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Abstract

Recently, it has been hypothesized that the hydrogen sorption properties of body-centered cubic
(BCC) multicomponent alloys might be related to the alloy’s valence electron concentration
(VEC). In this work, we employed CALPHAD method to design three BCC alloys with the
VEC to evaluate this hypothesis. The (TiVNDb)gsCris, (TiVND)gs3C047 and (TiVND)gs2Nizs
multicomponent alloys with VEC = 4.87 were produced by arc melting. Although some amount
of segregation could not be avoided, the as-cast microstructures were composed of a BCC
phase with highly homogeneous chemical composition. The alloys quickly absorb hydrogen at
room temperature and formed FCC hydrides with high capacities of 2 H/M (3.1-3.2 wt.%). For
the three alloys, it was observed a two-step hydrogenation sequence indicating the formation
of an intermediate BCC monohydride prior to the formation of the FCC dihydride. Moreover,
the three alloys presented very similar values of enthalpy and entropy of hydrogenation,
showing that the initial hypothesis seems to hold for the thermodynamic properties. The alloys
hydrogenation/dehydrogenation cycling behavior were also evaluated. (TiVNb)gsCris had a
small and continuous drop in capacity over cycling that was addressed to incomplete
transformation of the BCC monohydride to the FCC dihydride, whereas (TiVNb)gs3C04.7 and
(TiVNDb)gs.2Nis g showed a more stable behavior achieving a reversible capacity of 1.76 H/M
(2.77 wt.%) after 20 cycles. The desorption is strongly affected by absorption/desorption

cycling for all alloys, as revealed by thermo desorption spectroscopy (TDS). The onset
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temperature of desorption depends on the alloys’ composition as well as the number of
hydrogenation/dehydrogenation cycles. The results suggest that cycling and desorption

properties of the alloys are less related to their VEC.

Keywords: Hydrogen storage; Multicomponent alloys; Cycling stability; BCC alloys.

1. Introduction

Hydrogen as an energy carrier has great potential to change the current energy matrix
system due to its high calorific energy, environmental-friendly advantages and relatively
simple production [1,2]. Among the main barriers of implementing hydrogen in energy
applications, the storage method is one of the keys to reach a more efficient, safe and cost-
effective solution [3-8]. However, intrinsic properties of hydrogen as the very low boiling point
(20.4 K at 1 atm), the low density in gaseous state (90g/m?) and its flammability make its
storage for different applications very challenging [4]. Storage methods have been discussed
and compared in terms of different factors as volumetric/gravimetric capacity, reversibility,
heat exchange, cost and other technological parameters [5,7,9]. Solid-state storage through
metal hydrides is a safe and compact option that has the potential to outperform physical
methods as compressed hydrogen tanks and cryogenic storage. However, the great variety of

alloy and hydride compositions to be assessed demand a substantial research effort [3,4,8].

Recently, novel groups of alloys known as high entropy alloys (HEA), complex
concentrated alloys (CCA), multi-principal element alloys (MPEA) or more generically
multicomponent alloys were introduced by the scientific community, expanding the options of
compositions to be assessed [10]. Differently from conventional alloys, these groups are based
on at least 3 elements having substantial atomic fraction, i.e., alloys belonging to the central
part of multicomponent phase diagrams. Such multicomponent alloys can either form single
solid solutions with simple structures, such as face-centered cubic (FCC), body-centered cubic
(BCC) and hexagonal close-packed (HCP), or more complex structures combining
multicomponent solid solutions and intermetallic compounds [10]. Most of the works reported
so far present the mechanical and functional properties of single-phase alloys. However, there
is still a reduced number of studies in the literature regarding hydrogen storage properties [11—
25]. Despite this, interesting hydrogen storage behavior have been recently described for
different multicomponent alloys. For example, Sahlberg et al. [11] claimed a superior hydrogen

absorption capacity in the TiVZrNbHf alloy. This alloy has a BCC structure and upon



