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ABSTRACT 

The hydrogen sorption properties of single-phase bcc (TiVNb)100-xCrx alloys (x = 0-35) are 

reported. All alloys absorb hydrogen quickly at 25 °C forming fcc hydrides with storage capacity 

depending on the Cr content. A thermodynamic destabilization of the fcc hydride is observed with 

increasing Cr concentration, which agrees well with previous compositional machine learning 

models for metal hydride thermodynamics. Steric effect or repulsive interactions between Cr-H 

might be responsible for this behavior. The cycling performances of the TiVNbCr alloy shows an 

initial decrease in capacity, which cannot be explained by a structural change. Pair distribution 

function analysis of the total X-ray scattering on the first and last cycled hydrides demonstrated an 

average random fcc structure without lattice distortion at short range order. If the as-cast alloy 

contains a very low density of defects, the first hydrogen absorption introduces dislocations and 

vacancies which cumulate into small vacancy clusters, as revealed by positron annihilation 

spectroscopy. Finally, the main reason of the capacity drop seems to be due to dislocations formed 

during cycling while the presence of vacancy clusters might be related to the lattice relaxation. 

Having identified the major contribution to the capacity loss, compositional modifications to the 

TiVNbCr system can now be explored that minimize defect formation and maximize material 

cycling performance. 
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Introduction 

The use of hydrogen as a clean energy carrier is a promising solution to decarbonize the energy 

and industry sectors; however, various technical and materials related obstacles are inhibiting real-

world implementation of hydrogen related processes. Among many current barriers, safe and 

compact hydrogen storage is a well identified bottleneck. Current research trends are focused on 

increasing the volumetric and gravimetric capacities, improving the reaction rates, and identifying 

low-cost materials operating at near ambient temperature and pressure 1. 

Among material classes that are currently studied for solid-state hydrogen storage, metal 

hydrides is one of the most promising due to several advantages such as safety (use of moderate 

gas pressure), reversibility of absorption and desorption reactions, adjustable thermodynamic 

properties by numerous chemical substitutions, and high volumetric densities (often exceeding the 

71 g/L value for liquid hydrogen at 20 K) 2. Research in this field is very active worldwide, and a 

new class of alloys called multiprincipal element alloys (MPEAs), composed of several elements 

in close to equimolar ratios, has been recently proposed to alleviate the drawbacks of traditional 

materials. High entropy alloys (HEAs) are a subclass of MPEAs that contain at least 5 elements 

with concentration in the range 5 – 35 at.% 3. Moreover, the MPEAs/HEAs are known to adopt 

simple crystalline structures such as, body-centered-cubic (bcc), face-centered-cubic (fcc) and 

hexagonal compact (hcp). Though still under debate, the thermodynamic stability of such phases 

seems to be based on several chemical and physical characteristics, such as configurational 

entropy, enthalpy of mixing, lattice distortion () and valence electron concentration (VEC), as 

discussed elsewhere 3.  

Several MPEAs and HEAs mainly containing refractory elements have been already explored 

with promising hydrogen storage properties 4,5, and some of the most interesting candidates are 
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lightweight compositions containing Ti, V, Cr, and Nb 6–8. Nygård et al. first reported on the 

hydrogen absorption in the equimolar TiVCrNb alloy which can absorb up to 2 hydrogen per metal 

atom (H/M) forming a dihydride at room temperature with an impressive volumetric hydrogen 

density of 160 kg/m3 6. The thermodynamic properties of the fcc dihydride formation have been 

previously reported: Habs = -51.6 kJ/mol H2 and Sabs = -129.3 J/(K∙mol H2) 
7. Silva et al. 

calculated the thermodynamic properties of the (TiVNb)85Cr15 alloy for the dihydride formation 

and found the values Habs = -67 kJ/mol H2 and Sabs = -172 J/(K∙mol H2) 
9. These values are quite 

different from the equimolar alloy reported by Nygård et al. 7 and more closer to the ternary TiVNb 

alloy reported by Pineda-Romero et al. 10. However, these results are scattered since they focus on 

individual alloys without a systematic approach. Recently, Strozi et al. conducted the first 

methodical study to highlight the effect of Cr concentration in the Ti-V-Cr-Nb system 8,11. In this 

first report, the authors clearly demonstrated that the equilibrium pressures in the Pressure-

Composition-Isotherms (PCI) at room temperature can by tuned by modifying the Cr amount. The 

increase of Cr from 15 to 35 at. % into (TiVNb)100-xCrx progressively raises the equilibrium 

pressure of the dihydride formation suggesting that the thermodynamic properties of the hydrogen 

absorption reaction can be tuned by adjusting the Cr composition 8. Later, the thermodynamic 

properties of two Cr-rich compositions have been determined: Habs = -49 kJ/mol H2 and Habs = 

