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ABSTRACT  

High entropy alloys (HEAs) represent an interesting alloying strategy that can yield exceptional 

performance properties needed across a variety of technology applications, including hydrogen 

storage. Examples include ultra-high volumetric capacity materials (BCC alloys → FCC 

dihydrides) with improved thermodynamics relative to conventional high-capacity metal hydrides 

(like MgH2), but still further destabilization is needed to reduce operating temperature and increase 

systems-level capacity. In this work, we demonstrate efficient hydride destabilization strategies by 

synthesizing two new Al0.05(TiVNb)0.95-xMox (x=0.05, 0.10) compositions. We specifically 

evaluate the effect of Molybdenum (Mo) addition on the phase structure, microstructure, hydrogen 

absorption and desorption properties. Both alloys crystallize in a bcc structure with decreasing 

lattice parameters as the Mo content increases. The alloys can rapidly absorb hydrogen at 25 °C 

with capacities of 1.78 H/M (2.79 wt.%) and 1.79 H/M (2.75 wt.%) with increasing Mo content. 

Pressure-composition-isotherms suggest a two-step reaction for hydrogen absorption to a final fcc 

dihydride phase. The experiments demonstrate that increasing Mo content results in a significant 

hydride destabilization, which is consistent with predictions from a gradient boosting tree data-

driven model for metal hydride thermodynamics. Furthermore, improved desorption properties 

with increasing Mo content and reversibility were observed by in situ synchrotron X-ray 

diffraction, in situ neutron diffraction, and thermal desorption spectroscopy. 

KEYWORDS 

High entropy alloys; Hydrogen absorption/desorption; In situ synchrotron X-Ray diffraction; In 

situ neutron diffraction; thermodynamics.    
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1. INTRODUCTION 

Clean hydrogen has the potential to play an important role in decarbonizing economic sectors 

with difficult-to-abate emissions. However, the low volumetric energy density (9.9 MJ/m3) of 

hydrogen presents a major challenge for its storage 1–4. Among the different hydrogen storage 

techniques, metal hydrides are considered a promising option for a variety of reasons, including 

lower operating pressures and higher volumetric densities than 700 bar compressed gas. 

Nonetheless, the gravimetric capacities of intermetallic compounds and body-centered cubic (bcc) 

alloys remain low (about 2 wt.%), whereas light metal hydrides, such as MgH2 with high capacity 

of 7.6 wt.%,  typically require high temperatures for desorption which represents an obstacle for 

practical use 5–7. In addition, the use of lightweight, earth-abundant materials in interstitial hydrides 

has been considered to achieve high hydrogen uptake and thus be usable for on-board vehicles 8. 

Recently, high-entropy alloys (HEAs) have been introduced as promising materials for hydrogen 

storage due to interesting properties, such as exceptional capacity (H/M > 2) with desorption 

enthalpies less than conventional materials (e.g., MgH2) 
9. HEAs (≥ 5 principal elements in the 

range of 5-35 at.%) or multi-principal element alloys (MPEAs) with no restrictions on the number 

of elements form random solid solutions instead of phase-separated intermetallic compounds 

partly due to the stabilization effect of high mixing entropy 10. Moreover, the solid solutions 

crystallize as simple body-centered cubic (bcc), face-centered cubic (fcc), or hexagonal close-

packed (hcp) lattices. Attempts have been made to predict the formation and stability of such 

phases by different empirical parameters and to obtain rational theoretical design rules with 

varying degrees of success. Examples include the lattice distortion (δ) caused by the mismatch 

between different atomic sizes of the constituents, the valence electron concentration (VEC), the 

mixing enthalpy/entropy, or the entropy to enthalpy ratio (Ω) 11–14. Furthermore, the properties of 
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HEAs can be related to four core effects (cocktail effect, high entropy, sluggish diffusion and 

lattice distortion) 15.  

Consequently, there is now a push to rationally design HEAs for hydrogen storage that can 

maximize capacity while minimizing desorption enthalpy (and required desorption temperature) 

8,16. A number of HEAs with bcc structure possess outstanding volumetric hydrogen capacities, as 

reported for TiVZrNbHf 9, TiVZrNbHf0.5 
17, TiZrNbHfTa 18 and Ti4V3NbCr2 

19. The inclusion of 

lightweight elements (such as Mg, Al) to improve gravimetric capacities has also been explored 

20. For example, Mg35Al15Ti25V10Zn15 achieves a high capacity of 2.3-2.7 wt.% depending on the 

method of synthesis (arc melting or reactive ball milling) and forms a mixture of hydrides with 

desorption temperatures above 300 °C 21. Montero et al. reported a capacity of 2.7 wt.% for 

Mg0.10Ti0.30V0.25Zr0.10Nb0.25 with an improvement in the cycling properties compared to the 

quaternary alloy without Mg 22. Al incorporation in Al0.10Ti0.30V0.25Zr0.10Nb0.25 yields a capacity 

of 2.6 wt.% with improvements in both cycling properties and desorption temperature 23.  In recent 

work, we proposed the bcc Al0.05(TiVNb)0.95 as a promising material after systematically studying 

the influence of Al addition in the equimolar TiVNb 24. We demonstrated a destabilization of the 

hydride, better desorption properties, improved reversible capacity during cycling, and a saturation 

capacity of 2.96 wt.% for the Al0.05(TiVNb)0.95 composition 24.  

These developments in high-capacity, lightweight, thermodynamically destabilized HEAs 

motivate continuous work to further increase their performance as materials for real world (e.g., 

stationary) storage applications. Nonetheless, further control in tuning the thermodynamics of the 

hydride formation (i.e., increasing the phase-change/plateau pressure by reducing the enthalpy of 

desorption or increasing the entropy of desorption) is desired to improve their practical use as 

hydrogen storage materials. Despite its low hydrogen affinity and relative important weight, 
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Molybdenum (bcc structure) has a significant potential to stabilize the bcc phases 25,26 and 

consequently to destabilize the related hydrides 27. Shen et al. reported an increase in gravimetric 

capacity using up to 10 at.% Mo in the Ti0.20Zr0.20Hf0.20Mo0.10Nb0.30 composition (1.54 wt.%) 

compared to Ti0.20Zr0.20Hf0.20Nb0.40 (1.12 wt.%), as well as a decrease in thermal stability 

(reduction in the desorption temperature) with increasing Mo content, which was attributed to the 

smaller cell volume and weaker H-metal bonding 26. Similarly, Bouzidi et al. reported 

Ti0.30V0.25Zr0.10Nb0.25Mo0.10 with an increased gravimetric capacity (2.8 wt.%) as compared to the 

alloy without Mo (2.47 wt.%) 28, a decrease in the desorption temperature, and a good reversibility 

during absorption/desorption cycling 29. 