hydrogenation forms a BCT hydride with capacity of up to 2.5 H atom per metal atom ratio
(H/M), which is higher than the maximum ratio of typical transition metal hydrides (H/M=2).
Such behavior was linked to the lattice strain, which according to the authors favors hydrogen
occupancy in both tetrahedral and octahedral interstitial sites resulting in a body centered
tetragonal (BCT) structure in the full hydride phase. Nygard et al. [22] investigated hydrogen
storage properties in high-entropy alloys with varying degree of local lattice strain but no
correlation between hydrogen storage capacity and the local lattice strain was observed. In a
subsequent work, Zlotea et al. [19] described hydrogen sorption in the BCC TiZrNbHfTa alloy.
The hydrogenation of this alloy takes place in a two-step phase transformation: first the BCC
phase transforms to a monohydride with BCT structure and, subsequently, the BCT
monohydride forms a FCC dihydride. In another research line, Zepon et al. [18] reported a
hydrogen-induced phase transition in the BCC MgZrTiFeosCoosNios alloy produced by high
energy ball milling. Under 2 MPa of hydrogen and 350 °C, this alloy presented a hydrogen
uptake of 1.2 wt.% (H/M=0.68). During absorption, a FCC hydride is formed but only a
fraction of the BCC phase was converted to FCC. Edalati et al. [25] in a different approach,
produced TiZrCrMnFeNi with 95 wt.% of C14 and 5% BCC phases and showed a reversible
hydrogenation process (3 cycles) at room temperature, in which the alloy absorbed/desorbed 1
H/M (1.7 wt.%).

Due to the vast range of compositions and multiple possible systems to be evaluated,
different strategies have been proposed to find potential alloys with good hydrogen sorption
properties. These strategies include the use of CALPHAD method to predict compositions that
form single-phase alloys [25], the use of computational modelling based on density functional
theory (DFT) [26] and the analysis of empirical/intrinsic alloys parameters in the hydrogen
absorption properties, for example, the effect of the lattice strain caused by the atomic size
mismatch between the alloy’s elements [22]. Recently, Nygard et al. [21] suggests that
hydrogen sorption properties in BCC multicomponent alloys might be related to the valence
electron concentration (VEC), defined by equation (1).

VEC = Z{ci(VEC)i} ey

where c; is the atomic fraction of each element i with valence-electron concentration
(VEC); in a multicomponent alloy with N different elements. According to the authors this

parameter could be used for tunning the alloy’s hydrogen storage properties. It was observed a



trend based on the results of hydrogen capacity of a few high entropy alloys, where the alloys
with VEC < 4.75 reached maximum capacity of 2 H/M, whereas alloys with VEC > 5 presented
reduced maximum capacity (meaning H/M < 2.0). In addition to these observations, they also
reported that the FCC hydrides formed from alloys with VEC > 4.75 presented spontaneous
desorption of hydrogen when removed from the high-pressure environment. These remarks
indicated that producing alloys with VEC in a range of 4.75-5 might result in materials with
high hydrogen capacity and good reversibility at room temperature, which are important
requirements for industrial applications. Moreover, the equimolar alloy TiVNbCr studied by
Nygard et al. [21] with VEC = 5 showed a reversible hydrogen storage capacity of 1.96 wt.%

at room temperature and moderate pressures and did not depend on any activation procedure.

In the present work, CALPHAD method was employed for designing three BCC
multicomponent alloys, namely (TiVND)ssCris, (TiVND)gs3C04.7and (TiVND)gs 2Niz g, with the
same VEC = 4.87. The three alloys were produced by arc melting and the hydrogen storage
properties in terms of hydrogen capacity, Kinetics of absorption, thermodynamic properties of
hydride formation and desorption, cycling reversibility, and temperature of desorption were

evaluated.

2. Material and methods

2.1 Alloy designing and synthesis

CALPHAD method using Thermo-Calc® software and TCHEAS3 database was employed
to design three BCC alloys with the same VEC. The equiatomic TiVNb system was used as
base material and different amounts of Cr, Co or Ni were added aiming the formation of single
BCC solid solutions with the same VEC. The (TiVNb)ssCris, (TiVNb)gs3Cos7 and
(TiVNDb)gs2Nis g alloys were then chosen, satisfying the crystal structure criteria and VEC =
4.87. The alloys were synthesized by electric arc melting under argon atmosphere using pieces
of Ti (Goodfellow, 99.8% metals basis), Nb (Goodfellow, 99.8% metals basis), V (Goodfellow,
99.7% metals basis), Cr (Goodfellow, 99.9% metals basis), Co (Goodfellow, 99.5% metals
basis) and Ni (Goodfellow, 99.9% metals basis) as feedstock material. Ti-getter pieces were
melted prior to alloy’s production to minimize oxygen content in the samples. The alloys were
produced by melting initially only Ti and Nb pieces to form a binary alloy. Subsequently, the
remaining elements were added and melted to obtain the desired alloys — this procedure was
adopted to avoid incomplete fusion of Nb pieces. To ensure chemical homogenization, the

