of the alloys [8]. As as Ti and Hf have the same number 
of valence electrons, the VEC for all our investigated alloys is constant 
and equal to 4.5, favouring a capacity of hydrogen absorption between 
1.5 and 2.0H/M. This value was calculated using Eq. 1 defined in 
reference [20]: 

VEC =
∑n

i=1
Ci(VEC)i (1) 

Where (VEC)i is the VEC for the ith element, which is the number of total 
electrons in the valence band including d electrons. The VECs for Ti, Hf, 
Nb, V and Zr elements are respectively 4, 4, 5, 5, and 4 [14]. Ci is the 
atomic percentage of the ith element, and n is the number of elements in 
the alloy.

In the present investigation, we substituted Hf by Ti in the Hf1- 

xTixNbVZr HEA. The reason for this substitution is that Ti is lighter than 
Hf, thus a higher gravimetric hydrogen storage capacity could be ach
ieved by the hydrides, while still leveraging the high melting points and 
hydride-forming properties of the alloy components. The hydrogen 
storage properties including first hydrogenation and hydrogen desorp
tion were studied. In-situ neutron diffraction was employed to determine 
the location of hydrogen atoms in the fully hydrated state and to observe 
the evolution of hydride phases during the dehydrogenation process in 
both the multiphase HfNbVZr (x = 0) and the single-phase TiNbVZr (x =
1) alloys. Additionally, ex-situ X-ray diffraction was used to further 
study the phase changes in these alloys.

2. Materials and methods

All the raw materials Ti (99.9 %), Hf (99.9 %), V (99.7 %), Zr 
(99.5 %) and Nb (99.9 %) were purchased from Alfa Aesar® and used as 
received. Prior to the melting, the raw elements were mixed in the 
desired proportion then synthesized by arc melting under 0.7 bars of 
argon. Each pellet was melted, turned over, and remelted five times to 
ensure good homogeneity. After the synthesis, the as-cast alloy was 
hand-crushed inside an argon-filled glove box using a hardened steel 
mortar and pestle.

The first hydrogenation of all alloys was measured under 20 bars of 
hydrogen pressure at room temperature using a home-made Sievert’s 
type apparatus. The powder was filled in the sample holder under argon 
atmosphere to prevent oxidation. Prior to the hydrogenation measure
ment, the sample was kept under dynamic vacuum for one hour at room 

temperature.
The crystal structure of the hydrides and the desorbed alloys were 

determined by X-ray diffraction using a Bruker D8 Focus with Cu Kα 
radiation. Crystallographic parameters were evaluated from Rietveld 
refinement using the Topas software with the pseudo-Voigt profile data 
utilized for fitting the XRD patterns [21].

For the neutron powder diffraction experiments, the alloys were fully 
deuterated (ex-situ) at room temperature and under 20 bars of pressure. 
Neutron experiments were performed on the PEARL neutron powder 
diffractometer at the research reactor of Delft University of Technology, 
using the (533) reflection of the germanium monochromator (1.667 Å) 
[22]. The samples were placed in a vanadium container. During the 
neutron in-situ measurements, the desorption step was carried out with a 
constant heating rate of 2 K/min while neutron patterns were recorded 
every 5 minutes. Neutron diffraction patterns were analyzed by Rietveld 
refinement using both GSAS II and TOPAS softwares [21,23].

3. Results and discussion

3.1. As-cast samples

The microstructure and crystal structure of the as-cast samples have 
already been reported in detail in a previous article [24], but to better 
support our discussion, the corresponding BSE images are shown in the 
supplementary file (Fig.S1).

It was found that all the synthesized alloys displayed a BCC phase 
(Fig. 1), and their cell parameter varied between 3.311 Å and 3.392 Å. 
The studied alloys with low Ti concentration (x ≤ 0.25) exhibited an 
additional cubic C15 phase (a = 7.376–7.460 Å). According to the re
sults of scanning electron microscopy, two phases appeared: a dendritic 
one with a composition close to the nominal alloy identified as BCC, and 
a dark region enriched with V identified as C15 Laves phase.