 Here we extend this design strategy, i.e. the addition of Mo into Al0.05(TiVNb)0.95, one of 

our most promising compositions to date, will be thoroughly studied. Based on chemical intuition 

and corroborated by data-driven modeling predictions of hydride thermodynamics, we hypothesize 

that the hydride phase can be still further destabilized (decrease in desorption temperature) with 

small amounts of Mo addition. Therefore, we synthesize and characterize the hydrogen storage 

properties of Al0.05(TiVNb)0.95-xMox (x=0.05, 0.10) as determined by several hydrogen 

absorption/desorption techniques along with detailed structural characterization by in situ 

synchrotron X-ray diffraction and in situ neutron diffraction. We rationalize the role of Mo 

addition in different concentrations and its effect on the crystal structure, microstructure, and 

hydrogen sorption properties. These results elucidate an effective design strategy for destabilizing 

HEAs while maintaining high hydrogen capacity.  
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2. EXPERIMENTAL SECTION 

The Al0.05(TiVNb)0.95-xMox (x = 0.05, 0.10) compositions were synthetized by high-temperature 

arc melting from bulk pieces of Ti (99.99%, Alfa Aesar), V (99.9%, NEYCO Vacuum&Materials), 

Nb (99.95%, Alfa Aesar), Al (99%, STREM Chem) and Mo (99.9%, ChemPur). The synthesis 

begins with the formation of the TiVNb-Mo pre-alloy under Ar atmosphere (about 300 mbar) and 

turning the ingot between each melt to achieve good homogeneity. Then, Al was added to the 

TiVNb-Mo pre-alloy due to its low melting point (2622 °C for Mo > 2477 °C for Nb > 1910 °C 

for V > 1670 °C for Ti > 660 °C for Al 30) and melted under the same conditions. To avoid mass 

loss during melting all Al small pieces were placed underneath the pre-alloy material. The 

structural analysis of the as-cast samples was carried out by powder X-ray diffraction (XRD) using 

a D8 Advance Bruker diffractometer (Cu Kα radiation λ = 1.5406 Å, Bragg-Brentano geometry).  

The microstructure of the as-cast and hydrides was analyzed by scanning electron microscopy 

(SEM) using a Zeiss Merlin microscope equipped with an EDX (Energy-Dispersive X-ray 

Spectroscopy) detector from Oxford Instruments and Aztec software. The powder samples were 

embedded in an epoxy resin and bulk samples were fixed with MCP 70 alloy, then finely polished 

and finally coated with a 1.5 nm Pd layer. For elemental analysis and chemical mapping, an 

accelerated electron voltage of 10 keV was used and the element quantification was performed 

using Al(K), Ti(K), V(K), Nb(L) and Mo (L) signals. 

The hydrogen storage properties were determined using a home-made volumetric apparatus 

equipped with a pressure gauge, calibrated volumes, and set temperature (Sievert’s method). The 

stainless-steel sample holder was filled with small pieces of alloys and sealed using metal gaskets. 

Prior to the hydrogenation process, an activation procedure was carried out by exposing the sample 

at 410 °C under dynamic vacuum (~1x10-5 mbar) for 12 hrs. Two types of measurements were 
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carried out: absorption kinetics at 25 °C and pressure-composition isotherms (PCIs) under different 

temperatures. For the absorption kinetics, the sample holder is placed in a water bath under 

isothermal conditions (25 °C) and the sample is exposed to hydrogen reaching a final equilibrium 

pressure (Peq) of around 36±1 bar H2. A resistive furnace was used for the acquisition of PCIs at 

high temperatures (above 25 °C). The mass of the samples (400-500 mg) was measured carefully 

before hydrogenation to calculate the storage capacity using the real gas state equation for H2 

obtained from GASPAK version 3.32 software (Cryodata Inc., Horizon Technologies). For 

acquisition of the PCIs, high purity hydrogen was introduced in small doses step by step until a 

maximum Peq was reached for the last point around 58 bar, while desorption was performed at 410 

°C under dynamic secondary vacuum (~1x10-5 mbar) for 12 hrs. The structural characterization of 

the full deuterides was carried out by ex situ powder neutron diffraction (nD with λ=1.28 Å) 

performed on the D1B beamline at the Institute Laue-Langevin (ILL) at Grenoble (France). The 

powder sample (~2 g) was place inside a vanadium sample holder and the diffraction patterns were 

acquired in a scanning range from 0.77 to 128.77 2θ (°) 31. 

Finally, thermal desorption spectroscopy (TDS), in situ synchrotron X-ray powder diffraction 

(SR-XRD) and in situ nD were performed to determine the hydrogen desorption properties. TDS 

was carried out using a homemade instrument with a quadrupole mass spectrometer QMS, as 

described previously 32. The procedure consisted of loading about 10 mg of the hydride sample 

into the sample holder, then connecting it to the quadrupole mass spectrometer working under 

secondary vacuum (~1x10-6 mbar) and the desorption profile was recorded by heating the sample 

at a constant rate of 5 °C/min up to 450 °C. In situ SR-XRD experiments during hydrogen 

desorption at the Cristal beamline of the SOLEIL facility (λ= 0.67156 Å) using quartz capillaries 

with 1.2 mm diameter were carried out by applying a constant heating ramp with 2 °C/min from 
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25 °C up to 450 °C under dynamic secondary vacuum. To reduce the X-ray absorbance, the 

powdered samples were mixed with fumed silica at a mass ratio of 1:2, respectively, and the 

patterns were recorded every 4 °C in the scanning range from 10 to 60 2θ (°). In addition, in situ 

nD was performed on the D1B beamline (λ=1.28 Å) at the ILL. Deuterated samples were placed 

inside a silica tube connected to a vacuum equipment (about 10-5 mbar). Acquisitions were made 

with a constant heating rate of 1 °C/min applied up to 450 °C and an acquisition range from 0.77 

to 128.8 2θ (°) 31. Also, the pressure of the desorbed gas during deuterium desorption was recorded. 

The lattice parameters of different phases were determined from XRD, ex situ SR-XRD, in situ 

SR-XRD and ex situ nD patterns using the Rietveld analysis implemented in Fullprof refinement 

software (Thompson-Cox-Hastings pseudo-Voigt function for the peak shape). Densities were 

calculated using the mass and volume of the unit cell with the corresponding lattice parameters as 

determined by XRD and the molar mass of each composition. 

For comparison purposes, previous results for the composition Al0.05(TiVNb)0.95 will be included 

or mentioned (e.g., lattice parameter, physicochemical and empirical parameters, capacity, 

kinetics, thermodynamics, TDS, SR-XRD) 24. 

 

3. RESULTS AND DISCUSSION 

3.1 Synthesis and microstructure of the pristine alloys 

The novel HEA compositions Al0.05(TiVNb)0.95-xMox (x = 0.05, 0.10) were successfully 

synthesized by high-temperature arc melting. They crystallize in a single-phase bcc type structure 

(Im3̅m) as shown by XRD in Figure 1a. This agrees with previous works on HEAs with the same 

elements such as Al0.05TiVNbMo 33, AlTiVNbMo 34 and Al0.10Ti0.40V0.20Nb0.20Mo0.10 
35. The bcc 

lattice parameters listed in Table 1 were obtained from Rietveld analysis, demonstrating a good fit 
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for the single-phase solid solutions (Figure SI1 of the supplementary information (SI)). A linear 

decrease in the lattice parameters is observed with increasing Mo content (Figure 1b), in line with 

the shift of the diffraction peaks towards higher 2θ angles (°). This trend can be explained by the 

decrease in the average atomic radius by Mo addition (rTi = 1.46 Å > rAl = 1.43 Å > rNb = 1.43 Å 

> rMo = 1.36 Å > rV = 1.32 Å 36). Similar volume contraction with Mo addition has been reported 

elsewhere, e.g.,  for the Ti0.30V0.25Zr0.10Nb0.25Mo0.10 
29 and Ti0.20Zr0.20Hf0.20Mo0.40 

26. Additionally, 

the formation of the bcc structure in Al0.05(TiVNb)0.95-xMox (x = 0.05, 0.10) can be explained by 

the stabilizing effect of Mo, Nb and V on the bcc-phase when alloyed with Ti (hcp-Ti at RT and 

bcc-Ti in the molten state above 832 °C) as reported for some traditional bcc alloys 25,37 and HEAs 

26. Also, Al acts as a bcc stabilizer as was earlier proven for similar compositions AlxNbTiMoV 

33.  
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Figure 1. (a) XRD patterns (λ = 1.5406Å) of Al0.05(TiVNb)0.95-xMox (x = 0 24, 0.05, 0.10). (b) bcc 

lattice parameters as a function of Mo content. 