-39 kJ/mol H2 for (TiVNb)70Cr30 and (TiVNb)65Cr35, respectively 11. These previous experimental 

reports have demonstrated that altering the Cr content in the (TiVNb)100-xCrx system strongly 

affects the thermodynamics of the dihydride formation. However, a systematic approach to clarify 

the effect of Cr in (TiVNb)100-xCrx system on both the structural and thermodynamic properties 

has not yet been proposed.   
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In addition to essential performance properties of hydrides such as capacity and 

thermodynamics, another very important and less studied property is the cycle life stability during 

absorption/desorption sequences. Diminishing reversible capacity during absorption/desorption 

cycles is a widely observed phenomenon in metal hydrides, irrespective of material class (e.g., 

intermetallics, alloys, or complex hydrides). Both extrinsic and intrinsic factors are commonly 

attributed to this degradation in performance. The most well-known extrinsic factors are impurities 

in the H2 gas and vacuum contaminants that can poison the alloy's surface by either oxidation or 

adsorption of hydrocarbons. Intrinsic factors often include the following (i) disproportionation via 

the formation of thermodynamically stable hydrides 12, (ii) progressive cumulation of chemical 

inhomogeneities leading to phase segregation, (iii) kinetic issues leading to incomplete absorption 

or desorption, (iv) decrease in the degree of crystallinity 13, and (v) extensive amorphization 14. For 

more details on the life cycle stability of several reported high entropy alloys with regards to both 

intrinsic and extrinsic factors we recommend several recent reviews 4,15. 

Thus, the aim of the present study is to unravel trends in the hydrogen sorption properties of the 

(TiVNb)100-xCrx series as a function of the Cr content for a wide range of compositions. Along 

with the thermodynamic properties of dihydride formation as function of Cr content, we will also 

tackle other parameters such as the maximum (saturation) capacity, desorption behaviour, and 

cycling properties. For an in-depth understanding of the role of Cr in this system, we will assemble 

earlier findings from the ternary TiVNb (x = 0) 10, the quaternary (TiVNb)100-xCrx alloys with x = 

25, 30, 35, and 40 9,11,16 alongside with new compositions with x = 15 and 20. Cycling effects will 

be addressed with the help of advanced experimental techniques such as, positron annihilation 

spectroscopy and pair distribution function analysis of synchrotron X-ray scattering.  
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Materials and methods 

The (TiVNb)100-xCrx alloys with x = 15, 20, 25, 30 and 35 at.% Cr were synthesized by high 

temperature arc melting under Ar atmosphere, as previously reported 9–11,16. The samples were 

turned and remelted at least five times to enhance the chemical homogeneity. The as-cast materials 

were further studied without further annealing since solid solutions are expected to form under 

non-equilibrium solidification conditions due to rapid cooling rates of the arc-melting method. On 

the contrary, annealing is susceptible to produce multi-phase samples under conditions closer to 

the thermodynamic equilibrium than those from arc-melting, as recently demonstrated for 

refractory high entropy alloys 17. 

Structural characterizations were carried out by X-ray powder diffraction by the help of a D8 

advance Bruker diffractometer (Cu Kα radiation, Bragg–Brentano geometry). The X-ray powder 

diffraction data were refined using the Rietveld method with Fullprof software 18.  

Hydrogen sorption properties were determined by measuring the absorption kinetic curves at 

room temperature, the Pressure–Composition Isotherms (PCI) at several temperatures (in the range 

100 - 150 °C) and the absorption/desorption cycling by the help of homemade volumetric 

instruments with thermostatically calibrated volumes. The samples were loaded in a stainless-steel 

container and activated by a heat treatment at 450 °C under dynamic vacuum for at least 3 hours. 

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 kinetic measurements have 

been performed under a final hydrogen pressure of 33 bar at 25 °C. The absorption/desorption 

cycling have been carried out by a sequence of absorption at 33 bar and 25 °C followed by 

desorption of the hydride by heating to 450 °C (7.5 °C/min) under dynamic vacuum (10-5 mbar) 

in the volumetric apparatus, and finally cooling to room temperature.  
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The hydrogen desorption profile was recorded by thermal desorption spectroscopy (TDS) using 

a homemade instrument equipped with a quadrupole mass spectrometer (QMS), as described 

elsewhere 19. The procedure consists of loading 15 mg of the hydride sample and measuring the 

evolved gases by the QMS working under secondary vacuum (10-6 mbar) during constant heating 

rate (5 °C/min). During loading into the instrument, all powder samples have been air-exposure 

but, this was systematically limited to few minutes. 

Synchrotron X-ray total scattering experiments were carried out at BL22-XU at SPring-8 

synchrotron for pair distribution function (PDF) analysis in real space. The detailed experimental 

procedure for synchrotron X-ray is given elsewhere 13,14,20. The samples in fine powder were 

loaded into a kapton capillary with 1.0033 mm diameter and 0.0508 mm wall thickness. A 

wavelength of 0.178830 Å was used and the signal was truncated at Qmax = 18 Å-1 because of the 

unfavourable signal to noise ratio at high-Q regions. The data processing program PDFgetX2 21 

was used to obtain the PDF patterns. Real space modelling of X-ray data was carried out using the 

PDFgui program 22. Structural refinement in reciprocal space was carried out by Rietveld analysis 

using the RIETAN-FP program 23. 

