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a b s t r a c t 

The volumetric hydrogen density of 160 kg H/m 

3 in TiVCrNbH 8 is among the highest for interstitial hy- 

drides, but the reported reversible capacity is only about 2/3 of the full theoretical capacity at room 

temperature. In the present work we have investigated the local structure in TiVCrNbD x , x = 0 , 2.2, 8 

with the aim to unravel how the remaining sites can be destabilized with respect to hydrogen/deuterium 

occupation using total scattering measurements and Reverse Monte Carlo (RMC) structure modelling. Our 

analysis indicates that the partially desorbed deuteride ( x = 2 . 2 ) adopts a body-centred tetragonal struc- 

ture ( I4 /mmm ) where the deuterium atoms occupy both tetrahedral and octahedral interstices with low 

occupancies. There is a significantly higher portion of occupied sites with nearest-neighbour metals with 

low valence-electron concentration VEC . This observation is used to motivate strategies for further desta- 

bilization of the hydride. Inelastic neutron scattering (INS) and density functional theory (DFT) calcula- 

tions indicate that the vibrational density of states is very diverse in TiVCrNbH 2 . 4 , and it is suggested that 

the hydrogen atoms might be mobile between nearby interstices. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

An environmentally benign energy vector becomes imperative 

ith an increasing share of the global energy distribution from 

enewable energy technologies. Hydrogen has the potential to fill 

his need, but safe and efficient storage remains a challenge [1] . 

his is due to the very low density of gaseous hydrogen at am- 

ient conditions. One promising solution is to store hydrogen in 

he solid-state using metal hydrides. With this approach it is pos- 

ible to achieve much higher volumetric hydrogen densities than 

n commercial gas tanks where the hydrogen is compressed to 

00 bar H 2 . Many different metal hydrides have been proposed in 

he literature, but none of these are currently able to fulfill all 

he requirements of an ideal hydrogen storage material. Complex 

ydrides excel in terms of gravimetric hydrogen densities reach- 
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ng values as high as 18.4 wt.% in LiBH 4 . Unfortunately, they are 

ften subject to non-reversibility during hydrogen sorption [2–4] . 

g-based metal hydrides can also reach high gravimetric hydro- 

en densities, e.g. 7.6 wt.% in MgH 2 . As Mg is an abundant ele-

ent these materials are often cheap, but they suffer from unfa- 

orable kinetics and thermodynamics at ambient conditions [5] . 

ntermetallic hydrides formed from alloys of type AB, AB 2 , AB 5 , 

tc., have modest gravimetric hydrogen densities, such as 1.37 wt.% 

n LaNi 5 H 6 or 1.89 wt.% in TiFeH 2 . Their main drawbacks include 

egradation after repeated hydrogen absorption/desorption cycling, 

urface passivation and slow hydrogen sorption kinetics [1,6–9] . 

ome of these issues can be mitigated if small amounts of either 

, B, or both is substituted with carefully chosen elements [9–12] . 

Recently, this alloying strategy has been taken to its ex- 

reme in a novel materials class known as high-entropy alloys 

HEAs). This is a multi-principal element approach where the alloy 

ontains four or more elements mixed together in near equimo- 

ar compositions. These materials tend to form single-phase solid 
rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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olutions with simple structures such as body-centred cubic (bcc) 

nd cubic close-packed (ccp) [13] . As a consequence, the different 

lements are randomly distributed over a single crystallographic 

ite causing a wide diversity of local atomic arrangements. Sev- 

ral HEAs have been reported to form metal hydrides in which 

he hydrogen atoms occupy the tetrahedral and/or octahedral in- 

erstices in a body-centred tetragonal (bct) or face-centred cubic 

fcc) lattice [14–20] . Usually the thermodynamics are unfavorable 

or applications at ambient conditions [16–18] , but it has recently 

een demonstrated that the metal hydrides are destabilized with 

ncreasing valence-electron concentration ( VEC ) in the HEA [21] . 

ased upon this insight, reversible room temperature ( RT ) hydro- 

en storage have been realized in the HEA TiVCrNbH 8 ( V EC = 5 . 0 )

nd the C14 Laves-phase TiCrMnFeNiZrH 6 ( V EC = 6 . 4 ) [21,22] . The

olumetric hydrogen density achieved in TiVCrNbH 8 is the high- 

st reported for any interstitial hydride, namely 160 kg H/m 

3 . Inter- 

stingly, the reversible hydrogen storage capacity of 1.96 wt.% H in 

iVCrNbH 8 is just 61.3% of the theoretical full capacity of 3.20 wt.%. 

his is indicative of certain more stable sites where the remaining 

ydrogen atoms are trapped. These sites must be destabilized if the 

ull hydrogen storage capacity in TiVCrNbH 8 should become avail- 

ble at RT . It is possible that this can be achieved by finely tuning

he chemical composition of the HEA. In this context it would be 

eneficial to know whether there are any preferred metallic envi- 

onments surrounding the hydrogen atoms that are trapped inside 

he structure at RT . 

This paper presents a detailed investigation of the local short- 

ange order (SRO) for TiVCrNbD x , x = 0 , 2 . 2 , 8 using Reverse Monte

arlo (RMC) structure modelling from total scattering measure- 

ents [23] . Total scattering extends regular diffraction and involve 

xtra rigorous measurements to obtain an accurate assessment of 

oth the Bragg and diffuse scattering from the sample. Previous 

otal scattering investigations indicated that deuterium has a pre- 

errence for occupying sites surrounded by much Ti in deuterides 

ormed from Ti 0 . 45 Cr 0 . 35 Mo 0 . 20 [24] . However, this result was ob- 

ained by peak fitting rather than RMC modelling, and thus, a more 

ccurate assessment of the local structure is obtained in this work. 

he hydrogen vibrations and local bonding mechanism are also 

lucidated from high-resolution inelastic neutron scattering (INS) 

easurements. These are discussed and compared with density 

unctional theory (DFT) calculations and the RMC structure models. 