ingots were remelted five times, with the ingots being turned upside down before each remelt



procedure. Moreover, the alloys were stored in a Mbraun glovebox under argon atmosphere

with levels of Oz and H20 lower than 0.5 ppm.
2.2 Sieverts measurements

To perform hydrogen sorption experiments, small pieces of the alloys (cut using a manual
shear cutter) were loaded into a Sieverts-type apparatus. Before each experiment, the samples
were subjected to a heat treatment at 390 °C under dynamic vacuum for 12 hours (activation
procedure to facilitate hydrogen absorption). The samples were then cooled to room
temperature and exposed to hydrogen at 25-30 bar for hydrogen absorption Kinetic
measurements. PCI measurements were carried out at RT and three other temperatures between
100 °C and 200 °C to evaluate plateau enthalpy and entropy using Van’t Hoff equation
(equation (2)). The PCI curves were obtained in absorption and desorption conditions applying
variable doses of hydrogen up to the maximum pressure of 100 bar. For cycling experiments,
the absorption was carried out under hydrogen pressures of 22-28 bar for three hours and the
desorption consisted in heating up the sample to 390 °C under dynamic vacuum for 12 hours.
The alloys were subjected to twenty cycles of hydrogen absorption and desorption without air
exposure.
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2.3 Structure characterization

X-ray diffraction (XRD) were performed using a D8 Advance Brucker diffractometer with
Cu-Ka radiation. Phase structure identification and Rietveld refinement analysis were carried
out using the software General Structure Analysis System 1l (GSAS-1I) [27]. The
microstructure of the alloys in the as-cast condition was assessed by Scanning Electron
Microscopy analysis (SEM) acquiring back-scattered electron signal (BSE) using a Zeiss
Merlin microscope. Qualitative and quantitative chemical composition were evaluated by
energy dispersive X-ray spectroscopy (EDS). The data was acquired using an acceleration
voltage of 20 kV, beam current of 5 nA at a working distance of 10 mm. Prior to SEM and
EDS analysis, samples were embedded into resin, grinded with SiC papers with mesh sizes of
180, 320, 600 and 1200 followed by polishing in 3 pm, 1 pm and 0.25 pm diamond

suspensions.



2.4 Thermo desorption analysis

The desorption properties were analyzed by Thermo Desorption Spectroscopy (TDS). The
experiments were done in a homemade apparatus equipped with a quadrupole mass
spectrometer which recorded partial pressures of H> during the desorption experiments.
Moreover, the equipment was attached to a secondary vacuum pump, which provided vacuum
pressures of 10 mbar. For the TDS tests, 10-15 mg of each hydrogenated sample were inserted

in aluminum crucibles and then heated at 5 °C/min up to 450 °C.

3. Results and Discussion

3.1 Alloy Design and Structural Characterization.

Figures 1 (a), (b) and (c) show the calculated amount of equilibrium phases as function of
temperature for (TiVND)ssCris, (TiVND)os3Cos7 and (TiVND)gs2Niss, respectively. The
thermodynamic calculation suggests that under equilibrium conditions the (TiVNb)ssCris and
(TiVND)gs2Niz g solidify as single BCC solid solutions. On the other hand, the (TiVVNb)gs3C04.7
alloy solidifies as 98 % BCC solid solution and 2% as B2 ordered phase at 1090 °C. The
composition of both BCC solid solution and B2 phase at 1090 °C are presented in Table 1. One
can see that even if a small fraction of the B2 phase was formed, the BCC phase would still

have a chemical composition close to the nominal one.
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Figure 1: Evolution of phase fraction during solidification for (a) (TiVNb)ssCris, (b)
(TiVNDb)gs.3Co4.7 and (c) (TiVNDb)es2Nizgalloys calculated by CALPHAD method (Thermo-
Calc software® and TCHEAS database).