Positron annihilation spectroscopy (PAS) was employed for the characterization of lattice 

defects. Two complementary (PAS) techniques were used: (i) positron lifetime (PL) spectroscopy 

24 which enables identification of open volume defects in the samples; and (ii) coincidence Doppler 

broadening (CDB) 25 which provides information about local chemical environment of defects.  

A 22Na radioisotope with an activity of 1 MBq deposited on a 7 μm thick Kapton foil (DuPont) 

was used as a positron source. For measurement of bulk samples, the positron source was sealed 

between two pieces of sample. In the case of powder samples, the positron source was placed in 

the center of a small cylindrical chamber with a diameter of 6 mm and a height of 5 mm. 
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Subsequently, the chamber was filled with the measured powder and closed. Dimensions of the 

chamber ensure that virtually all positrons are thermalized inside the chamber and therefore are 

annihilated in the studied powder.  

A digital positron lifetime spectrometer 26 was employed for PL measurements. The 

spectrometer exhibits time resolution of (145 ± 1) ps (FWHM of resolution function for 22Na). At 

least 107 positron annihilation events were collected in each PL spectra. Decomposition of PL 

spectra into individual components was performed using a PLRF code, version 19 27. The source 

contribution to PL spectra was determined using a procedure described in Ref. 28 and consisted of 

two weak components with lifetimes of 380 ps and 1.9 ns and corresponding intensities of  13 

% and  0.3 %.  

CDB studies were carried out using a digital spectrometer 29 equipped with two high-purity Ge 

detectors. The energy resolution of the CDB spectrometer is (0.99 ± 0.02) keV at 511 keV. At least 

108 annihilation events were collected in each two-dimensional γ-ray energy spectrum, which was 

subsequently reduced into two one-dimensional cuts representing the resolution function of the 

spectrometer and the Doppler broadened annihilation profile. CDB results are presented as ratio 

curves with respect to a well annealed pure Al (99.99999 %) reference. 

 

Results and discussion 

Chemical composition effect in the (TiVNb)100-xCrx series  

The lattice distortion () and VEC of the (TiVNb)100-xCrx series with x = 0, 15, 20, 25, 30, 35, 

and 40 are listed in Table 1. The values of the atomic radius for the lattice distortion calculation 

were taken from the reference 30. The lattice distortion increases from 4.43 to 6.45 % with Cr 

content (max 40 %) due to chromium’s smallest radius (1.25 Å) among all other elements (1.45, 
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1.43 and 1.31 Å for Ti, Nb and V, respectively). Thus, increasing the Cr amount raises the atom 

size disparity in this series of alloys. VEC also increases with the Cr concentration from 4.66 to 

5.20.  

Cr 

amount  

x (at.%) 

 

(%) 
VEC Initial phase abcc (Å) 

Hydride 

phase 
afcc (Å) 

Capacity 

(H/M) 
reference 

0 4.43 4.66 bcc 3.211(2) fcc 4.443(2) 2.0 10 

15 5.64 4.86 bcc 3.166(3) fcc 4.403(2) 1.91 Present work 

20 5.9 4.93 bcc 3.156(3) fcc 4.393 (2) 1.93 Present work 

25 6.11 5.00 bcc 3.132(1) fcc 4.378(2) 1.90 Present work and 7 

30 6.27 5.06 bcc 3.115(2) fcc  4.363(2) 1.90 Present work and 11 

35 6.39 5.13 bcc 3.099(3) fcc+bcc 4.345(3) 1.76 Present work and 11 

40 6.45 5.20 Multiphase  - Multiphase - 0.65 11 

Table 1. The semi-empirical  and VEC parameters, the lattice parameters of the initial alloy and 

the hydride phase for the (TiVNb)100-xCrx series with x = 0, 15, 20, 25, 30, 35 and 40.  

 

The XRD patterns of the series of (TiVNb)100-xCrx alloys with x = 0, 15, 20, 25, 30, and 35 are 

shown in Figure 1A. Several samples show a strong preferential orientation along the (200) 

direction which is often encountered in refractory bcc HEAs 31. The composition with 40 at.% Cr 

is multiphase with a main C15 Laves intermetallic coexisting with a minor bcc phase, as described 

in reference 8. This finding confirms the already reported empirical observation that multiphase 

materials may be obtained for large lattice distortion ( = 6.45 %) 32. All alloys with x = 0 - 35 

at.% Cr are single-phase bcc materials with the unit cell parameters decreasing almost linearly 

with Cr content (Figure 1B), as expected due to the smaller size of Cr atom compared to the other 

elements (Ti, V and Nb). Moreover, this trend is consistent with well-known Vegard’s law for 

substitutional solid solutions 33.  
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Figure 1. XRD patterns (A) and the variation of the bcc lattice parameter as function of Cr content 

(B) for the series of (TiVNb)100-xCrx alloys with x = 0, 15, 20, 25, 30, and 35. The linear fit of the 

bcc lattice parameters as function of Cr content is also plotted as dotted line.  