. Experimental 

.1. Synthesis. 

Alloys with the composition TiVCrNb were synthesised from 

umps of Ti, Cr, Nb (Goodfellow, 99.99% metals basis) and V (Good- 

ellow, 99.6% metals basis) by arc melting under Ar atmosphere. 

he alloys were melted in batches of 1.86(1) g. These were turned 

nd remelted six times to enhance homogeneity. The mass losses 

uring arc melting were in all cases measured below 0.6 wt.%. 

hus, the final compositions can be considered as very close to the 

ominal. 

About one third of the as cast alloy was crushed to a fine pow- 

er using a hammer and anvil. Another third of the material was 

ealed under Ar in a stainless steel autoclave and connected to an 

n-house built Sieverts apparatus [25] equipped with a Vacuubrand 

iaphragm vacuum pump. A partially hydrogenated material was 

btained by the following synthesis. The material was heated to 

52(2) ◦C under dynamic vacuum for 2 h for activation. The sam- 

le was subsequently cooled to RT where hydrogen loading was 

erformed in a direct gas-solid-state reaction. The final pressure 

as stable at 33.9(3) bar H 2 , and the composition was measured 

o TiVCrNbH 7 . 68(2) by manometric means. The sample was then 

eated to 99 . 0(4) ◦C and exposed to dynamic vacuum for 3 h until
2 
he vacuum was at ∼ 2 × 10 −6 mbar. This indicates that hydrogen 

esorption has finished. Hydrogen gas loading was then repeated 

t RT and the reversible capacity determined to H / M = 1 . 214(7) .

he loading cycle was repeated one more time with no significant 

hange in the reversible capacity. A partially hydrogenated mate- 

ial was finally obtained by repeating the heating and evacuation 

rocedure described above. The remaining one third of the as cast 

lloy was exposed to an identical treatment with deuterium ( 2 H, 

urity 99.6%) instead of natural hydrogen. The composition of the 

ully deuterated material and the reversible capacity was deter- 

ined manometrically to TiVCrNbD 7 . 65(7) and D / M = 1 . 26(3) , re- 

pectively. All sample handling was from this point performed in 

n MBraun Unilab glovebox with purified Ar atmosphere ( < 1 ppm 

 2 and H 2 O). 

A deactivated dideuteride was also obtained by the follow- 

ng synthesis. Part of the partially deuterated material obtained 

bove was sealed in a stainless steel autoclave and reconnected 

o the Sieverts apparatus. Deuterium gas loading was performed 

s described above and the final composition was measured to 

iVCrNbD 7 . 82(1) . To prevent outgassing of deuterium the sample 

as cooled to −196 ◦C by submerging the stainless steel autoclave 

n a liquid N 2 bath. During cooling the sample was kept under deu- 

erium gas pressure. The sample was then quickly removed from 

he autoclave and placed in acetone where it was grounded to a 

ne powder. The latter step served to passivate the surfaces of the 

ideuteride particles, and thereby preventing D desorption. 

.2. Thermal analysis. 

Thermogravimetric differential scanning calorimitry (TG/DSC) 

as measured with a heat flux type Netzsch STA 449 F3 Jupiter 

pparatus. The samples were confined inside Al 2 O 3 crucibles 

quipped with pierced lids and heated to 600 ◦C at 10 ◦C/min. The 

easurements were conducted under flowing Ar at 50 mL/min. 

.3. Sieverts measurements. 

The powdered alloys were placed inside a stainless-steel auto- 

lave for the pressure-composition isotherm (PCI) measurements. 

he autoclave was heated to 150 ◦C and evacuated by rotary 

ump for more than 2 h. PCIs were then measured during absorp- 

ion/desorption at three different temperatures so that the absorp- 

ion/desorption enthalpy and entropy could be evaluated. Separate 

easurements were conducted with hydrogen and deuterium gas. 

.4. X-ray and neutron total scattering measurements. 

Powder neutron diffraction (PND) was measured with the NOVA 

nstrument at Japan Proton Accelerator Research Complex (J-PARC) 

n Ibaraki Prefecture, Japan. The samples were loaded into 6 mm 

iameter cylindrical V 96 Ni 4 alloy containers under He atmosphere. 

ach sample was measured for 3.5 h under ambient conditions. 

easurements were also made of an empty sample container, a 

 rod and the empty instrument. This allowed us to perform back- 

round subtraction and data correction by standard means [26] to 

btain the total scattering structure factor F (Q ) and its Fourier 

ransform, the pair distribution function (PDF), G (r) defined as: 

 (r) = 

N ∑ 

i =1 

N ∑ 

j=1 

c i c j b i b j 
[
g i j (r) − 1 

]
(1) 

here { c i } N i =1 and 

{
b i 
}N 

i =1 
are the concentrations and coherent 

ound scattering lengths of the N chemical species present in the 

ystem, respectively [27] . g i j (r) are the partial PDFs defined as: 

 i j (r) = 

1 

ρ j 

n i j (r) 

4 π r 2 dr 
(2) 
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here ρ j = c j ρ0 , ρ0 is the average number density of the mate- 

ial and n i j (r) is the number of atoms of type j between r and 

 + dr from an atom of type i . Thus, g i j (r) shows the distribu-

ion of interatomic distances between atoms of type i and j. Ad- 

itionally, the differential correlation function D (r) is obtained as 

 (r) = 4 π rρ0 G (r) . 