The lattice parameters as a function of x is shown in Fig. 2. It is clear 
that the Vegard’s law is respected in the Hf1-xTixNbVZr series. For these 
alloys, the lattice parameter of the BCC phase decreases with increasing 
atomic content of Ti. This trend was expected since titanium has a 
smaller metallic radius than hafnium - 1.46 Å and 1.58 Å respectively. 
However, the bcc lattice parameters vary linearly with composition 
across the entire range (Fig. 2), indicating that the presence of the C15 
phase does not appear to influence the bcc lattice parameter. This is 
expected since the matrix, associated with the cubic crystal structure, 
has a composition close to the nominal value.

3.2. First hydrogenation

The first hydrogenation (activation) of the Hf1-xTixNbVZr (with x =
0–1 by step of 0.25) was performed at room temperature under 20 bars 
of hydrogen pressure and without any prior heat treatment.

The first hydrogenation kinetics of all the alloys investigated in this 
study is shown in Fig. 3 (a). As expected, the substitution of a heavy 
element (Hf) by a lighter one (Ti), resulted in an increase in the gravi
metric hydrogen content (wt%). For the single-phase alloys, the kinetics 
could be represented in terms of the hydrogen to metal (H/M) ratio. This 
is shown in Fig. 3 (b) and indicate that substituting Hf by Ti has no 
impact on the number of hydrogen atoms stored in the hydride phase.

After the first hydrogenation, the crystal structure of the hydride 
alloys was investigated by XRD. The results are shown in Fig. 4. The 
crystal structure parameters and the abundance of each phase in all 
hydrogenated samples as determined by Rietveld’s analysis are pre
sented in Table 1.

As mentioned in a previous work [22], the as-cast alloys x = 0 and x 
= 0.25 are multiphase (containing BCC and small amount of C15 phase). 
Once hydrogenated, the crystal structure is essentially a main FCC phase 
with a C15 secondary Laves phase. It has been reported that FCC (or 
BCT) are the structures adopted by a fully hydride BCC HEA [12,18,24]. 
The hydrides of titanium rich alloys (x = 0.5, 0.75 and 1), are all single 
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phase FCC. For all the alloys investigated in our work, we did the 
Rietveld refinement with both possible structures (FCC and BCT). Riet
veld refinements using the FCC and BCT structures for one alloy 
(TiNbVZr alloy) are shown in the supplementary file (Fig. S1). This 
assumption was validated by neutron diffraction measurements pre
sented later in Fig. 5. Moreover, having an FCC in the hydride state is in 
agreement with most of the reports on HEAs dihydrides [14,25].

As the unit cell volume of all phases in the hydride state was larger 
than in the as-cast state, we could use the volume increase to estimate 
the hydrogen content in each phase. Considering that a hydrogen atom 

produces a volume expansion of 2.7 Å3 (as found by Peisl [26] and 
Sleiman et al. [27]) the estimated amount of hydrogen in each phase is 
determined from the volume expansion by unit formula (ΔV) of each 
hydride phase. The results are shown in Table 2. Taking into consider
ation the abundance of each phase in the hydrided samples, the esti
mated amount of hydrogen in each alloy is shown in Table 3. This table 
shows that the measured capacities were in in a good agreement with 
the estimated range.

Fig. 1. XRD analysis of the Hf1-xTixNbVZr alloys in the as-cast state for: (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75 and (e) x = 1. The solid black lines, blue lines 
and red lines express respectively the observed and calculated XRD patterns of the sample and the residue of the Rietveld refinement. Adapted from [24].
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3.3. Neutron diffraction analysis of x = 1 and x = 0 fully hydrided alloys

For complementary structural investigation of the hydrides, the 
crystalline structure of the fully hydrided alloys x = 1 (TiNbVZr) and x =
0 (HfNbVZr) was studied by neutron diffraction (Fig. 5). Deuterium was 
used instead of hydrogen in these experiments because of the high 
incoherent scattering of hydrogen atoms causing significant back
ground. This technique of characterization enables us to locate the po
sition of deuterium atoms inside the FCC lattice of the deuteride alloy. 
The Rietveld analysis of the hydride TiNbVZr (x = 1), shows a single- 
phase hydride with an FCC structure (CaF2-type Fm3m) and lattice 
parameter aFCC = 4.518 Å which is in relatively good agreement with 
the XRD results (aFCC = 4.540 (1) Å). The deuterium atoms were located 
at the tetrahedral sites 8c (¼, ¼, ¼), revealing a deuterium content of 2 
D/M. This result is in agreement with previous studies on similar HEAs 
[28].