Empirical parameters for predicting HEA phase stability, such as lattice distortion (δ) and VEC, 

were calculated as described by Miracle and Senkov 36 and are listed in Table 1 together with the 

experimental values of density (g/cm3) and bcc lattice parameters. All compositions have nearly 

identical values (δ and VEC) in the range where single-phase bcc solid solutions are expected (δ 
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< 6.6% 11 and VEC < 6.87 13), as experimentally corroborated by the XRD patterns. The bulk 

density parameter (ρ) increases slightly from 6.3 to 6.6 g/cm3 with Mo content due to its heavier 

weight compared to the other elements. Since their density is below 7.1 g/cm3, they can be 

considered as “lightweight” refractory HEAs based on the criteria defined elsewhere 38 as well as 

for the equimolar AlTiVNbMo 34
 and for Ti40Al10V20Nb20Mo10

35. 

 

Table 1. Physicochemical parameters (molar mass and bulk density), empirical parameters (δ and 

VEC) and lattice parameters of the as-cast Al0.05(TiVNb)0.95-x (x=0 24, 0.05, 0.10) alloys. 

Composition 

Molar 

mass 

(g/mol) 

ρ 

(g/cm3) 

δ 

(%) 
VEC 

Lattice 

parameter 

(Å) 

Reference 

Al0.05(TiVNb)0.95 62.1 6.3 4.3 4.6 3.203 (1) 24 

Al0.05(TiVNb)0.90Mo0.05 63.7 6.4 4.3 4.7 3.201 (1) 
Present 

work 

Al0.05(TiVNb)0.85Mo0.10 65.3 6.6 4.2 4.7 3.199 (1) 
Present 

work 

 

Chemical mapping and elemental analysis of the microstructure of the as-cast materials analyzed 

by SEM-EDX, are shown in Figure 2 and Table 2, respectively. The dendrites with high brightness 

intensity correlate to the presence of Nb and Mo, while the interdendrite zones are mainly 

dominated by Al/Ti/V. Despite this microstructure, Table 2 shows that the average chemical 

composition is in good agreement with the nominal one. These small chemical modulations are 

common in HEAs and have been attributed to the alloying element partitioning in the solid/liquid 

phase interface during the solidification process. Slow cooling rates typical for arc melting mostly 

favor the formation of dendrites and the elements that enrich these dendritic areas are the ones 



 11 

with the highest melting points 33,39,40. The highest melting points of the constituent elements in 

these compositions are Mo and Nb (2622 °C for Mo > 2477 °C for Nb > 1910 °C for V > 1670 °C 

for Ti > 660 °C for Al 30), in line with their tendency to be found in dendritic areas. Similarly, 

AlxNbTiMoV has dendrites enriched with Mo/Nb due to their higher melting points, while the 

interdendrites are enriched with Al/Ti due to their more negative enthalpy of mixing and lower 

melting points 33. Therefore, XRD and SEM-EDX confirm the formation of a single-phase bcc 

solid solution for Al0.05(TiVNb)0.95-xMox (x=0.05, 0.10) with chemical composition close to the 

nominal one. 

 

 

Figure 2. (a) XRD SEM-EDX chemical mapping of the as-cast (a) Al0.05(TiVNb)0.90Mo0.05 and 

(b) Al0.05(TiVNb)0.85Mo0.10. 
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Table 2. EDX elemental analysis of the as-cast Al0.05(TiVNb)0.95-xMox (x=0.05, 0.10). 

Composition Element 
Nominal 

(at. %) 

Overall 

average 

(at. %) 

Dendritic 

zone (at. %) 

Interdendritic 

zone (at. %) 

Al0.05(TiVNb)0.90Mo0.05 

Al (K) 5 4.9 (0.3) 4.8 (0.3) 4.9 (0.2) 

Ti (K) 30 29.8 (0.9) 29.1 (0.7) 30 (0.9) 

V (K) 30 29.6 (0.9) 29 (1.2) 29.7 (0.8) 

Nb (L) 30 31.1 (1.4) 31.5 (1.8) 31.1 (1.3) 

Mo (L) 5 4.6 (0.6) 5.6 (0.3) 4.3 (0.4) 

Al0.05(TiVNb)0.85Mo0.10 

Al (K) 5 4.1 (0.4) 4.1 (0.3) 4.1 (0.4) 

Ti (K) 28.4 29 (0.7) 28.8 (0.5) 29.1 (0.7) 

V (K) 28.3 28.8 (0.7) 28.1 (0.6) 29 (0.6) 

Nb (L) 28.3 28.5 (0.6) 28.7 (0.5) 28.4 (0.6) 

Mo (L) 10 9.6 (0.5) 10.3 (0.2) 9.4 (0.4) 

 

3.2 Hydrogen absorption kinetics and hydride structure 

Prior to hydrogenation, the samples were activated to remove the surface contamination of 

alloys, which is often passivated with different contaminants 41. The hydrogenation of the activated 

compositions Al0.05(TiVNb)0.95-xMox (x=0.05, 0.10) was carried out in a single aliquot of hydrogen 

under 25 °C with a final equilibrium pressure around 36±1 bar. The kinetics (Figure 3) showed a 

rapid absorption of hydrogen with a maximum capacity of 1.78 and 1.79 H/M for x = 0.05, 0.10, 

respectively, which is slightly smaller but very close to 1.8 H/M for x = 0 (Al0.05(TiVNb)0.95) 
24.  

Overall, the Mo has a positive impact on the kinetics decreasing the time to reach maximum 

uptake, especially for the highest Mo content.  

The structural analysis of the hydrides is displayed in Figure SI2 with the respective Rietveld 

analysis, showing the formation of fcc dihydride for Al0.05(TiVNb)0.90Mo0.05H1.78 (Figure SI2a) 
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with a lattice parameter of 4.408 (1) Å (Table 3). On the contrary, Al0.05(TiVNb)0.85Mo0.10H1.79 

(Figure SI2b) displays a mixture of a fcc dihydride with a lattice parameter of 4.395 (1) Å (Table 

3) and a small amount of bcc phase (15% phase fraction, Table 3) that could be considered as a 

monohydride with higher lattice parameter (3.335(1) Å, Table 3) than the as-cast material (Table 

1).  
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Figure 3. Kinetics of absorption at 25 °C under 36±1 bar of H2 for Al0.05(TiVNb)0.95-xMox (x=0 24, 

0.05, 0.10).  

The gravimetric hydrogen storage capacities for Al0.05(TiVNb)0.95-xMox (x=0.05, 0.10) (2.79 

wt.% and 2.75 wt.%, respectively) are slightly smaller than 2.9 wt.% obtained for Al0.05(TiVNb)0.95 

24 due to the addition of Mo which is the heaviest element among all components. However, these 

values are close to the highest capacities reported for lightweight HEAs/MPEAs materials such as, 

Ti0.30V0.25Zr0.10Nb0.25Al0.10 (2.6 wt.%) 23, Al0.05(TiVNb)0.95 (2.96 wt.%) 24, 

Ti0.30V0.25Zr0.10Nb0.25Mg0.10 (2.7 wt.%) 22, and Mg35Al15Ti25V10Zn15 (2.5 wt.%) 21. Moreover, the 

compositions reported in this work have higher gravimetric capacity that other refractory HEAs 

such as, Ti0.325V0.275Zr0.125Nb0.275 (2.5 wt.%) 28, TiVZrNbMo (2.3 wt.%) 42, TiHfZrNb1-xV1+x (≃2 

wt.%) 43 and Ti0.30V0.25Zr0.10Nb0.25Ta0.10 (2.5 wt.%) 44. An increase in gravimetric capacity by Mo 
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addition has also been reported in Ti0.30V0.25Zr0.10Nb0.25Mo0.10 (2.8 wt. %) 29 and in 

Ti0.20Zr0.20Hf0.20Mo0.10Nb0.30 (1.54 wt.%) 26, while higher Mo content typically decreases the 

gravimetric capacity, as observed in Ti0.20Zr0.20Hf0.20Mo0.40 (0.92 wt.%) 
26 and in equimolar 

TiZrHfMoNb (1.18 wt.%) 45. In our work, the gravimetric capacity declines as Mo content 

increases because it is not fully hydrogenated under the present conditions i.e, under around 36±1 

at room temperature (as shown in Figure SI2b). 