 

All alloys absorb hydrogen quickly at room temperature under 33 bar hydrogen pressure forming 

fcc (CaF2-type structure) dihydride phases (as plotted in Figure 2A) with maximum capacities 

listed in Table 1. The kinetic curves for all samples are shown in Figure SI-1. The fcc lattice 

parameters are given in Table 1 and plotted in Figure 2B versus Cr content. The fcc lattice 

parameters linearly decrease with increasing Cr content, in agreement with the reduction of the 

bcc lattice parameter in the as-cast alloys (Figure 1B).    
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Figure 2. XRD patterns of the dihydrides of (TiVNb)100-xCrx alloys with x = 0, 15, 20, 25, 30 and 

35 (A) and the corresponding variation of the fcc lattice parameter versus Cr content (B). The 

linear fit of the fcc lattice parameters is also plotted as dotted line.  

 

The experimentally determined maximum storage capacity slightly decreases from 2.0 to 1.9 

with increasing Cr content up to 30 at% followed by a more pronounced drop for higher Cr 

concentrations (Figure 3). VEC linearly increases with Cr content and the capacity also shows the 

same qualitative trend with a more noticeable capacity decrease for VEC > 5, in line with previous 

results for other MPEAs/HEAs systems 6,34. Interestingly, the same trend can be semi-

quantitatively predicted by a machine learning (ML) modeling approach, as shown in Figure 3. 

Data-driven materials discovery and property prediction, facilitated by ML approaches, is a 

promising methodology to rationalize the design of novel MPEAs/HEAs from the practically 

infinite compositional design space 35,36. The main advantage of these methods is to accelerate the 

screening and down selection of compositions with desired capacity and thermodynamic properties 

and therefore reduce the required number of time-consuming experiments. ML predictions in this 

work correspond to metal hydride capacity and thermodynamics models, trained on v0.0.4 of the 

ML-ready HydPARK database 37. Details on model development, validation, and demonstrated 
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utility for metal hydride discovery are described in Ref.38; briefly, we use a compositional ML 

modelling approach (i.e., use only the composition to generate the materials descriptors 39) which 

employs tree-based regressors and interpretability analysis 40 to both predict hydride 

thermodynamics and elucidate their physically-informed design rules. Ref. 38 also provides the 

open-source repository to access the code and pre-trained models for community use. The 0 at.% 

and 25 at.% Cr samples had already been synthesized and measured at the publishing date of the 

v0.0.4 database and are therefore in the training data. All other compositions represent hold-out 

predictions for the model. Good quantitative agreement between ML predictions and experimental 

data is observed for compositions up to 25 at.% Cr. Qualitatively correct prediction of the drop in 

capacity at high Cr at.% is achieved, although the ML model overestimates the magnitude of this 

drop for the Cr concentrations 30-35 at.%. The reduced quantitative accuracy of the ML 

predictions in various compositional regimes is related to the modest number, and significant 

imbalance, of historically available experimental data that has been collected 35,36. Nonetheless, 

these results demonstrate the model’s ability to qualitatively, and sometimes quantitatively, a 

priori elucidate the correct compositional design trends in MPEA/HEA hydrides to rationally 

inform targeted synthesis efforts. 
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Figure 3. Experimental and ML predicted capacities (H/M) as function of Cr content for hydrides 

of (TiVNb)100-xCrx for x = 0 – 40. The experimental data for bcc and multiphase alloys are plotted 

as circle and star symbols, respectively.  

 

The hydrogen absorption PCI curves for the (TiVNb)100-xCrx alloys with x = 15 and 20 at.% Cr 

are shown in Figure 4. A first transition from the initial alloy to an intermediate monohydride 

occurs at very low-pressure values (not shown here) followed by a second transformation from the 

monohydride to a dihydride phase at higher pressure. Only the latter transition is shown in Figure 

4 consequently, only thermodynamic information about the formation of the dihydride phase can 

be extracted from these PCI curves. Applying the van’t Hoff method, the enthalpy and entropy of 

dihydride formation were determined for these alloys and the thermodynamic values are listed in 

Table 2 together with previously reported results for x = 0 10, 25 7, 30, and 35 11. The entropy 

values are higher than the value of H2 gas entropy, 130 J/K∙molH2, which can be tentatively 

explained by the slopping nature of the PCI curves.  
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Figure 4. Pressure-Composition-Isotherms for the (TiVNb)100-xCrx alloys with x = 15 and 20 at.% 

Cr. 