Synchrotron radiation powder X-ray diffraction (SR-PXD) was 

easured at the BL22-XU beamline of SPring-8 in Hy ̄ogo Prefec- 

ure, Japan [28] . The beamline is equipped with a Rigaku R-AXIS V 

etector and the wavelength was λ = 0 . 1778 Å. The samples were 

laced inside 1.0 mm diameter kapton capillaries with wall thick- 

ess 0.05 mm. The exposure times were in all cases 30 s. An empty

apillary was also measured so that background subtraction and 

ata correction could be performed using the program GudrunX 

29] . Thus, X-ray equivalents of the total scattering functions de- 

cribed above were obtained. 

Crystallographic analysis was performed with both SR-PXD and 

ND data simultaneously using the Rietveld method in the General 

tructure Analysis System (GSAS) [30,31] . The background was fit- 

ed by a 12th order shifted-Chebyshev polynomial, and the SR-PXD 

eaks were modelled by a Thompson–Cox–Hastings pseudo-Voigt 

unction [32] . The PND peaks were modelled by a pseudo-Voigt 

unction convoluted with the Ikeda–Carpenter function [33] . The 

ebye–Waller factors were also refined, but for the metals they 

ere constrained to be equal. 

.5. Reverse Monte Carlo (RMC) modelling. 

In the RMC technique a three dimensional structure model is 

onstructed from experimentally observed data. In the case of a 

rystalline material, the initial model is a supercell of the crys- 

allographic unit obtained from a Rietveld refinement. The theo- 

etical function, e.g. G (r) , from this configuration of atoms is cal- 

ulated and compared with the experimentally obtained function. 

he atoms within the configuration is then allowed to translate 

nd swap places. For each move the new agreement with the ex- 

erimental data χ2 
j 

is calculated as: 

2 
j = 

M ∑ 

i =1 

( f meas (x i ) − f calc, j (x i )) 
2 

A · σ (x i ) 
(3) 

here f meas (x i ) is the experimental function with uncertainty 

(x i ) at point x i and f calc, j (x i ) the corresponding function cal- 

ulated from the model after move j has been implemented. 

 is a user defined constant that is used to change the rela- 

ive weighting of the different functions. If χ2 
j 

≤ χ2 
j−1 

the move 

s always accepted. If χ2 
j 

> χ2 
j−1 

it is accepted with probability 

xp (−0 . 5 · (χ2 
j 

− χ2 
j−1 

)) . In principle, any technique for which a 

heoretical pattern can be calculated from the structure model 

ould be included into the RMC process. In the present work, a 

ombination of neutron and X-ray total scattering measurements 

s used. This is necessary due to the low X-ray scattering intensity 

rom D atoms with respect to the metals and vice versa for neu- 

rons. This also ensures good contrast between all the metals. 

The RMC modelling was in the present work done with the de- 

elopment version of RMCProfile v7 which will succeed the cur- 

ent version RMCProfile v6 [34] . A total of eight different func- 

ions, four for each probe, were included in the RMC procedure. 

hese are F (Q ) , G (r ) , D (r ) and the Bragg peak intensities. The di-

ension of the starting configurations were chosen so that G (r) 

nd D (r) could be calculated up to 30 Å. Thus, the models of

he alloy, partially deuterated and fully deuterated materials con- 

ain 20 × 20 × 20 (16,0 0 0 atoms), 19 × 19 × 19 (21,310 atoms) and

4 × 14 × 14 (32,928 atoms) unit cells, respectively. Translation and 

wap moves were attempted with equal probability during the 

imulations. The maximum translation distance was restricted to 
3 
.10 Å. The atoms were constrained to not move closer together 

han the predefined cut-off distance of 2.28 Å in TiVCrNb, 1.32 Å 

n TiVCrNbD 2 . 2 , and 1.38 Å in TiVCrNbD 8 . These values were taken 

or each simulation as the r-value where the first interatomic dis- 

ance peak is seen in the experimental G (r) . No further chemical 

nowledge or constrains were imposed on the models. The relative 

eighting of the different datasets were decided by trial and error 

o that a good fit was obtained for all included functions. A total 

f 10 simulations with different starting configurations were done 

or all the considered systems. 

.6. Inelastic neutron scattering (INS). 

High-resolution INS measurements were conducted at the 

ndirect-geometry spectrometer TOSCA at ISIS Neutron and Muon 

ource, Rutherford Appleton Laboratory in the United Kingdom 

35,36] . 5 g samples of the alloy and the partially desorbed hy- 

ride were placed inside flat Al cells with cross-sectional area 

 . 0 × 4 . 8 cm 

2 and thickness 0.5 mm. The cross-section of the beam

as 4 . 0 × 4 . 0 cm 

2 . The INS spectra were collected below −258 ◦C

sing a closed-cycle He refrigerator. This was done to minimize 

he contribution of the Debye–Waller factor. 10 g of the partially 

esorbed hydride was also placed inside a stainless steel cylinder 

ith diameter 12.5 mm and height 6.0 cm. Hydrogen gas loading 

as performed by exposing the sample to 35 bar H 2 at 127 ◦C un-

il no change could be observed in the INS spectrum. The sample 

as then cooled to RT where the INS spectrum was recorded un- 

er hydrogen gas pressure. 

.7. Density functional theory (DFT) calculations. 