Subsequently, the structural properties of the deuterides were analyzed by ex situ neutron 

diffraction (nD) for Al0.05(TiVNb)0.90Mo0.05D1.77 and Al0.05(TiVNb)0.85Mo0.10D1.79 in Figures 4a 

and b together with their respective Rietveld fitting. The use of deuterium isotope instead of 

hydrogen for the structural analysis by nD is intended to reduce the hydrogen incoherent neutron 

scattering cross section and to avoid a high level of background 46. Moreover, due to its relatively 

large coherent scattering length (+ 6.67 fm) as compared to the present alloys, deuterium can be 

localized in the interstitial sites of the hydride phase by nD. For comparison, the nD pattern for 

Al0.05(TiVNb)0.95D1.81 is plotted in Figure SI3. The analysis of nD diffraction patterns revels a good 

fit for a single-phase fcc (CaF2-type, Fm3̅m) with a decreasing lattice parameter (from 

afcc=4.371(1) Å to afcc=4.358(1) Å) with increasing Mo content (Table 3). Deuterium atoms were, 

however, located in the tetrahedral interstitial sites of the fcc structure, in agreement with previous 

studies on TiVNb 17, Ti0.30V0.25Zr0.10Nb0.25Ta0.10 
44, and TiZrHfMoNb 45 where the hydrogenation 

process induces a similar phase transformation from an initial bcc lattice to the fcc dihydride phase. 

The bcc deuterated phase in Al0.05(TiVNb)0.85Mo0.10D1.79 is not visible by nD but can be noticed in 

the XRD pattern as shown in Figure SI2b. This is due to the small coherent neutron scattering 

cross section of the metallic constituents and possibly a disorder of deuterium occupancy in the 

intermediate bcc phase.  
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Figure 4. Ex situ powder nD patterns (D1B at ILL, λ=1.28 Å) of fully deuterated samples, 

corresponding Rietveld refinement analysis and lattice parameter, (a) Al0.05(TiVNb)0.90Mo0.05D1.77 

and (b) Al0.05(TiVNb)0.85Mo0.10D1.79. 

 

Table 3. Structural parameters of the fcc deuterides as determined by Rietveld analysis of ex situ 

nD (λ=1.28 Å) and fcc hydrides obtained by Rietveld analysis of XRD. 

Composition Form Phase 
Space 

group 

Lattice 

parameter 

(Å) 

Phase 

fraction 

(%) 

Reference 

Al0.05(TiVNb)0.95H1.84 hydride fcc Fm-3m 4.418 (1) 100 24 

Al0.05(TiVNb)0.95D1.81 deuteride fcc Fm-3m 4.383 (1) 100 
Present 

work 

Al0.05(TiVNb)0.90Mo0.05H1.78 hydride fcc Fm-3m 4.408 (1) 100 
Present 

work 

Al0.05(TiVNb)0.90Mo0.05D1.77 deuteride fcc Fm-3m 4.371 (1) 100 
Present 

work 

Al0.05(TiVNb)0.85Mo0.10H1.79 hydride 
fcc 

bcc 

Fm-3m 

Im-3m 

4.395 (1) 

3.335 (1) 

85 

15 

Present 

work 

Al0.05(TiVNb)0.85Mo0.10D1.79 deuteride fcc Fm-3m 4.358 (1) 100 
Present 

work 

 



 16 

3.3 Data-driven models of hydride reaction enthalpy 

Trained on experimental metal hydride thermodynamic data and accompanied by experimental 

validation, data-driven models can qualitatively and quantitatively predict the effects of alloy 

composition tuning on hydride reaction enthalpies 16,47–49. Because the accuracy of such methods 

are typically improved by including more training data, we created the ML-ready HydPARK 

Zenodo repository 50 which we continually update as more experimental data becomes available. 

For this study we released v0.0.5 of the ML-ready HydPARK database, which augments v0.0.4 

with the comprehensive AB2 metal hydride thermodynamic data recently presented in Ref. 51. 

Gradient boosting tree models were trained to predict the enthalpy of the hydriding reaction, ΔH, 

using the identical strategy described in Ref. 16, with scripts to reproduce them provided here 

(https://github.com/mwitman1/HEAhydrideMLv2). Figure 5 shows the K=10-fold cross-

validation test set predictions for ΔH, (left column), the training data distribution and MAE of 

these test set predictions as a function of true experimental value (middle column), and the SHapely 

Addititve Prediction (SHAP) values (right column) for models trained on v0.0.4 of the database 

(top row) vs. v0.0.5 of the database (bottom row). The test set MAE, averaged across all K-folds, 

decreases notably between v0.0.4 (5.4 kJ/mol H2) and v0.0.5 (4.2 kJ/mol H2). Figure 5 (middle 

column) reveals that while the additional ~300 hydrides added in v0.0.5 do not substantially 

improve the data imbalance of the training set, v0.0.5 does improve the representation of low ΔH 

hydrides in the training data. Therefore, the bulk of this MAE reduction occurs in the prediction 

of low ΔH hydrides. Finally, the SHAP analyses in Figure 5 (right column) are qualitatively 

consistent between v0.0.4 and v0.0.5 models. Denoting a composition-weighted mean property 

as  �̅� = ∑𝑥𝑖𝑝𝑖 (𝑥𝑖 = composition fraction of element 𝑖 and 𝑝𝑖 = elemental property of 𝑖), the v0.0.5 

model’s predictions retain the largest feature dependence on the mean volume per atom (𝑝 = �̅�𝑝𝑎). 

https://github.com/mwitman1/HEAhydrideMLv2
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Secondary structure-property relationships depending on space group number (𝑝 = SG̅̅̅̅ #), the 

Pauling electronegativity (𝑝 = χ̅), binary hydride formation enthalpy (𝑝 = Δ�̅�𝑏), and melting 

temperature (𝑝 = �̅�𝑚) remain similar. This indicates that the model-elucidated composition-

property relationships that determine hydriding thermodynamics have not undergone significant 

qualitative change with the additional training data, but have been quantitatively refined. These 

models can subsequently be used to predict the destabilizing effect of Mo addition on the 

Al0.05(TiVNb)0.95 (Table 4). 

 

 

Figure 5. Validation of the hydride reaction enthalpy model trained on v0.0.4 (top row) vs.  v0.0.5 

(bottom row) of the ML-ready HydPARK database. The K=10-fold cross-validation test set 

predictions for predicting ΔH (left column), the MAE of these test set predictions as a function of 

the true experimental value (middle column), and the SHapely Addititve Prediction (SHAP) values 

(right column) are shown. 
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3.4 Thermodynamics of hydrogen absorption and desorption 

The hydrogen absorption PCI curves were constructed using a Sievert’s apparatus at different 

temperatures for the compositions Al0.05(TiVNb)0.90Mo0.05 (Figure 6a) and Al0.05(TiVNb)0.85Mo0.10 

(Figure 6b). The absorption PCIs for Al0.05(TiVNb)0.95 have been previously reported 24 and the 

thermodynamic parameters obtained (ΔHabs and ΔSabs ) will be included in the discussion. Both 

new compositions show a two-step reaction with hydrogen : the first one forms a monohydride 

phase with maximum 0.9 H/M at equilibrium pressures below the detection limits of the pressure 

transducer (<10-2 bar), while the second reaction is related to the formation of the dihydride phase 

at higher equilibrium pressure that increases as a function of the temperature. These results are in 

good agreement with the observed two-step transition (first-order phase transition), from bcc ↔ 

bcc monohydride ↔ fcc dihydride, as shown for both TiVNb and Al0.05(TiVNb)0.95 
24, but also for 

other conventional bcc alloys 52–54 and HEAs 18,24,55–57. The maximum capacity values from the 

PCIs at 25 °C for Al0.05(TiVNb)0.90Mo0.05 and Al0.05(TiVNb)0.85Mo0.10 are 1.78 H/M (2.79 wt.%) 

and 1.79 H/M (2.75 wt.%), respectively; these values agree well with the absorption kinetics 

experiments. 