The hydride HfNbVZr (x = 0) shows a multiphase hydride with FCC 
and C15 structure having lattice parameters of aFCC = 4.636 Å and aC15 
= 7.989 Å, in fairly good agreement with the XRD results (Table 1, aFCC 
= 4.654 (3) Å and aC15 = 7.957 (8) Å). For this alloy, the deuterium 
occupies the tetrahedral sites 8c (¼, ¼, ¼) in the FCC lattice with a 
deuterium content of 2 D/M, while it occupies the 96 g sites (0.060, 
0.060, 0.397) in the C15 lattice having a deuterium content of 1.7 D/M. 
This result in agreement with the position determined by Soubeyroux et 
al. in Zr(Crl-xMx)2 with M =(Cu0.5Ni0.5) for the 0 < x < 0.2 alloys [29].

As shown in Fig. 5, the diffraction peaks of the FCC phase in the 

hafnium rich alloy (HfNbVZr, x = 0) are obviously broader than the FCC 
peaks of the titanium rich alloy (TiNbVZr, x = 1). The peaks broadening 
is correlated with the crystallite size evaluated from X-ray diffraction 
shown in Table 1.

Fig. 2. Lattice parameter as a function of x for the Hf1-xTixNbVZr alloys.

Fig. 3. Hydrogen content of Hf1-xTixNbVZr alloy in (a) wt.% for x = 0, 0.25, 0.5, 0.75 and 1 (b) H over M ratio for x = 0.5, 0.75 and 1.

Fig. 4. XRD patterns of the Hf1-xTixNbVZr alloys in the hydrogenated state for x 
= 0, 0.25, 0.5, 0.75 and 1.

Table 1 
Crystal structure parameters of Hf1-xTixNbVZr in the hydrogenated state for x =
0, 0.25, 0.5, 0.75 and 1. Error on the last significant digit is indicated between 
brackets.

Composition 
Hf1- 

xTixNbVZr

Phase Lattice 
parameter (Å)

Cell volume 
(Å3)

Crystallite size 
(nm)

x ¼ 0 FCC 
(87 %)

4.654 (3) 100.8 (2) 3.4 (1)

C15 
(13 %)

7.957 (8) 504.2 (7) 5.4 (6)

x ¼ 0.25 FCC 
(83 %)

4.637 (4) 99.7 (3) 2.6 (7)

C15 
(17 %)

7.956 (6) 504.1 (8) —

x ¼ 0.5 FCC 
(100 %)

4.582 (1) 96.2 (3) 13.3 (2)

x ¼ 0.75 FCC 
(100 %)

4.576 (2) 95.8 (9) 11.4 (8)

x ¼ 1 FCC 
(100 %)

4.540 (1) 93.6 (5) 18.2 (7)
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After the acquisition of the fully deuterided alloys, the dehydroge
nation by in-situ neutron diffraction and ex-situ XRD was performed.

3.4. Neutron diffraction analysis of x = 1 (TiNbVZr) alloy: In-situ 
measurements

Fig. 6 shows selected in-situ neutron diffraction patterns of the 
TiNbVZr alloy during heating from 25 ◦C to 310 ◦C under dynamic 
vacuum.

Rietveld refinements were performed on each pattern presented in 
Fig. 6. Specifically, the refined patterns of the alloy at 25 ◦C and 290 ◦C 
are showcased in Fig. 7 (a) and (b) respectively. The calculated pa
rameters resulting from these refinements are presented in Table 4.

As depicted in Fig. 6 and Table 4, the diffraction patterns at 25 ◦C, 
250 ◦C and 290 ◦C consistently reveal the primary phase as FCC. 
Notably, there is a gradual decrease in diffraction peak intensities from 
25 ◦C to 290 ◦C. However, at 310 ◦C, the dominant phase is BCT (57 %) 
accompanied by a significant drop in peak intensity of the FCC phase. 
During the dehydrogenation process, the lattice parameter of the FCC 

crystal structure slightly increases with the temperature. This lattice 
expansion can be attributed to the thermal expansion caused by the 
temperature increase. The thermal expansion evaluated from 25 ◦C to 
250 ◦C was 7.7 × 10− 6 K− 1). This agrees with the literature values 
ranging from 5×10− 6 K− 1 to 25 ×10− 6 K− 1 [30].