Sample 

 Cr 

amount  

x (at. %) 

Experimental  

reference 

ML predictions  

Enthalpy 

(kJ/mol H2) 

Entropy 

(J/K∙mol H2) 

Enthalpy 

(kJ/mol H2) 

TiVNb 0 -67 -157 10 -66.4 

(TiVNb)85Cr15 15 -57(2) -151(3) Present work -66.2 

(TiVNb)80Cr20 20 -54(5) -149(9) Present work -55.4 

TiVNbCr 25 -51.6 -129.3 7 -47.9 

(TiVNb)70Cr30 30 -49 -154 11 -46.6 

(TiVNb)65Cr35 35 -39 -134 11 -44.5 

Table 2. The experimental enthalpy and entropy values for the hydride formation in the 

(TiVNb)100-Crx series with x = 0 10, 15, 20, 25 7, 30, and 35 11 together with the ML predictions of 

the enthalpy of hydride formation.  
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Figure 5. The enthalpy of hydride formation of the (TiVNb)100-Crx series from both experiments 

and ML predictions versus Cr content (A) and the volume of interstitial hydrogen atom in the 

(TiVNb)100-Crx series versus Cr content (B). The corresponding linear fits of experimental data are 

also plotted as dotted lines. 

 

The enthalpy of hydride formation varies almost linearly with Cr content. Cr addition in TiVNb 

progressively destabilizes the fcc hydride which consequently increases the equilibrium pressure 
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with Cr content, in line with our pervious PCI diagram based on semi-empirical calculations.9,11 

This thermodynamic model predicted a raise of the equilibrium pressure from 10−4 bar to 50 bar 

at 30 °C with the increase of Cr concentration from 10 to 40 at.%. Both experimental and ML 

predicted values of the enthalpy of hydride formation are plotted as function of the Cr content in 

Figure 5A. Good correlation can be observed between predictions and experiments, confirming 

the accuracy of the ML approach for predicting the thermodynamic properties of hydrides of 

MPEAs, especially since it captures the further destabilization of 30-35 at.% Cr with quantitative 

accuracy. 

Since both thermodynamic (enthalpy of hydride formation) and structural properties  (lattice 

parameters of bcc initial phase and fcc hydride, Figures 1B and 2B) linearly correlate with Cr 

content, it is anticipated that thermodynamics also linearly depends on the unit cell volume of the 

crystalline phase. This hints that the observed thermodynamic destabilization might be related to 

a steric effect: a smaller available unit cell volume is typically associated with reduced volume of 

interstitial sites and a larger equilibrium pressure needed to form a hydride phase, and vice versa. 

For example, the same trend is observed in LaNi5 substituted compounds: the increase of the cell 

volume is accompanied by a decrease of the hydrogen absorption plateau pressure 41. This trend is 

yet further consistent with the linear correlation between enthalpy and the composition-weighted 

mean volume per atom that exists broadly across alloy hydride space (e.g., even beyond just for 

substitutions within the same material) 35,36.  

However, not only steric arguments could be invoked to explain the thermodynamic 

destabilization but also the repulsive character of Cr – H interactions, since Cr only forms a hydride 

phase at extremely high pressures (around 3-4 kbar at 150 °C) 42,43. Moreover, the enthalpies of 

hydride formation among the four elements constituting the studied alloys, Ti, V, Nb and Cr, as 
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calculated by first-principles calculations are: Hformation = -121.6, -38.4, -47 and +3.3 kJ/mol par 

metal atom for Ti, V, Nb hydrides with cubic CaF2 type structure and Cr hydride with NiAs 

prototype, respectively 44. The structure prototypes chosen here (CaF2 and NiAs) were observed 

experimentally. A simple comparison between these values hints that the enthalpy of Cr hydride 

formation is positive whereas the values for Ti, V and Nb are all negative indicating different 

interactions with hydrogen. A positive enthalpy of formation points out to a thermodynamically 

unstable phase and consequently, to a repulsive Cr - H character. This trend is illustrated in Figure 

5B representing the volume of interstitial hydrogen atom [(
𝑉𝑓𝑐𝑐

𝑀
−

𝑉𝑏𝑐𝑐

𝑀
 )/𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (

𝐻

𝑀
)] as 

function of Cr content. These values increase almost linearly from 2.7 to 3.15 Å3 and agree well 

with the 2.9 Å3 proposed by Peisl 45 for the increase of the volume of the crystal by the addition of 

one hydrogen atom, irrespective of the material. However, the linear trend observed presently is 

more surprising since it hints that the volume occupied by one interstitial hydrogen atom increases 

with Cr concentration suggesting a repulsive nature of Cr – H interactions.   

Thermal-desorption properties of the fcc hydrides (TiVNb)100-Crx (x = 0 – 35 at.%) were 

measured by applying a heating rate of 5 °C/min under vacuum (Figure 6). The hydrogen 

desorption involves the complete desorption events from the dihydride to the intermediate 

monohydride and subsequently to the fully desorbed phase, as already discussed previously 9. 

Overall, Cr addition decreases both the onset temperature of desorption and the temperature of 

maximum desorption rate, and this effect is more pronounced for high Cr content (30 and 35 at.%). 