The addition of Al/Mo in our system reduces the slope of the plateaus observed for the ternary 

TiVNb alloy 56 which affords the appropriate application of vanˈt Hoff approach. Thermodynamic 

values for the second phase transition were obtained (Figure 6c) and are compared with those of 

Al0.05(TiVNb)0.95 
24 and other similar compositions based on TiVNb  in Table 4. The addition of 

5-10 at.% Al in the TiVNb system destabilizes the hydride phase, while much larger amounts of 

Cr must be added to TiVNb (25-35 at.% Cr 58, 59) to achieve the same effect. Use of Al/Cr in equal 

proportions in (TiVNb)100-x(CrAl)x can even further destabilize the dihydride phase 27. Here we 

have demonstrated that the addition of small amounts of Mo (5-10 at.%) can more substantially 
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destabilize the hydride formation, with one of the smallest values reported for the enthalpy of 

hydride formation for Al0.05(TiVNb)0.85Mo0.10 (ΔHabs= -37(±1) kJ/mol H2). The trend in hydride 

destabilization as a function of Mo addition is qualitatively and quantitatively captured by gradient 

boosting tree ML model predictions (Figure 6d), once again confirming its utility for a priori, 

rational design of HEA hydrides with targeted thermodynamic properties 16,47–49.  

The well-known Miedema rule of reversed stability predicts that less stable alloys form more 

stable hydrides and vice versa 60. Previous reports put forward that the addition of Al in refractory 

HEAs stabilizes the bcc lattice and inhibits the formation of intermetallic secondary phases 33,61,62. 

According to Hume-Rothery rules, Mo is also considered an element promoting bcc phase in HEAs 

63. Consequently, it might be considered that the present compositions have high bcc phase stability 

which may be responsible for the less stable hydrides, according to Miedema rule 64,65. Applying 

the van’t Hoff equation (ln 𝑃𝑒𝑞 = − ∆𝐻0 𝑅𝑇⁄ + ∆𝑆0 𝑅⁄ ) to the PCI data shown in Figure SI4a, b, 

we obtained the corresponding vanˈt Hoff plot for desorption (Figure SI4c). For 

Al0.05(TiVNb)0.90Mo0.05 we obtain ΔHdes = 58(±4.5) kJ/mol H2 and ΔSdes = 152(±12) J/(K mol H2), 

while for Al0.05(TiVNb)0.85Mo0.10 we obtain ΔHdes = 47(±1.3) kJ/mol H2 and ΔSdes = 137(±4) J/K 

mol H2. Moreover, the experimental entropy loss values are close to the expected entropy of free 

H2 gas (~130 J/(K mol H2)). 

Along with Miedema rule of reversed stability, other possible explanations may be invoked to 

clarify the observed thermodynamic destabilization such as, steric effects due to reduced lattice 

parameters by Mo addition or repulsive interactions between H and both non-hydride forming 

elements, Al and Mo 66.  
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Figure 6. PCIs at different temperatures of (a) Al0.05(TiVNb)0.90Mo0.05 and (b) 

Al0.05(TiVNb)0.85Mo0.10. (c) vanˈt Hoff plots for Al0.05(TiVNb)0.95-xMox (x=0,0.05,0.10). (d) 

Comparison of ΔHabs between experimental data and predicted data from the ML model for 

Al5(TiVNb)95-xMox (x=0, 5, 10 at. %). 
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Table 4. Thermodynamic properties of dihydride formation for Al0.05(TiVNb)0.90Mo0.05 and 

Al0.05(TiVNb)0.85Mo0.10 together with compositions (TiVNb-base) with measurable data for 

comparison. For the present work: experimental data (exp.) and machine learning predicted data 

(ML). 

Composition ΔHabs (kJ/mol H2) ΔSabs (J/(K mol H2)) Reference 

Al0.10(TiVNb)0.80Cr0.10 -34 -130 27 

Al0.05(TiVNb)0.85Mo0.10 -37 (±1) exp., -39.7 ML -125 (±3) Present work 

(TiVNb)0.75Cr0.35 -39 -134 59 

Al0.05(TiVNb)0.90Mo0.05 -45 (±1) exp., -50.90 ML -139 (±1.5) Present work 

Al0.10(TiVNb)0.90 -48.6 -154 56 

Al0.05(TiVNb)0.90Cr0.05 -49 -139 27 

TiVCrNb -51.6 -129.3 58 

Al0.05(TiVNb)0.95 -52 exp., -55.3 ML -141 24 

TiV0.5ZrNbHf -59.1 -87.4 17 

TiVZrNbHf -61.8 -88 17 

TiVNb -67 -157 56 

(TiVNb)0.85Cr0.15 -67 -172 67 

TiVZrNb -67.6 -90.3 17 

Ti0.30V0.25Cr0.10Zr0.10Nb0.25 -75 -161 55 

 

3.5 Hydrogen desorption-induced phase change characterization 

To investigate the phase transformation during desorption, the deuterides Al0.05(TiVNb)0.95D1.81, 

Al0.05(TiVNb)0.90Mo0.05D1.77 and Al0.05(TiVNb)0.85Mo0.10D1.79 were prepared. In situ neutron 

thermo-diffractogram during deuterium desorption along with the vacuum pressure readings are 

shown in Figure SI5 and Figure 7a-b, respectively. The in situ nD of Al0.05(TiVNb)0.90Mo0.05D1.77 
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(Figure 7a) shows the stability of the initial fcc phase (marked with ♥) up to around 97 °C which 

corresponds to the onset temperature (Tonset) in the pressure reading profile. At about 129 °C the 

intensity of the diffraction peaks starts to decrease, and we observe the first event in the desorption 

profile. Above 129 °C, the bcc phase (marked with ♣) is noticed with a weak intensity due to low 

neutron scattering cross-section of the alloy without deuterium, as previously reported 17. At 217 

°C, the fcc signal fades and a second desorption event is observed in the pressure reading. Above 

217 °C only the presence of the desorbed bcc phase is visible which shifts towards higher 2θ (°) 

due to the shrinking of the lattice upon desorption. Likewise, the in situ thermo-diffractogram of 

Al0.05(TiVNb)0.85Mo0.10D1.79 in Figure 7b shows the same qualitative structural evolution upon 

deuterium desorption. At 127 °C the bcc desorbed phase (♣) appears and around 181 °C the fcc 

phase (♥) completely disappears indicating the second event in the pressure reading profile. This 

reveals that the addition of Mo shifts the desorption events to lower temperatures compared to 

Al0.05(TiVNb)0.95D1.81 which shows a Tonset at 107 °C and the disappearance of the fcc phase at 

about 227 °C (Figure SI5). The results are in good agreement with the previously demonstrated 

thermodynamic destabilization of the dihydride phase with increasing Mo content. However, we 

only observe a phase transition from the fcc phase to the fully-desorbed bcc alloy phase. The 

deuterated bcc phase (∼1 D/M) cannot be detected by in situ nD due to low neutron scattering 

cross-section of the alloy and possible deuterium disorder as hypothesized above. Thus, the 

thermal evolution of bcc-phase could not be qualitatively determined y in situ nD. 
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Figure 7. In situ nD thermo-diffractograms (λ= 1.28 Å) of fully deuterated samples (a) 

Al0.05(TiVNb)0.90Mo0.05D1.77 and (b) Al0.05(TiVNb)0.85Mo0.10D1.79. The heating rate is 1 °C/min.  