Phonon spectra were calculated by DFT to generate in silico 

pectra for comparison with experimental INS equivalents. For the 

ully hydrogenated compound, the binary hydrides with CaF 2 -type 

tructures were investigated. For TiVCrNbH 2 . 4 , a 2 × 2 × 2 super- 

ell with nominal composition TiVCrNbH 2 . 25 with random struc- 

ure approximation was utilized. In this simulation, the Ti, V, Cr 

nd Nb atoms are swapped randomly to find the minimum energy 

onfiguration. The phonon calculation was carried out only for the 

nal, low energy configuration. 

Total energies were calculated by the projected-augmented 

lane-wave (PAW) implementation of the Vienna ab initio simula- 

ion package (VASP) [37,38] . All these calculations were made with 

he Perdew–Burke–Ernzerhof (PBE) [39] exchange correlation func- 

ional with the Hubbard parameter correction (LDA+ U), following 

he rotationally invariant form [40,41] . Effective U values of 3.25 eV 

nd 3.7 eV were used for the V- d and Cr- d states, respectively. 

Ground-state geometries were determined by minimizing 

tresses and Hellman–Feynman forces using the conjugate-gradient 

lgorithm with force convergence less than 10 −3 eV/ ̊A. Brillouin 

one integration was performed with a Gaussian broadening of 

.1 eV during all relaxations. From various sets of calculations it 

as found that 512 k -points in the whole Brillouin zone for the 

tructure with a 600 eV plane-wave cutoff were sufficient to en- 

ure optimum accuracy in the computed results. The k -points were 

enerated using the Monkhorst–Pack method with a grid size of 

 × 8 × 8 for structural optimization. A similar density of k -points 

nd energy cutoff were used to estimate total energy as a function 

f volume for all the structures considered in the present work. 

A frozen phonon calculation was applied to the supercells using 

he phonopy program to obtain the phonon dispersion curve and 

honon density of states [42] . An atomic displacement of 0.0075 Å 

as used with a symmetry consideration to obtain the force con- 

tants for the phonon calculations. The displacements in opposite 

irections along all possible axes were incorporated in the calcu- 

ations to improve the precision. The force calculations were made 
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Fig. 1. PCIs (left) and corresponding van ’t Hoff diagrams (right) for absorption and desorption of hydrogen (a) and deuterium (b) in TiVCrNb. 
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sing the VASP code with the supercell approach (with LDA + U

orrection) and the resulting data were imported into the Phonopy 

rogram. The dynamical matrices were calculated from the force 

onstants, and phonon density of states (PhDOS) curves were com- 

uted using the Monkhorst–Pack scheme [43] . Phonon calculation 

as weighted with the neutron scattering cross sections included 

ith AbINS in the Mantid software to obtain in silico spectra for 

omparison with the experimental INS spectra. [44,45] . 

. Results and discussion 

The H and D contents of the partially hydrogenated/deuterated 

aterials can be determined from the difference between the max- 

mum and reversible hydrogen contents measured manometrically. 
4 
his calculation suggests that the synthesized compounds have 

ompositions TiVCrNbH 2 . 82(3) and TiVCrNbD 2 . 60(16) , respectively. 

G/DSC data were also measured to verify these results. It was 

ound that the compositions are lower than what was suggested 

rom the manometric measurements, namely TiVCrNbH 2 . 44(3) and 

iVCrNbD 2 . 20(4) . A possible explanation to these discrepancies is 

hat the maximum H and D contents are reduced from the first 

o the second loading cycle. 

Fig. 1 shows hydrogen and deuterium pressure composition 

sotherms (PCIs) and the corresponding van ’t Hoff diagrams for 

iVCrNbH x and TiVCrNbD x . The measured curves are characterized 

y two plateaus. The pressure at the first plateau is below the 

ange of the pressure transducer in the Sieverts apparatus. The sec- 

nd is characterized by a significant level of hysteresis and a slope 
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Fig. 2. Rietveld refinements of PND and SR-PXD patterns for TiVCrNbD x , x = 0 , 2 . 2 , 8 at RT . Visible peaks corresponding to Fe are indicated by black arrows. The inset of the 

upper middle panel shows an enlargement of the PND fit for TiVCrNbD 2 . 2 . 
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Table 1 

Crystallographic data for TiVCrNbD x , x = 0 , 2 . 2 , 8 at RT . Note that Ti, V, Cr and Nb 

occupy the M-site with equal probability. Estimated standard deviations are given 

in parentheses. 

Compound: TiVCrNb 

Space group: Im 3 m 

Lattice parameter, a : 3.13228(7) Å 

Unit cell volume, V 0 : 30.731(12) Å 3 

Mass density, ρ: 6.585 g/cm 

3 

Number density, ρ0 : 0.0651 atoms/ ̊A 3 

Atom Site x y z U iso Occupancy 

M 2 a 0 0 0 0.00932(5) 1.0 

Compound: TiVCrNbD 2 . 2 

Space group: I4 /mmm 

Lattice parameter, a : 3.2048(2) Å 

Lattice parameter, c: 3.2747(3) Å 

Unit cell volume, V 0 : 33.635(6) Å 3 

Mass density, ρ: 6.127 g/cm 

3 

Number density, ρ0 : 0.0924 atoms/ ̊A 3 

Atom Site x y z U iso Occupancy 

M 2 a 0 0 0 0.022(2) 1.0 

D 2 b 0 0 1 / 2 0.0368(9) 0.105(1) 

D 4 c 1 / 2 0 0 0.1198(11) 0.081(4) 

D 4 d 1 / 2 0 1 / 4 0.0561(16) 0.042(4) 

D 8 j 0.2118(7) 0 1 / 2 0.0216(7) 0.051(8) 