This trend is in good agreement with the thermodynamic destabilization of the fcc hydride 

observed experimentally with increasing the Cr amount in (TiVNb)100-xCrx.  
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Figure 6. Thermo-desorption spectra for the (TiVNb)100-Crx series from x = 0 - 35 at.% Cr recorded 

in the same instrument with a heating ramp of 5 °C/min. 

 

In conclusion, tuning Cr content in the TiVNb pristine material permits control of the lattice 

parameters of the as-cast alloys and hydrides, the storage capacity, and the thermodynamic 

properties of the fcc hydride phase as well as its thermal stability.   

 

 Cycling effect in the equimolar TiVNbCr alloy 

Another very important property of hydride forming alloys is the cycle-life stability during 

absorption/desorption cycling in terms of crystalline structure, kinetics of reaction, and reversible 

capacity. These aspects will be developed here on only one composition, the equimolar TiVNbCr 

(x = 25at.% Cr) alloy, since it has a high initial capacity of 1.9 H/M.  

After the first hydrogen absorption, ten absorption/desorption cycles were performed. The 

changes in reversible capacity upon cycling are shown in Figure 7A and the synchrotron XRD 

patterns of the hydride phases after the first and the last cycles are presented in Figure 7B. A small 
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amount of a secondary phase is visible at around 4.4 ° (marked with star in Figure 7B) which is 

stable with cycling.  
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Figure 7. The variation of the capacity (H/M) during several absorption/desorption cycles (A) and 

the synchrotron XRD patterns (λ = 0.178830 Å) of the fcc hydride phase after the first and the last 

cycle (B). A small amount of a secondary phase is visible at around 4.4 ° and marked with star.  

 

The capacity progressively diminishes in the first 5 cycles from 1.9 to 1.7 H/M (corresponding 

to around 11 % of the initial capacity) followed by stabilization upon further cycling. The observed 

loss in the reversible capacity of TiVNbCr cannot be accounted for structural transformation nor 

phase segregation since the XRD patterns are comparable after the first and last cycles (Figure 

7B). A two-phase model was used for Rietveld refinements of the XRD patterns of the two hydride 

samples: a main fcc hydride phase coexisting with a small secondary bcc phase (abcc = 3.243(3) Å 

with 5-6 % phase fraction) corresponding to the monohydride, irrespective of the cycle number. 

Interestingly, the major/minor phase fraction (95-94%/5-6%) does not change during cycling 

indicating that the loss of capacity cannot be accounted for an incomplete rehydrogenation of the 

material under the present experimental conditions. The only visible change in the XRD patterns 

is a broadening of the diffraction peaks after cycling suggesting the accumulation of lattice strain. 
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The results of the Rietveld refinements of XRD data are listed in Table 3 and the related plots are 

shown in Figure SI-2.  

Due to the complexity of this material, advanced characterization techniques have been applied 

such as, pair distribution function analysis of total X-ray scattering and positron annihilation 

spectroscopy. The PDF profiles from synchrotron XRD data are shown in Figure 8 for the two 

hydrides after the first and the last absorption cycles as well as the desorbed phase (first 

desorption).  

 

Figure 8. PDF profiles from synchrotron XRD data together with the low-R (1.5-6 Å) and high-R 

(48-55 Å) regions for the hydride phase after the first cycle (black), the alloy after the first 

desorption (red), and the hydride after cycling (blue). 

 

The results of the structural refinements of PDF profiles (lattice parameter and isotropic atomic 

displacement) are listed in Table 3 and the related plots are shown in Figure SI-3. 
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Sample Structure  
Capacity 

(H/M) 

From Rietveld From PDF 

Lattice 

parameter (Å) 

B 

(Å²) 

Lattice 

parameter (Å) 

B 

(Å²) 

Qbroad 

(Å-1) 

1st hydride  

TiVNbCr 
fcc 1.90 4.3723(1) 0.458(5) 4.3719(3) 0.57(1) 0.052(1) 

1st desorbed 

phase TiVNbCr 
bcc - 3.1330(1) 0.83(1) 3.1335(2) 0.96(2) 0.051(1) 

cycled hydride 

TiVNbCr 
fcc 1.68 4.3820(1) 0.430(6) 4.3807(5) 0.61(2) 0.071(2) 

Table 3. Structural refinements details of XRD data and PDF profiles for the fcc hydrides after the 

first and the last absorption cycle as well as the bcc phase after the first desorption: structure, lattice 

parameters and isotropic atomic displacement (B) from both Rietveld and PDF methods as well as 

Qbroad parameter from PDF refinements.  

    

The PDF profiles show the presence of peaks up to 100 Å which proves a long-range structure 

correlation, irrespective of the state of the alloys (first hydride, desorbed phase or cycled material). 

The PDF profiles of the hydrides after the first and the last cycles are similar proving that the fcc 

lattice is maintained after cycling, in agreement with the average structure. The main change in the 

PDF profile introduced by cycling is a R-dependent peak broadening responsible for a decrease of 

the peak’s amplitude in the whole R range with the largest impact in the high R range and 

significant peak broadening with increasing R. This highlights a decrease of the structural 

correlation in the cycled material as compared to the hydride after the first cycle.  