For additional phase transition characterization, full hydrides of Al0.05(TiVNb)0.90Mo0.05 and 

Al0.05(TiVNb)0.85Mo0.10 were investigated by TDS and in situ SR-XRD. First, TDS analysis shows 

a shift of Tonset with increasing Mo content from 174 °C to 116 °C, respectively (Figure SI6a and 

b), confirming that Mo at 10 at. % drastically decreases the desorption onset temperature. The bcc 

 fcc structural reversibility is an important feature, therefore the crystalline structure after 

desorption performed by TDS was analyzed by XRD. The XRD patterns along with the Rietveld 

refinement analysis confirmed the complete desorption and recovery of the single bcc-phase 

(Figures SI7a and SI7b). The lattice parameters after desorption of Al0.05(TiVNb)0.90Mo0.05 and 

Al0.05(TiVNb)0.85Mo0.10 are abcc=3.203(1) Å and abcc=3.195(1) Å, respectively. Consequently, 

these lattice parameters are close to those obtained from the as-cast materials (Table 1), confirming 

reversible hydrogen uptake and release.  

Additional in situ SR-XRD experiments (heating ramp of 2 °C/min) were performed starting 

from full hydrides to better study the phase transformations and try to identify the different 

desorption steps. The thermo-diffractograms of Al0.05(TiVNb)0.90Mo0.05H1.78 and 

Al0.05(TiVNb)0.85Mo0.10H1.79 are shown in Figures 8a and 8b, respectively. The lattice parameters 

and phase fractions calculated from Rietveld refinements of in situ SR-XRD patterns as function 
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of temperature are shown in the middle and on the right of Figures 8a and 8b, respectively, and 

also listed in Table SI1. The SR-XRD patterns of the initial dihydrides and final phases recorded 

at 25 °C are shown in Figure SI8a-d.  

 

 

Figure 8. In situ SR-XRD thermo-diffractograms (λ= 0.67156 Å) of the hydrides (a) 

Al0.05(TiVNb)0.90Mo0.05H1.78 and (b) Al0.05(TiVNb)0.85Mo0.10H1.79 during desorption from 50 °C to 

450 °C (2 °C/min) under secondary vacuum. Thermal evolution from fcc to bcc lattice parameters 

and thermal evolution of the phase fractions of the hydrides (on the right). Evolution of fcc phase 

(marked with ♥) towards bcc (marked with♣). 
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The Al0.05(TiVNb)0.90Mo0.05H1.78 initial fcc phase (marked with ♥, Figure 8a) is stable in the 

range of 25 - 200 °C with a lattice parameter around 4.410(1) Å (Table SI1). Above this 

temperature the fcc phase starts to desorb hydrogen and the formation of the bcc phase is observed 

(marked with ♣, Figure 8a). This temperature is near the Tonset from the TDS profile (174 °C, 

Figure SI6a) with a small difference due to the different experimental conditions (heating ramps, 

vacuum environments). Notably, there is a coexistence of the fcc and the recovered bcc phases 

from 230 °C up to around 300 °C, with the lattice parameters of both phases steadily decreasing 

(Table SI1, Figure 8a on the right). From 320 °C the fcc phase vanishes and only the bcc component 

is present with a lattice parameter progressively decreasing from 3.277(1) Å to 3.216(1) Å at 450 

°C (Table SI1, Figure 8a on the right). The lattice parameter of the bcc phase at 450 °C (3.216(1) 

Å) is larger than at 25 °C (3.206(1) Å, Table SI1) which can be attributed to thermal expansion. 

Upon cooling to 25 °C, this lattice parameter of the bcc desorbed phase (3.206(1) Å) is close that 

of the as-cast material (3.201(1) Å, Table 1). These results suggest complete desorption and 

reversibility of the alloy. The constant decrease of the bcc lattice parameter above 230 °C indicates 

that high temperatures are needed to desorb hydrogen from the monohydride phase.  

Similarly, the in situ SR-XRD profile from Al0.05(TiVNb)0.85Mo0.10 H1.79 showed a progressive 

recovery of the bcc phase with the disappearance of the fcc component. Initially, the dihydride fcc 

phase (marked with ♥, Figure 8b) coexists with a minor bcc phase (marked with ♣, Figure 8b). In 

the temperature range 25 – 170 °C, a slight increase of both lattice parameters is observed due to 

thermal expansion from afcc = 4.398(1) to afcc = 4.401(1) Å, and from abcc = 3.330(1) to 

abcc=3.336(1) Å (Figure 8b on the right and Table SI1), respectively. At 180 °C, both phases start 

to desorb hydrogen with a decrease in the lattice parameter values. From 200 °C to 229 °C, the 

lattice parameters remain constant (Figure 8b on the right and Table SI1). However, the fcc phase 
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fraction decreases (from 88 to 65%) and the bcc phase fraction increases (from 12 to 35%). This 

corresponds to the phase transition during temperature increase with lattice shrinkage due to 

hydrogen desorption and thermal expansion occurring simultaneously in this temperature range 

(Figure 8b on the right, Table SI1). The two phases then coexist in almost equal proportions until 

a temperature of 238 °C is reached. Above this temperature, the fcc fraction decreases significantly 

while bcc fraction increases until 280 °C (Figure 8b on the right and Table SI1). A decrease in 

both lattice parameters from afcc=4.394(1) to afcc = 4.382(1) Å and from abcc = 3.319(1) to abcc = 

3.303(1) Å is also observed (Figure 8b on the right and Table SI1). Above 300 °C, only the bcc 

phase is present, with a sharp decrease in the lattice parameter from 3.285(1) at 300 °C to 3.221(1) 

Å at 350 °C (Figure 8b on the right and Table SI1). In Figure 8b a more pronounced shift of the 

bcc phase towards higher 2θ (°) can be observed. Finally, from 364 °C up to 450 °C there is a 

smooth decline of the lattice parameters from 3.214(1) to 3.206(1) Å (Figure 8b on the right and 

Table SI1). The bcc lattice parameter at 450 °C (3.206(1) Å, Table SI1) is larger than the as-cast 

(3.199(1) Å, Table 1) due to thermal expansion, while the lattice parameter at 25 °C (3.196(1) Å, 

Table SI1) is close to that of the as-cast material (3.199(1) Å, Table 1). In other words, complete 

desorption has been achieved under in situ SR-XRD conditions with a complete recovery of the 

bcc phase. However, only one phase transition from fcc/fcc+bcc to bcc phase is discernible under 

these conditions, similar to the behavior of the Al0.05(TiVNb)0.90Mo0.05 composition. These 

experiments clearly demonstrate that Mo addition results in a decrease in the temperature required 

to desorb hydrogen. Moreover, these results are in good agreement with both experimental and 

predicted thermodynamic values by data-driven models. Increasing Mo up to 10 at.% destabilizes 

the hydride so that desorption in the Al0.05(TiVNb)0.85Mo0.10  composition occurs at lower 
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temperatures. A similar decrease in the temperature of H2 desorption was previously reported for 

T0.325V0.275Zr0.125Nb0.275 
29 and Ti0.20Zr0.20Hf0.20Nb0.40 phases 26 with increasing Mo content. 