Compound: TiVCrNbD 8 

Space group: F m 3 m 

Lattice parameter, a : 4.37800(3) Å 

Unit cell volume, V 0 : 83.912(2) Å 3 

Mass density, ρ: 5.142 g/cm 

3 

Number density, ρ0 : 0.1430 atoms/ ̊A 3 

Atom Site x y z U iso Occupancy 

M 4 a 0 0 0 0.00471(7) 1.0 

D 8 c 1 / 4 1 / 4 1 / 4 0.1456(6) 1.006(3) 
n the plateau pressure. Attempts were made to measure PCIs at 

T , but this was not possible. Extrapolation suggests that the des- 

rption plateau pressures are 0.01 bar and 0.002 bar for hydrogen 

nd deuterium, respectively. These values are below the lower limit 

f 0.03 bar of the pressure transducer which explains why we were 

nable to measure the PCIs at RT . It is clear that the plateau pres-

ures are higher for hydrogen in comparison with deuterium, but 

he shape of the curves are similar. Moreover, the final hydrogen 

ontents of the full and partially desorbed materials are compa- 

able. This suggests that the structures of deuterides must be the 

ame as those of the hydrides. Thus, the hydrogenation/deuteration 

rocess can be described as 

� β � γ (4) 

here α denotes the deuterium free alloy, β the partially deuter- 

ted system and γ the dideuteride. 

Fig. 2 presents Rietveld refinements of PND and SR-PXD pat- 

erns of TiVCrNbD x , x = 0 , 2 . 2 , 8 . 0 . The corresponding crystallo-

raphic information is given in Table 1 . The as cast alloy ( α) is bcc

 Im 3 m ), the partially deuterated material ( β) is bct ( I4 /mmm ) and

he dideuteride ( γ ) has a CaF 2 -type structure ( F m 3 m ). Extra peaks

orresponding to Fe coming from the anvil where the as cast alloys 

ere crushed can be seen in the PND patterns of both TiVCrNb 

nd TiVCrNbD 2 . 2 . The strongest peak for Fe is indicated by arrows 

n the figure. These peaks are not visible in the SR-PXD patterns, 

nd our Rietveld refinement indicates that the amount of Fe is less 

han 0.3 wt.%. Thus, the contribution of this impurity to the PDF is 

nsignificant. Notice the much lower scattering intensity with both 

-rays and neutrons from TiVCrNbD 2 . 2 in comparison to the alloy 

nd dideuteride. At the same time there is substantial diffuse scat- 

ering in the Q-range from 2.0 Å 

−1 to 4.5 Å 

−1 of the PND pat-

ern. This is indicative of SRO in the deviations from the average 

ong-range atomic structure. All octahedral and tetrahedral inter- 

tices are occupied by D with low occupancies for this material 

see Table 1 ). The distances between these sites are summarized 
5 
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Fig. 3. RMC fits to the X-ray and neutron total scattering functions (a) G (r) , (b) D (r) , (c) F (Q ) , and (d) Bragg scattering of TiVCrNb. 

6 
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Fig. 4. RMC fits to the X-ray and neutron total scattering functions (a) G (r) , (b) D (r) , (c) F (Q ) , and (d) Bragg scattering of TiVCrNbD 2 . 2 . 

7 
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Fig. 5. RMC fits to the X-ray and neutron total scattering functions (a) G (r) , (b) D (r) , (c) F (Q ) , and (d) Bragg scattering of TiVCrNbD 8 . 

8 
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Fig. 6. Pairwise multicomponent short-range order parameters (PM-SRO) for the considered compositions extracted from the RMC large box models. The limiting values 

discussed in the text are indicated by dashed lines. The coordination shells where SRO is observed in TiVCrNbD 8 are marked with numbers. 

Table 2 

Nearest-neighbour distances measured in Å for the different atoms 

in TiVCrNbD 2 . 2 . 

Octahedral Tetrahedral 

M 2 a D 2 b D 4 c D 4 d D 8 j 

M 2 a 2.80 1.64 1.60 1.80 1.77 

Octahedral D 2 b – 2.80 1.60 1.80 0.68 

D 4 c – – 1.64 0.82 0.92 

Tetrahedral D 4 d – – – 1.64 1.23 

D 8 j – – – – 0.96 
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Fig. 7. A supercell made of 4 × 4 × 4 face-centred cubic unit cells. The coordination 

numbers relative to the atom marked “0” in the bottom left corner are displayed 

on the cyan atoms. These atoms are located in coordination shells where there is 

increased probability of finding Ti around a Ti atom or Nb around a Nb atom in 

the RMC structure model of TiVCrNbD 8 , i.e., coordination shell 4, 8, 12, 15, 19, 23, 

27, 30 and 34. It can be seen that these sites form a 2 × 2 × 2 supercell. One such 

supercell is outlined with thicker, cyan lines. 

t

I

a  

i

l  
n Table 2 . We expect that neighbouring sites are unoccupied from 

he Switendick criterion [46] , otherwise the D atoms would have 

een closer than 2 Å apart, and the criterion would be violated. 

hus, it is ensured that all D atoms were further apart than 2.0 Å

n the initial configurations of the RMC modelling. 