Contrary to the Rietveld refinements of the XRD patterns, the fit of the PDF profiles of the two 

hydride samples were performed using only one fcc phase, irrespective of the cycle number. The 

refined fcc lattice and the isotropic atomic displacement parameters are consistent with those from 

the Rietveld method (Table 3). The first and the second PDF peaks for the desorbed sample are 

clearly spitted and the fitting of PDF profile using bcc model reproduced well the experimental 

data. The small difference between the experimental and calculated PDF profiles (Figure SI-3) 
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demonstrates that the local and medium structures (low-R and high-R regions) can be well 

described by undistorted random fcc and bcc lattices for the two hydride samples and the desorbed 

phase, respectively. All observed features in the PDF data are well explained by average random 

structures without any sign of strong lattice distortion at short range order nor elemental 

segregation introduced by cycling. This result is in agreement with recent reports proving 

negligible lattice distortion in other CaF2-type hydrides of HEAs 46,47 and related bcc V-Ti-Cr 

alloys 20. 

Moreover, the refined Qbroad parameter increases from 0.052 to 0.071 Å-1 from the first hydride 

to the cycled material. Among experimental resolution effects, this parameter has been applied 

earlier to reproduce the effect of dislocations on the PDF profile 13. Therefore, an increased Qbroad 

parameter suggests an increased number of dislocations introduced by cycling. Consequently, it 

seems that intrinsic factors, such as the formation of defects by cycling, might be responsible for 

the diminishing capacity in the first cycles rather than extrinsic ones.  

To gain further understanding in the defect’s formation by cycling, we have performed positron 

lifetime (PL) measurements and coincidence Doppler broadening (CDB) spectroscopy on three 

samples: the as-cast alloy, the hydrides after the first and the last cycles. The PL experiments 

provides information about the type and the concentration of the open volume defects present in 

the sample while CDB enables characterization of the local chemical environment of defects. The 

results of the PL analysis are collected in Table 4. 

Sample 
Capacity 

(H/M) 

τ1 

(ps) 

I1 

(%) 

τ2 

(ps) 

I2 

(%) 

As-cast  

TiVNbCr 
- 143.4(2) 100 - - 

1st hydride  

TiVNbCr 
1.90 181(1) 87(1) 340(7) 13(1) 

cycled hydride 

TiVNbCr 
1.68 180(3) 68(3) 326(6) 32(2) 
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Table 4. Results of the PAS analysis: lifetimes τi and relative intensities Ii of the exponential 

components resolved in the PL spectra. 

The as-cast sample (TiVNbCr) exhibits a single component spectrum with lifetime of 143 ps 

that can be accounted by the free positrons delocalized in the bcc lattice. Previous results on as-

cast MPEAs/HEAs demonstrated the presence of two components in the positron lifetime spectra 

48,49. The short-lived component can be attributed to free positrons (not trapped at defects) while 

the longer one represents the contribution of positrons trapped in defects, either in dislocations 

introduced by cutting from ingots [43] or in vacancies introduced by quenching from elevated 

temperatures 49. In contrast, the as-cast TiVNbCr alloy shows only one component from free 

positrons indicating that this material contains a low density of defects and virtually all positrons 

are annihilated in the free state. 

On the contrary, all hydride samples (first and cycled hydrides) contain two components 

originating from positrons trapped at defects. The component with lifetime of around 180 ps (τ1) 

comes from dislocations while the component with larger lifetime 320-340 ps (τ2) can be attributed 

to vacancy clusters. The concentration of defects in both the first and cycled hydrides is so high 

that all positrons are annihilated in trapped state at defects, either dislocations or vacancy clusters, 

and the free positron component cannot be resolved in PL spectra (so called saturated positron 

trapping). Therefore, the first hydrogen absorption cycle introduces dislocations and 

monovacancies which quickly agglomerate into small vacancy clusters. This behavior is widely 

recognized to originate from the misfit of the lattice parameters between the several phases formed 

during the hydrogen absorption/desorption. Since PDF results suggested an unstrained lattice of 

the first hydride, we hypothesize that vacancy clusters are formed to relax the strain lattice 

introduced by hydrogen-induced plastic deformations and phase transition. 
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Similarly, the cycled sample also contains both dislocations and vacancy clusters. However, the 

higher I2 intensity of positrons trapped into vacancy clusters clearly points out an increase of the 

concentration of this type of defects as compared to dislocations introduced after cycling. Taking 

into consideration that PDF revealed an unstrained lattice, we suggest that the formation of more 

vacancy clusters by cycling results into the relaxation of the lattice. Moreover, the PDF suggested 

an increased number of dislocations upon cycling, as compared to the first hydride, in good 

agreement with PAS findings.  