 

4. CONCLUSIONS 

In the search for destabilized but high-capacity hydrides based on HEAs, we investigated the 

effect of Mo addition on the phase, microstructure, and hydrogen storage properties of 

Al0.05(TiVNb)0.95. The Al0.05(TiVNb)0.95-xMox (x=0.05, 0.10) alloys crystallize in a bcc lattice with 

a decreasing lattice parameter with increasing Mo content and a dendritic microstructure typical 

of refractory HEAs synthetized by arc melting. Dihydride formation occurs via a two-step reaction 

observed in the PCI experiments, which is typical for bcc alloys and the Al0.05(TiVNb)0.95 alloy. 

The maximum capacity  gravimetric slightly decreases by Mo addition due to its heavy nature  

Equilibrium plateau pressures increase with the addition of Mo (i.e., thermodynamic 

destabilization of the hydride), a trend which is qualitatively and quantitatively consistent with 

data-driven models for metal hydride thermodynamics. A hydride formation enthalpy (ΔHabs) of -

37±1 kJ/mol H2 and a hydride desorption enthalpy (ΔHdes) of 47(±1.3) kJ/mol H2 were obtained in 

Al0.05(TiVNb)0.85Mo0.10. Ex situ neutron diffraction reveals deuterium localization at the 

tetrahedral sites of the fcc phase via deuterium absorption. The shift to lower desorption 

temperatures with increasing Mo content was further demonstrated by in situ Synchrotron-X-ray 

diffraction/neutron diffraction and thermo-desorption spectroscopy experiments. After desorption, 

the bcc phase is completely recovered with lattice parameters similar to the as-cast materials. 

Therefore, the simultaneous addition of non-forming hydrides such as Al and Mo to refractory 

HEAs in limited amounts can greatly improve the hydride thermodynamics without capacity loss. 
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These findings provide an important addition to the toolkit of strategies available for the design of 

high-entropy hydrides targeted for specific hydrogen use cases. 

 

 

Supporting Information  

Figure SI1. XRD patterns (λ = 1.5406 Å) and corresponding Rietveld refinement analysis for 

pristine alloys (a) Al0.05(TiVNb)0.90Mo0.05 and (b) Al0.05(TiVNb)0.85Mo0.10. Figure SI2. XRD 

patterns (λ= 1.5406 Å) and corresponding Rietveld refinement analysis for hydrides (a) 

Al0.05(TiVNb)0.90Mo0.05H1.78 and (b) Al0.05(TiVNb)0.85Mo0.10H1.79. Figure SI3. Ex situ powder nD 

pattern (λ=1.28 Å) of fully deuterated Al0.05(TiVNb)0.95D1.81, corresponding Rietveld refinement 

analysis and lattice parameter. Figure SI4. PCIs of desorption at different temperatures of (a) 

Al0.05(TiVNb)0.90Mo0.05 and (b) Al0.05(TiVNb)0.85Mo0.10 with a range from 75 °C to 125 °C and 50 

°C to 80 °C, respectively. (c) Vanˈt Hoff plots for Al0.05(TiVNb)0.95-xMox (x=0.05,0.10). Figure 

SI5. In situ nD thermo-diffractogram (λ= 1.28 Å) of fully deuterated sample Al0.05(TiVNb)0.95D1.81. 

Figure SI6. TDS profiles for (a) Al0.05(TiVNb)0.90Mo0.05 hydride and (b) Al0.05(TiVNb)0.85Mo0.10 

hydride, heating ramp 5 °C/min. Figure SI7. XRD patterns (λ = 1.5406 Å) and corresponding 

Rietveld refinement analysis for (a) Al0.05(TiVNb)0.90Mo0.05 and (b) Al0.05(TiVNb)0.85Mo0.10 after 

TDS desorption. Figure SI8. In situ SR-XRD pattern during desorption (λ= 0.67156 Å) and the 

corresponding Rietveld refinement analysis for the (a) Al0.05(TiVNb)0.90Mo0.05 hydride, (b) 

desorbed Al0.05(TiVNb)0.90Mo0.05, (c) Al0.05(TiVNb)0.85Mo0.10 hydride and (d) desorbed 

Al0.05(TiVNb)0.85Mo0.10, everything at 25 °C. Table SI1. Lattice parameters of the 

Al0.05(TiVNb)0.95-xMox (x=0.05,0.10) alloys from in situ SR-XRD. 
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Figure SI1. XRD patterns (λ = 1.5406 Å) and corresponding Rietveld refinement analysis for 

pristine alloys (a) Al0.05(TiVNb)0.90Mo0.05 and (b) Al0.05(TiVNb)0.85Mo0.10. 

Figure SI2. XRD patterns (λ = 1.5406 Å) and corresponding Rietveld refinement analysis for 

hydrides (a) Al0.05(TiVNb)0.90Mo0.05H1.78 and (b) Al0.05(TiVNb)0.85Mo0.10H1.79. 

Figure SI3. Ex situ powder nD pattern (λ=1.28 Å) of fully deuterated Al0.05(TiVNb)0.95D1.81, 

corresponding Rietveld refinement analysis and lattice parameter. 

Figure SI4. PCIs of desorption at different temperatures of (a) Al0.05(TiVNb)0.90Mo0.05 and (b) 

Al0.05(TiVNb)0.85Mo0.10 with a range from 75 °C to 125 °C and 50 °C to 80 °C, respectively. (c) 

Vanˈt Hoff plots for Al0.05(TiVNb)0.95-xMox (x=0.05,0.10). 

Figure SI5. In situ nD thermo-diffractogram (λ= 1.28 Å) of fully deuterated sample 

Al0.05(TiVNb)0.95D1.81. 

Figure SI6. TDS profiles for (a) Al0.05(TiVNb)0.90Mo0.05 hydride and (b) Al0.05(TiVNb)0.85Mo0.10 

hydride, heating ramp 5 °C/min.  

Figure SI7. XRD patterns (λ = 1.5406 Å) and corresponding Rietveld refinement analysis for 

(a) Al0.05(TiVNb)0.90Mo0.05 and (b) Al0.05(TiVNb)0.85Mo0.10 after TDS desorption. 

Figure SI8. In situ SR-XRD pattern during desorption (λ= 0.67156 Å) and the corresponding 

Rietveld refinement analysis for the (a) Al0.05(TiVNb)0.90Mo0.05 hydride, (b) desorbed 

Al0.05(TiVNb)0.90Mo0.05, (c) Al0.05(TiVNb)0.85Mo0.10 hydride and (d) desorbed 

Al0.05(TiVNb)0.85Mo0.10, everything at 25 °C. 

Table SI1. Lattice parameters of the Al0.05(TiVNb)0.95-xMox (x=0.05,0.10) alloys from in situ 

SR-XRD. 
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Figure SI1. XRD patterns (λ = 1.5406 Å) and corresponding Rietveld refinement analysis for 

pristine alloys (a) Al0.05(TiVNb)0.90Mo0.05 and (b) Al0.05(TiVNb)0.85Mo0.10.  
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Figure SI2. XRD patterns (λ = 1.5406 Å) and corresponding Rietveld refinement analysis for 

hydrides (a) Al0.05(TiVNb)0.90Mo0.05H1.78 and (b) Al0.05(TiVNb)0.85Mo0.10H1.79. 
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Figure SI3. Ex situ powder nD pattern (λ=1.28 Å) of fully deuterated Al0.05(TiVNb)0.95D1.81, 

corresponding Rietveld refinement analysis and lattice parameter. 
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Figure SI4. PCIs of desorption at different temperatures of (a) Al0.05(TiVNb)0.90Mo0.05 and (b) 

Al0.05(TiVNb)0.85Mo0.10 with a range from 75 °C to 125 °C and 50 °C to 80 °C, respectively. (c) 

Vanˈt Hoff plots for Al0.05(TiVNb)0.95-xMox (x=0.05,0.10). 
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Figure SI5. In situ nD thermo-diffractogram (λ= 1.28 Å) of fully deuterated sample 

Al0.05(TiVNb)0.95D1.81. 