Figs. 3 –5 presents the obtained RMC fits to G (r) , D (r) , F (Q ) and

he Bragg peak intensities for the as cast alloy, partially deuterated 

nd fully deuterated compounds, respectively. The figures show 

hat the obtained fits are in excellent agreement with the ex- 

erimental data. The quality of the fits and the obtained models 

ere comparable over the 10 RMC runs that were performed. The 

mount of disorder in the system can be characterized by calcu- 

ating the pairwise multicomponent short-range order parameters 

PM-SRO) from the RMC models [47] . These are defined as 

i j (m ) = 

p i j (m ) − c j 

δi j − c j 
(5) 

here c j is the fraction of element j in the alloy and δi j = 1 if

 = j and δi j = 0 otherwise. For an equiatomic HEA with N = 4 dis-

inct chemical species c j = c = 1 / 4 . p i j (m ) is the probability that

n atom is of type j in the m th coordination shell around a central

tom of type i . It follows from the definition that 
∑ 4 

j=1 p i j (m ) = 1

or all elements i . The PM-SRO parameters can be understood as 
9 
he relative deviation from a completely randomized solid solution. 

n the limiting scenarios, αii (m ) = 1 is obtained if there are only 

toms of type i and αii (m ) = −1 / 3 if there are no atoms of type i

n the m th coordination shell. A completely randomized solid so- 

ution without any SRO is characterized by αi j (m ) = 0 . For i � = j,
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Fig. 8. Gaussian peaks fitted to the metal-only strain-PDF G strain (r) of TiVCrNb (a) and TiVCrNbD 8 (b). The peaks full-widths at half maximum (FWHM) are compared to 

values from a similar analysis for TiVNb, TiVZrNb and TiVZrNbHf (c) and the corresponding dideuterides (d). Values for these other systems are adopted from Ref. [48] . In 

(c) and (d), the dashed black lines indicates the typical magnitude of the FWHM corresponding to thermal vibrations. Assuming a normal distribution of oscillations and a 

typical mean-square displacement ( msd or U iso ) of 0.01 Å, a value of around 0.24 Å is obtained using the relation FWHM = 2 
√ 

2 ln (2) · msd . 
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i j (m ) = −3 if there are only atoms of type j in the coordination 

hell and αi j (m ) = 1 if there are no atoms of type j. The PM-SRO

arameters of the obtained RMC models are shown in Fig. 6 . In 

eneral, the elements seems to be well dispersed and the metal 

attice can be characterized as being very close to a random solid 

olution. However, there are some tendencies towards ordering in 

he deuterides. In particular, there is an increased probability for 

b to be coordinated by itself in the first coordination spheres of 

iVCrNbD 2 . 2 . TiVCrNbD 8 has the same local ordering as reported 

or TiVNbD 5 . 7 [48] . In particular, the probability is higher for Ti 

nd Nb to be coordinated by itself in the 4th, 8th, 12th, 15th, 

9th, 23rd, 27th and 30th coordination sphere. These coordination 

pheres corresponds to a 2 × 2 × 2 face-centred cubic supercell, as 

resented in Fig. 7 . Nevertheless, the deviations from a completely 

andomized solid solution are far from the limiting scenarios out- 

ined above. 

Many exceptional properties reported for HEAs have been at- 

ributed to severe lattice distortion caused by differently sized 
10 
toms in the alloy [13] . The lattice distortion is often quantified 

y the relative variation in atom sizes δr that is defined as 

r = 

√ 

N ∑ 

i =1 

c i 

(
1 − r i 

r 

)2 

· 100% (6) 

here r = 

∑ N 
i =1 c i r i with { c i } N i =1 and { r i } N i =1 as the concentrations 

nd radii of the N elements in the HEA, respectively. The direct ev- 

dence of this effect is limited in the literature [49] . One reason 

ehind this is the difficulty to perform suitable measurements. It 

as been suggested that the level of local lattice strain can be as- 

essed from analyzing the full-widths at half maximum (FWHM) of 

he peaks in a strain-PDF obtained from RMC modelling [50] . Such 

n analysis has recently been performed for TiVNb ( δr = 4 . 29 %),

iVZrNb ( δr = 6 . 87 %) and TiVZrNbHf ( δr = 6 . 96 %) and the corre-

ponding dideuterides [48] . For these systems it was observed that 

he FWHM of the peaks in the strain-PDF of the alloys increased 
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Fig. 9. The D-D and M-D partial PDFs for TiVCrNbD 2 . 2 (a) and TiVCrNbD 8 (b) averaged over the ten fits obtained from the RMC modelling. The horizontal black lines indicates 

one standard deviation about the mean M −D nearest-neighbour and second-nearest neighbour distances for the tetrahedral and octahedral interstices in the RMC model of 

TiVCrNbD 2 . 2 . 
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ignificantly from TiVNb to TiVZrNb and TiVZrNbHf. This is ex- 

ected from the higher δr values in the latter HEAs. The strain 

as lower in the corresponding deuterides, but the trend was still 

resent. The atomic radii of Ti, V, Cr and Nb are 1.46 Å, 1.32 Å,

.25 Å and 1.43 Å, respectively [13] . Thus, TiVCrNb has δr = 6 . 18 %,

nd it should be expected that also this alloy is severely strained. 

owever, Fig. 8 demonstrates that the strain is comparable with 

hat obtained for TiVNb for which most of the FWHM can be ex- 

lained by thermal vibrations. The main difference between these 

lloys is whether the element that causes δr to increase is smaller 

r larger than the others. Thus, our analysis indicates that the HEA 

attice is less prone towards strain when smaller elements are in- 

roduced into a matrix of larger atoms. Since δr is insensitive to 

his, it can be a misleading measure of the local lattice distortion 

n a HEA. 