Through Rietveld refinement, the deuterium atoms are determined 
to occupy tetrahedral sites in both lattices ((¼ ¼ ¼) for FCC, and (0 ½ ¼) 
for BCT). During the heating process from 25 to 310 ◦C, the deuterium 
occupancy within the FCC lattice remains constant at 1 (i.e. 2 D/M), 
confirming it as a dihydride. At 290 ◦C, both BCT and FCC phases are 
present. However, the deuterium occupying tetrahedral sites within the 
BCT lattice has an occupancy of 0.6, indicating a deuterium content of 
1.2 D/M (not so far from 1 D/M). This confirms that the BCT lattice is a 
monohydride. It is well known that upon desorption, the FCC phase 
(dihydride) first transforms to BCT structure (monohydride) and ulti
mately back to BCC phase. No BCC is seen in the patterns at 310 ◦C, 
indicating an incomplete dehydrogenation at this temperature.

3.5. X-ray Diffraction analysis of x = 1 (TiNbVZr) alloy: Ex-situ 
dehydrogenation

For complementary investigation of dehydrogenation of TiNbVZr 
alloy, ex-situ XRD after dehydrogenation was performed. After reaching 
full hydrogenation, the sample was subjected to a dynamic vacuum for 
two hours at 375 ◦C. The XRD pattern of the dehydrogenated sample is 
presented in Fig. 8. The crystal parameters of as-cast, fully hydrided and 
desorbed TiNbVZr alloy are reported in Table 5.

The pattern of the desorbed TiVZrNb (x = 1) alloy presented in Fig. 8, 
shows the presence of a single BCC phase with a cell volume of 39.30 Å3 

which is slightly larger than the as cast cell volume (36.31 Å3). This 
indicates that also this sample is not fully desorbed under the applied 
conditions. For a hydrogen volume of 2.7 Å3 the alloy still contains 
0.78 wt% (i.e. 0.55 H/M). This is supported by the desorption isotherms 
presented in Fig S3. Our results are consistent with the results published 
by Nygard et al. [13], where the authors studied the in-situ synchrotron 
radiation powder X-ray diffraction measurement during desorption of 
hydrogen from TiVNbZrH2. It was stated that for this composition, the 
FCC hydrides, having [H]/[M] close to 2 transforms to a BCC containing 
hydrogen in solid solution.

After analyzing the two alloys after dehydrogenation using in-situ 
neutron diffraction and ex-situ XRD techniques, a clear difference 
emerges: At the end of ex-situ dehydrogenation, the phase is a BCC one 
(from XRD analysis), which agrees well with the as-cast state. From the 
in-situ neutron diffraction, BCT and FCC phases are present. This 

Fig. 5. Neutron powder diffraction pattern of the fully deuteried HfNbVZr (x =
0) and TiNbVZr (x = 1).

Table 2 
The variation of volume per unit formula ΔV and the estimated range of 
hydrogen in each phase in the hydrogenated samples.

x in 
Hf1-xTixNbVZr 
alloys

ΔV of 
C15 
(Å3)

Estimated amount 
of H in C15 (wt.%)

ΔV of 
FCC 
(Å3)

Estimated 
amount of 
H in FCC (wt. 
%)

0 3.7 1.5 5.7 2.4
0.25 4.3 1.8 5.8 2.5
0.5 — — 5.2 2.5
0.75 — — 5.4 2.5
1 — — 5.2 2.7

Table 3 
Estimated capacity of the phases in the hydrided samples.

x in 
Hf1-xTixNbVZr 
alloys

Estimated amount of H in the 
hydride (wt.%)

Measured capacity 
(wt.%)

0 2.3 1.9
0.25 2.3 2.1
0.5 2.5 2.4
0.75 2.5 2.6
1 2.7 2.7

Fig. 6. Desorption neutron diffraction pattern of fully deuterated 
TiNbVZr alloy.
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difference could be explained by the temperature and the pressure used 
in each dehydrogenation experiment. It is essential to acknowledge that 
a direct comparison between the two dehydrogenation experiments (by 
neutron diffraction and XRD) may be challenging due to differing 
desorption conditions. Notably, while the neutron diffraction pattern of 
the desorbed alloy was presented at 310 ◦C, the other underwent 
desorption at 375 ◦C. These variations in temperature could introduce 
substantial differences in desorption kinetics and behaviour, thereby 
complicating any straightforward comparison between the two results.