 

In situ neutron thermo-diffractogram of the Al0.05(TiVNb)0.95D1.81 is shown in Figure SI5. The 

initial fcc phase (marked with ♥) is stable up to around 107 °C and it is shown a drastic decrease 

of the intensity peaks about 147 °C when the desorption profile shows the main peak. Above 147 

°C is shown the formation of the bcc phase (marked with ♣). In the temperature range from 147 

°C to 227 °C there is a coexistence of the fcc phase and the bcc desorbed phase. Then, at about 

227 °C it is observed that the fcc phase disappears completely and the second peak in the pressure 

profile is observed. Above this temperature only the bcc phase is recovered with a shift towards 

higher 2θ (°). 
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Figure SI6. TDS profiles for (a) Al0.05(TiVNb)0.90Mo0.05 hydride and (b) Al0.05(TiVNb)0.85Mo0.10 

hydride, heating ramp 5 °C/min.  
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TDS was carried out with a heating ramp of 5 °C/min. The profile of Al0.05(TiVNb)0.90Mo0.05 

hydride (Figure SI6a) indicates a desorption onset temperature of around 174 °C with the first 

desorption event followed by a second one with a maximum temperature at 306 °C which ends 

around 400 °C. Besides, Al0.05(TiVNb)0.85Mo0.10 hydride (Figure SI6b) indicates a desorption onset 

temperature of around 116 °C with a broad event continued by a second event with a maximum 

temperature about 229 °C and a small event at 310 °C which ends around 400 °C. 
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Figure SI7. XRD patterns (λ = 1.5406 Å) and corresponding Rietveld refinement analysis for (a) 

Al0.05(TiVNb)0.90Mo0.05 and (b) Al0.05(TiVNb)0.85Mo0.10 after TDS desorption. 
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After TDS analysis, the XRD patterns (Figure SI7 a and b) show complete recovery of the initial 

bcc phase, but we can observe a broad peak just after the (110). This effect is due to the quartz 

wool used during the experiment to avoid powder loss with the vacuum environment. When XRD 

analysis is performed, there are few residues from the quartz wool that cannot be removed. 
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Figure SI8. In situ SR-XRD pattern during desorption (λ= 0.67156 Å) and the corresponding 

Rietveld refinement analysis for the (a) Al0.05(TiVNb)0.90Mo0.05 hydride, (b) desorbed 

Al0.05(TiVNb)0.90Mo0.05, (c) Al0.05(TiVNb)0.85Mo0.10 hydride and (d) desorbed 

Al0.05(TiVNb)0.85Mo0.10, everything at 25 °C. 

10 15 20 25 30 35 40 45 50 55 60

(a)

fcc (Fm-3m)

a=4.409 (1) Å

(4
2
2
)

(5
3
1
)

(4
4
0
)

(3
3
3
)

(4
2
2
)

(4
2
0
)

(3
3
1
)

(4
0
0
)

(2
2
2
)

(3
1
1
)

(2
2
0
)

(2
0
0
)

(1
1
1
)

 

 

  
In

te
n

s
it
y
 (

a
.u

.)

2 q (°)

Al0.05(TiVNb)0.90Mo0.05 hydride

10 15 20 25 30 35 40 45 50 55 60

(b)

(3
2
1
)

(2
2
2
)

(3
1
0
)

(2
2
0
)

(2
1
1
)

(2
0
0
)

(1
1
0
)

bcc (Im-3m)

a=3.206 (1) Å

 

 I
n

te
n
s
it
y
 (

a
.u

.)

2 q (°)

Al0.05(TiVNb)0.90Mo0.05

 

10 15 20 25 30 35 40 45 50 55 60

(c)

fcc (Fm-3m)

a=4.398 (1) Å 

bcc (Im-3m)

a=3.330 (1) Å

(4
2

2
)

(5
3

1
)

(4
4

0
)

(3
3
3
)

(4
2

2
)

(2
2
2
)

(4
2
0
)

(3
3
1
)

(3
1
0
)

(4
0

0
)

(2
2

0
)

(2
2

2
)(3

1
1
)

(2
1

1
)

(2
2
0
)

(2
0
0
)

(2
0

0
)

(1
1

0
)

(1
1
1
)

 

 

  
In

te
n

s
it
y
 (

a
.u

.)

2 q (°)

Al0.05(TiVNb)0.85Mo0.10 hydride

10 15 20 25 30 35 40 45 50 55 60

Al0.05(TiVNb)0.85Mo0.10

(3
2
1
)

(2
2
2
)

(3
1
0
)

(2
2
0
)

(2
1
1
)

(2
0
0
)

(1
1
0
)

bcc (Im-3m)

a=3.196 (1)Å

(d)

 

 I
n

te
n

s
it
y
 (

a
.u

.)

2 q (°)  

 

 

 

 

 



 10 

Table SI1. Lattice parameters of the Al0.05(TiVNb)0.95-xMox (x=0.05,0.10) alloys from in situ SR-

XRD. 

Composition Form 
Phase 

structure 

Phase 

fraction (%) 

Lattice 

parameter (Å) 
Temperature (°C) 

Al0.05(TiVNb)0.90Mo0.05 

dihydride 

fcc 100 4.409(1) 25 

fcc 100 4.411(1) 151 

fcc 100 4.410(1) 200 

fcc + bcc 

mixture 

fcc 

bcc 

98 

2 

4.407(1) 

3.348(1) 
227 

fcc 

bcc 

87.5 

12.5 

4.403(1) 

3.341(1) 
254 

fcc 

bcc 

51 

49 

4.396(1) 

3.328(1) 
276 

fcc 

bcc 

32 

68 

4.393(1) 

3.322(1) 
285 

fcc 

bcc 

8 

92 

4.388(1) 

3.305(1) 
303 

fcc 

bcc 

1 

99 

4.386(1) 

3.286(1) 
320 

desorbed bcc 

bcc 100 3.277(1) 329 

bcc 100 3.262(1) 347 

bcc 100 3.242(1) 374 

bcc 100 3.231(1) 391 

bcc 100 3.224(1) 404 

bcc 100 3.216(1) 450 

bcc 100 3.206(1) 25 

Al0.05(TiVNb)0.85Mo0.10 

dihydride 
fcc 

bcc 

96 

4 

4.398(1) 

3.330(1) 
25 

fcc + bcc 

mixture 

fcc 

bcc 

95.5 

4.5 

4.401(1) 

3.336(1) 
170 

fcc 

bcc 

95 

5 

4.400(1) 

3.335(1) 
184 

fcc 

bcc 

88 

12 

4.396(1) 

3.320(1) 
211 

fcc 

bcc 

80 

20 

4.396(1) 

3.320(1) 
220 

fcc 

bcc 

65 

35 

4.395(1) 

3.320(1) 
229 

fcc 

bcc 

48 

52 

4.394(1) 

3.319(1) 
238 

fcc 

bcc 

25 

75 

4.391(1) 

3.317(1) 
252 

fcc 

bcc 

9 

91 

4.385(1) 

3.311(1) 
265 

fcc 

bcc 

3 

97 

4.382(1) 

3.303(1) 
279 

desorbed bcc 

bcc 100 3.285(1) 297 

bcc 100 3.242(1) 328 

bcc 100 3.221(1) 351 

bcc 100 3.214(1) 364 

bcc 100 3.207(1) 400 

bcc 100 3.206(1) 450 

bcc 100 3.196(1) 25 

 