Fig. 9 presents the D-D and M-D partial PDFs for TiVCrNbD 2 . 2 

nd TiVCrNbD 8 . The first peak in the D-D partial is in both cases

ust above 2 Å in compliance with the Switendick criterion. This 

esult comes solely from the experimental data and not from any 

mposed constraint or penalty during the modelling process. The 

-D partials of TiVCrNbD 8 are characterized by well-defined co- 

rdination shells. However, for TiVCrNbD 2 . 2 the M-D partials have 

 continuous distribution. Moreover, for this compound it is ob- 

erved that D has a significantly higher probability of being coordi- 

ated by Ti and V than Cr and Nb. This result is in compliance with

esults reported for deuterides formed from Ti 0 . 45 Cr 0 . 35 Mo 0 . 20 [24] . 

oreover, it is also clear that this effect is only present in the first 

oordination sphere ( r < 2 . 2 Å). The first two peaks in the M-D

artials are attributed to the octahedral and tetrahedral interstices, 

espectively. In the tetrahedral interstices, D is coordinated by four 
11 
earest-neighbour metals at r = 1 . 9(3) Å in the RMC model. In

he octahedral interstices, the metal octahedron surrounding D is 

ade out of two nearest-neighbour and four second-nearest neigh- 

our metals. The distance from D to these are r = 1 . 6(2) Å and

 = 2 . 6(3) Å, respectively. The mean values of the octahedral and

etrahedral nearest-nighbour distances are in very good agreement 

ith the values expected from crystallography (see Table 2 ). Analy- 

es of the local coordination environments indicates that the octa- 

edral second-nearest neighbours are randomly distributed. Fig. 10 

hows the fraction of occupied tetrahedral and octahedral inter- 

tices in the RMC structure model with different metals as near- 

st neighbours. It is clear that a larger fraction of the sites are oc- 

upied if the VEC of the nearest-neighbours are lower. Thus, the 

estabilization effect presented in Ref. [21] is also present at the 

ocal level. This suggests that it could be possible to increase the 

eversible hydrogen storage capacity by fine-tuning the HEA com- 

osition. In this endeavor it should be kept in mind that VEC > 5 . 0

ften results in a reduction in the maximum hydrogen storage ca- 

acity [21] . Thus, the overall VEC should be kept at 5.0. One possi- 

ility to achieve this is to reduce the amount of Ti and Cr equally. 

nother strategy is to reduce the amount of Ti and add an appro- 

riate amount of another element with higher VEC , e.g. Mn, Fe or 

i. 

The analyses presented above indicate that the remaining hy- 

rogen atoms in the partially desorbed material occupy sites with 

ll possible combinations of nearest neighbours in both octahedral 

nd tetrahedral interstices. Thus, the local metallic environments 

round the hydrogen atoms are very diverse. This should also be 

eflected in the vibrational density of states (vDOS) of the hydro- 

en atoms as measured by INS. Fig. 11 presents the measured INS 
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Fig. 10. The fraction of tetrahedral and octahedral interstices with different 

nearest-neighbour metals that are occupied by D within the RMC structure model 

of TiVCrNbD 2 . 2 . The insets presents the polyhedra with the D and M indicated by 

green and grey balls, respectively. For the octahedron, the second-nearest metals 

are within the horizontal plane. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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pectra of TiVCrNb, TiVCrNbH 2 . 4 and TiVCrNbH 8 as well as the to- 

al scattering contributions calculated from DFT for the hydrides. In 

he INS spectrum of TiVCrNbH 8 there is a single, broad vibrational 

and in the range 150–300 meV. The energy range of the vibra- 

ion is in compliance with that expected for a regular tetrahedral 

nvironment [51] . 

The INS spectra can be evaluated with respect to the mod- 

ls obtained from the RMC structure modelling. Fig. 9 shows that 

he M –D bond length distribution is separated into well-defined 

eaks in the RMC structure model of TiVCrNbD 8 . The distribu- 

ion and disorder of M –D bonding in TiVCrNbD 8 is manifested in 

he widths of these peaks. Due to the disordered atomic arrange- 

ent with several differently sized atoms, it should be expected 

hat the INS spectra and vDOS reflect the diversity in different 

 –H bond lengths. Indeed, the broadness of the vibrational band 

s much larger than expected for a binary metal hydride. Thus, the 

NS spectrum of TiVCrNbH 8 represents a large diversity for the M –
12 
 bonds and hydrogen vibrations. It should be noted that no in- 

ensity is observed in the energy range around 128 meV where vi- 

rations from hydrogen in an octahedral environment is expected 

51] . This indicates that hydrogen solely occupies the tetrahedral 

nterstices in TiVCrNbH 8 . Furthermore, DFT calculations substanti- 

te these findings. Fig. 11 also displays the in silico INS spectrum 

f TiVCrNbH 8 where contributions from all the binary metal hy- 

rides have been summed. The in silico INS spectra of the indi- 

idual metal hydrides show some splitting of the peaks. However, 

hen all the binary spectra are combined the broadness of the 

easured INS spectrum is well reproduced, once again indicating 

 large diversity in M –H bonds and hydrogen vibrations. The over- 

ll shape of the experimental and in silico spectra are in compli- 

nce, but the vibrational energies are slightly overestimated in the 

atter. However, this is a common trait when calculating phonon 

pectra by DFT where the harmonic nature is often exaggerated 

52–55] . 