3.6. Neutron diffraction analysis of x = 0 (HfNbVZr) alloy: in-situ 
measurements

In-situ neutron diffraction patterns of HfNbVZr alloy during heating 
from 25 ◦C to 300 ◦C under dynamic vacuum are presented in Fig. 9. It is 
clear that there is an evolution of the crystal structure with temperature. 
To quantify this, Rietveld refinement was performed on all patterns.

As a representative of Rietveld refinement, Fig. 10 (a) and (b) shows 
the refined pattern of the alloy at 25 ◦C and 280 ◦C respectively. It can be 
seen that all the peaks of the pattern are matching well with an FCC and 
C15 Laves phases for the pattern at 25 ◦C, while for the pattern at 280 ◦C 
they correspond well with a BCT and C15 Laves phases.

The crystal structure refinements were carried out to acquire the 
occupation of deuterium atoms in the lattice and the refinement results 
are tabulated in Table 6. These refinements confirm that no desorption 
occurred before reaching 150◦C, as the phase abundance stays constant. 

Fig. 7. Rietveld refinement of neutron diffraction pattern of TiNbVZr alloy at (a) 25 ◦C, and (b) 290 ◦C.

Table 4 
Crystal parameters and deuterium occupation factor for TiNbVZr alloy at 
different temperatures.

Phase 25 ◦C 250 ◦C 290 ◦C 310 ◦C

FCC a (Å) 4.518 4.526 4.535 4.531
Doccu 1 1 1 1
% 100 100 67 43

BCT a (Å) 
c (Å)

— — 3.351 
3.979

3.374 
3.850

Doccu — — 0.6 0.6
% — — 33 57

Fig. 8. XRD analysis of TiVZrNb (x = 1) dehydrided at 375 ◦C under dy
namic vacuum.

Table 5 
Lattice parameters and phase fraction of TiNbVZr alloy as cast, hydrided and 
dehydrided at 375 ◦C determined by X-ray diffraction. Error on the last signif
icant digit is indicated between brackets.

Alloy state Phase Lattice parameter (Å) Cell volume (Å3)

As-cast BCC 3.311 (2) 36.31 (3)
Fully hydrided FCC 4.540 (1) 93.78 (8)
After ex-situ desorption BCC 3.399 (1) 39.30 (5)

Fig. 9. Desorption neutron diffraction pattern of fully deuteried HfNbVZr alloy.
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Between 150 ◦C and 88◦C, the FCC structure starts to release hydrogen, 
leading to the formation of the monohydride BCT with a D/M ratio of 
1.2. With increasing temperature, the FCC structure entirely transforms 
into the monohydride BCT, where the D/M ratio remains constant.

The C15 Laves phase also undergoes hydrogen desorption, prompted 
by a reduction in the D/M ratio from 1.68 at 25 ◦C to 1.44 at 188 ◦C. 
Furthermore, in the C15 phase, the lattice parameter diminishes in 
response to the decrease of deuterium content. The C15 phase releases 
hydrogen, resulting in a final D/M ratio of 0.84 at 300 ◦C.

3.7. X-ray Diffraction analysis of x = 0 (HfNbVZr) alloy: ex-situ 
dehydrogenation

For the HfNbVZr alloy, a dehydrogenation experiment (i.e. dynamic 
vacuum for two hours at 375 ◦C) was conducted followed by ex-situ XRD 
analysis to complementarily investigate the dehydrogenation process. 
The XRD analysis of the dehydrogenated sample is presented in Fig. 11. 
The crystal parameters of as-cast, fully hydrided and desorbed HfNbVZr 
alloy are reported in Table 7.