The results of CDB measurements are plotted in Figure 9 as ratio curves related to well annealed 

pure Al. The CDB ratio curve of the as-cast TiVNbCr alloy can be reasonably described by a 

superposition of equal contributions of CDB curves measured for reference samples of pure 

elements Ti, V, Nb, and Cr (solid line in Figure 9).  
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Figure 9. Coincidence Doppler broadening (CDB) ratio curves for the as-cast TiVNbCr (before 

cycling), the first and cycled hydrides related to pure Al. The solid line shows CDB ratio curve 

from equal contribution of pure elements (Ti, V, Nb, and Cr). 
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The CDB ratio curves for samples loaded with hydrogen are suppressed in the high momentum 

region due to positron localization in hydrogen-induced defects leading to suppressed contribution 

of positrons annihilated by high momentum core electrons. This effect is more pronounced in the 

cycled sample which can be reasonably explained by higher concentration of defects, in line with 

previous PL results. Overall, the chemical environment of defects can be described by a random 

distribution of Ti, V, Nb, and Cr atoms, irrespective of the sample, in very good agreement with 

PDF results. Since the dominating contribution arises from positrons trapped at dislocations 

(intensity 87 and 68% for first and cycled hydride, respectively, see Table 4) the CDB curves 

reflect mainly the chemical environment of dislocations. However, there is a considerable 

contribution from positrons trapped in vacancy clusters as well. Random distribution of Ti, V, Nb, 

and Cr atoms around vacancy seems to be surprising since it has been demonstrated earlier that 

vacancies in MPEAs/HEAs are preferentially located in the vicinity of atoms with large radii 48,49. 

This latter result was, however, obtained for thermally equilibrium vacancies formed in the 

samples by quenching from high temperatures. Nevertheless, if vacancies are very mobile at high 

temperatures and can easily find the lowest energy sites in the lattice, vacancy clusters in hydrides 

studied in the present work were introduced by hydrogen-induced plastic deformations at room 

temperature. This might explain the random location of formed vacancies in these hydrides.     

In light of PDF and PAS results, one possible explanation of the capacity degradation by cycling 

might be the increasing number of dislocations created during cycling. The interstitial sites in the 

vicinity of these defects might be heavily distorted and consequently, no longer available for 

hydrogen occupancy. Having identified the major contributions to the initial drop in cycling 

capacity, small compositional modifications to the TiVNbCr system can now be explored that 

minimize defect formation and maximize material cycling performance. 
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Conclusions 

The (TiVNb)100-xCrx alloys with x = 0, 15, 20, 25, 30 and 35 are single-phase bcc materials with 

reduced lattice parameter by increasing the Cr content. All alloys absorb hydrogen quickly at room 

temperature forming fcc hydride phases where the maximum storage capacity decreases with 

increasing Cr amount. The experimental values of enthalpy of hydride formation vary almost 

linearly with Cr content, in agreement with ML predictions, as well as with the volume of fcc 

hydride / metal atom. The latter trend hints to a thermodynamic destabilization that might be 

related to a steric effect: the smaller the available lattice volume and volume of interstitial sites, 

the larger the equilibrium pressure needed to form a hydride phase. The destabilization of the 

hydride phase with increasing Cr content agrees with the lower thermal stability of the hydride 

phases observed experimentally. 

The cycling of the equimolar TiVNbCr shows a decrease of the capacity by 11% in the first 

cycles which cannot be accounted by a change in the structure nor a phase segregation. PDF 

analysis of total scattering X-ray data on the first and cycled hydrides indicates that these materials 

have an average random fcc structure without lattice distortion at short range order or elemental 

segregation introduced by cycling. The only noticeable effect is a smaller structural correlation in 

the cycled material as compared to the hydride after the first cycle that can be accounted for by the 

introduction of defects by cycling. Interestingly, the initial as-cast TiVNbCr alloy contains a low 

density of defects, as uncovered by PAS. If the first hydrogen absorption introduced dislocations 

and vacancies which cumulate into small vacancy clusters, the cycling increases the numbers of 

both types of defects. However, the vacancy clusters concentration increases more than 

dislocations. The role of vacancy clusters formation might be related to the relaxation of the lattice 

strain introduced by hydrogen absorption. Thus, the degradation of the capacity after successive 
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cycling is associated with the increased number of dislocations and heavy distortion of the 

interstitial sites in the vicinities of the defects which may be no longer available for hydrogen. Due 

to lengthy experiments needed to measure and characterize cycling’s effect on hydrogen capacity, 

literature data remains relatively scarce and no sufficiently large database (~100s of training 

examples) has been assembled from which an ML model could readily be trained to predict aspects 

of capacity degradation. However, recent ML work on automated vacancy prediction 50 could be 

used in conjunction with hydride thermodynamic ML models discussed here to target high entropy 

alloys that simultaneously have favorable hydride thermodynamics and a low propensity for 

vacancy formation and therefore may improve cycling capacity.  

These new findings bring important insights into both compositional and cycling effects in a 

series of multiprincipal element alloys and provide detailed design rules for novel metallic 

materials with promising properties for hydrogen storage. 
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