Fig. 11 also presents the INS spectrum of TiVCrNbH 2 . 4 . In this 

ase, the INS spectrum is smeared and without sharp features with 

wo very broad bands centred at 90 meV and 170 meV. This is in 

ontrast to the well-defined peak in the measured INS spectrum 

f TiVCrNbH 8 . Yet, the spectrum is in contrast to that measured of 

he hydrogen-free alloy which is nought above the metal phonons 

t 0–70 meV confirming the presence of hydrogen in TiVCrNbH 2 . 4 . 

ig. 9 shows that the M –D bond length distribution in TiVCrNbD 2 . 2 

s continuous. This is a very different characteristic than the well- 

efined peaks in the corresponding distribution of TiVCrNbD 8 . This 

bservation provides an indication of the severity of the disor- 

er in the hydrogen sublattice of TiVCrNbH 2 . 4 . It seems reasonable 

hat a continuous distribution of M –H bond lengths in TiVCrNbH 2 . 4 

ould cause a continuous vDOS for hydrogen with a corresponding, 

ontinuous INS spectrum like the one presented in Fig. 11 . Thus, 

he RMC structure model provides a possible explanation to the 

meared INS spectrum of TiVCrNbH 2 . 4 . The in silico spectrum pre- 

ented in Fig. 11 is generated from a 2 × 2 × 2 supercell with nom- 

nal composition TiVCrNbH 2 . 25 by the random structure approach. 

he spectrum displays a wide range of distinct hydrogen modes 

rom the different local environments for hydrogen in the super- 

ell. However, because of the limited size of the model, only a 

imited number of vibrational modes are observed. The model is, 

herefore, not able to reproduce the continuous shape of the ex- 

erimental INS spectrum. We expect that a larger supercell would 

rovide a more realistic vDOS, but calculations from such a model 

ould be computationally expensive and is, for this reason, not 

ursued. Thus, it is concluded that the calculation reproduces the 

ost important aspects of the spectra, i.e., the diversity of local en- 

ironments for hydrogen. As mentioned above, the phonon calcula- 

ion overestimates the vibrational energies, and with this in mind, 

lso the low energy vibrational modes for hydrogen is accounted 

or. 

Fig. 12 shows the distribution of deuterium atoms in the RMC 

tructure models of TiVCrNbD 2 . 2 and TiVCrNbD 8 projected onto 

he xy -, xz - and yz -plane of the respective unit cells. The fig-

re clearly demonstrates that the probability of finding a deu- 

erium atom outside the tetrahedral interstices in TiVCrNbD 8 is 

ero. For TiVCrNbD 2 . 2 the probability of finding the deuterium 

toms in the crystallographically expected positions is high. How- 

ver, in this case there is also a significant probability of observ- 

ng the deuterium atoms between the octahedral and tetrahedral 

nterstices. This indicate that hydrogen atoms are mobile between 

he available sites. Quasi-elastic neutron scattering (QENS) could 

eveal if the diffusion is predominately local or long-range, but 

his is beyond the scope of this work and thus left for future 

tudies. 
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Fig. 11. Measured INS spectra (top row) and in silico equivalents calculated by DFT (bottom row). The in silico spectrum compared to TiVCrNbH 2 . 4 is generated from a 

2 × 2 × 2 supercell with nominal composition TiVCrNbH 2 . 25 . The in silico spectrum compared to TiVCrNbH 8 is the sum of those calculated for the binary dihydrides. 

Fig. 12. The distribution of D in the RMC structure model of TiVCrNbD 2 . 2 (bct structure) projected onto the xy - (a), xz - (b) and yz -plane of the unit cell. The same is shown 

for TiVCrNbD 8 (CaF 2 -type structure) in (d), (e) and (f). The colorbars indicates the percentage of D at any position in the unit cells. 

4

t  

m

t

(  

a

t

o

. Conclusions 

The present work has explored the average and local struc- 

ure of TiVCrNbD x , x = 0 , 2 . 2 , 8 . 0 using total scattering measure-

ents and RMC structure modelling. The metal lattices are close 
13 
o random solid solutions in the obtained models. TiVCrNb is a bcc 

 Im 3 m ) HEA with δr = 6 . 18 %. The prevailing opinion in the liter-

ture of HEAs is that a larger δr indicates a more severely dis- 

orted lattice. However, this work demonstrates that the amount 

f local lattice strain in TiVCrNb as measured by the strain-PDF 
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btained from the RMC structure model is comparable to that of 

iVNb ( Im 3 m ) with δr = 4 . 29 %. This demonstrates that δr can be a

isleading measure of the local lattice strain in a HEA. 

PCIs shows that the structure changes from TiVCrNbD 2 . 2 to 

iVCrNbD 8 in a single step phase transition. TiVCrNbD 8 adopts a 

aF 2 -type structure ( F m 3 m ) in which the deuterium atoms solely 

ccupy the tetrahedral interstices. INS and DFT calculations pro- 

ide complementary evidence of this. The RMC structure model 

eveals a tendency for Ti and Nb short-range order where these 

etals form 2 × 2 × 2 face-centred cubic supercells. TiVCrNbD 2 . 2 

dopts a bct ( I4 /mmm ) structure where the deuterium atoms oc- 

upy both tetrahedral and octahedral interstices with low occupan- 

ies. The M –D bond length distribution is continuous in the RMC 

tructure model of this compound. This suggests that also the hy- 

rogen vDOS could be continuous as observed in the measured INS 

pectrum of TiVCrNbH 2 . 4 . Moreover, in the RMC structure model of 

iVCrNbD 2 . 2 there is a significantly higher portion of occupied sites 

here the nearest-neighbour metals have lower VEC . The effect is 

resent for both tetrahedral and octahedral interstices. This obser- 

ation indicates that the reversible hydrogen storage capacity could 

e increased from 1.96 wt.% H in similar compounds if the compo- 

ition is finely tuned. This should be done in such a way that the 

verall VEC is kept constant at V EC = 5 . 0 to avoid reduction in the

eversible hydrogen storage capacity. 
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