For the HfNbVZr alloy (x = 0), two phases (BCC and C15) are present 
after the dehydrogenation experiment, as reported in the as cast state. 
Also an unidentified peak is present at 34.2◦. The unit cell volume of the 
BCC phase after dehydrogenation as determined by the Rietveld 
refinement, is 42.97 Å3. This volume is larger than that of the BCC in the 
as cast state (39.06 Å3). For the C15 phase, the unit cell volume after 
desorption (446.33 Å3) is also larger than the one for the C15 in the as 
cast state (419.8 Å3). This indicated that the BCC and the C15 are not 
fully dehydrided and still contains hydrogen. An estimation of the 
hydrogen content can be done assuming a volume of hydrogen atom of 
2.7 Å3. Then, the amount of hydrogen retained in the BCC phase is 

estimated to be around 0.67 wt%.
Upon comparing the two alloys post-dehydrogenation through in-situ 

neutron diffraction and ex-situ XRD analyses, a noticeable distinction 
arises: during ex-situ dehydrogenation, the alloy exhibits greater 
hydrogen desorption, accompanied by the formation of the BCC phase, a 
phenomenon not observed in the in-situ dehydrogenated alloy. This 
could be caused by the difference in the applied desorption conditions 

Fig. 10. Rietveld refinement of neutron diffraction pattern of HfNbVZr alloy at (a) 25 ◦C, and (b) 280 ◦C.

Table 6 
Crystal parameters and deuterium occupation factor for HfNbVZr alloy at different temperatures.

Phase 25 ◦C 150 ◦C 188 ◦C 260 ◦C 280 ◦C 300 ◦C

FCC a (Å) 4.642 4.659 4.671 4.665 - -
Doccu 1 1 1 1 - -
D/M ¼ (Docc*number of occupied sites) / number of metal atoms) 2 2 2 2 - -
Phase abundance (%) 84 82 25 15 - -

BCT a (Å) 
c (Å)

- 
-

- 
-

3.462 
4.383

3.415 4.224 3.409 
4.277

3.417 
4.184

Doccu - - 0.59 0.57 0.58 0.55
D/M - - 1.18 1.1 1.2 1.1
% - - 65 70 91 85

C15 a (Å) 7.874 7.988 7.994 7.982 7.910 7.770
Doccu 0.42 0.39 0.36 0.32 0.32 0.21
D/M - - 1.4 1.3 1.3 0.8
% 16 17 8 15 9 14

Fig. 11. XRD analysis of HfVZrNb (x = 0) dehydrided at 375 ◦C under dy
namic vacuum.
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used in these two methods. As previously said, it is important to note 
that direct comparison between the two alloys may not be appropriate 
due to variations in desorption conditions. Specifically, one alloy un
derwent desorption at 300 ◦C, while the other was desorbed at 375 ◦C. 
Such temperature disparities could exert a significant influence on the 
desorption behavior.

4. Conclusions

The hydrogen storage properties of Hf1-xTixNbVZr BCC high entropy 
alloys synthesized by arc melting have been investigated and the 
following observations were made: 

1. The substitution of Hf by Ti in the Hf1-xTixNbVZr alloys presents 
interesting results for enhancing hydrogen storage capacities. The H/ 
M ratio is constant upon substitution of Hf by Ti but, because of the 
lighter atomic weight of Ti, the gravimetric capacity increased.

2. X-ray diffraction and neutron analyses elucidate the structural evo
lution during dehydrogenation processes, revealing phase transitions 
and hydrogen occupancy within lattice sites. Notably, the alloys 
exhibit multiphase behavior during dehydrogenation, with some 
phases remaining incompletely desorbed even after extensive dehy
drogenation treatments.

3. In-situ neutron diffraction analysis during dehydrogenation reveals 
the temperature-dependent desorption behavior of the alloys. It is 
observed that the desorption of HfNbVZr initiates at temperatures 
lower than that of TiNbVZr alloy. The in-situ neutron diffraction 
experiments during deuterium desorption seems to indicate a two- 
step phase transition first from FCC dihydride to BCT monohydride 
and second from BCT to BCC.

These findings can significantly advance research aimed at designing 
novel and high-performing High-Entropy Alloys (HEAs) for solid-state 
energy storage applications.
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