Table 1: Calculated composition (%eat.) of the equilibrium phases of the (TiVND)gs3C04.7
alloy at 1090 °C and (TiVNb)es2Niszg at 900 °C (Thermo-Calc software® and TCHEA3

database)

Alloy Phase Ti \/ Nb Co Ni
BCC -
(TiVND)ss3C047 31.22 32.40 32.63 3.75
B2 50.66 9.81 1.90 37.63 -
BCC -
(TiVNDb)ss.2Niss 31.67 32.55 32.81 2.95
B2 44.0 17.1 9.2 - 29.6

XRD analysis of the as-cast alloys (Figure 2) confirmed that the three alloys are
predominantly BCC. Low intensity peaks around 26 = 42 ° in the XRD pattern of the
(TiVNDb)gs.2Niz g alloy suggest the presence of small fraction of a secondary phase. The Rietveld
refinements for the as-cast alloys are shown in Figure S1 of the supplementary data file. The
BCC lattice parameters of (TiVNb)gsCris, (TiVND)es3C047 and (TiVND)gs2Nisg are listed in
Table 2. Despite that Cr, Co and Ni have the same metal atom size (1.25 pm [21]), the lattice
parameter for (TiVNDb)ssCris alloy is smaller than the other two alloys as well as the equimolar
composition TiVNb reported earlier [21]. This is explained by the larger Cr concentration (15
at%) as compared to 4.7 and 3.8 at% for Co and Ni, respectively.

Table 2: Valence electron concentration (VEC) and lattice parameters (ascc, arcc) for as-cast,

hydrides and cycled samples after 1 and 20 cycles of hydrogenation.

ascc (A) | arcc(A) | ascc (A) | arcc (A) ascc (A)

Alloy VEC
Ascast | 1stcycle | 1stcycle | 20" cycle | 20 cycle

TIVND[21] | 467 | 3.2000 | 4.4296 - - -
(TIVND)esCris | 487 | 3.164(1) | 4.405(1) | 3.167(1) | 4.390(1) | 3.167(1)
(TiVND)essCoar | 487 | 3.188(1) | 4.411(1) | 3.190(1) | 4.431(1) | 3.209(1)
(TiVNDb)es2Niss | 4,87 | 3.191(1) | 4.424(1) | 3.198(1) | 4.417(1) | 3.197(1)
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Figure 2: XRD patterns of as-cast samples confirming the formation of the predominantly
BCC solid solution.

The as-cast samples presented dendritic microstructure as can be seen in the SEM-BSE
images in Figures 3 (a)-(f). EDS analyses were carried out in the regions indicated by the
numbered yellow marks. The overall chemical composition as well as the chemical
composition in the middle of the dendrites and in interdendritic regions were measured for each
sample. The results are displayed in Table 3 and show that the overall composition of the three
alloys are reasonably close to the nominal ones. This was expected since there was no
substantial mass loss of any element during arc melting procedure. The (TiVNb)ssCris alloy
presented a better chemical homogeneity compared to the other two alloys. The composition
of the interdendritic regions of the (TiVNDb)gsCris was slightly richer in Ti and Cr and slightly
poorer in Nb than the compositions measured in the middle of the dendrites. The higher
chemical homogeneity of the (TiVNDb)gsCris can be related to the smaller solidification interval

predicted by thermodynamic calculations when compared to the other alloys.

The compositions measured at the middle of the dendritic region of the (TiVNb)g53C04.7
alloy is remarkably close to the composition of the BCC phase presented in Table 1. In addition,
the composition measured in the interdendritic region is also close to the composition of the

B2 phase predicted by the thermodynamic calculation (see Table 1), which confirms the



presence of this phase in the interdendritic region. The interdendritic region of the
(TiVNDb)es.2Niz g alloy is Ti and Ni-rich, which also suggests the presence of a secondary phase.
Although the thermodynamic calculation predicted that this alloy would crystallize as single
BCC under equilibrium condition, it also predicted a large solidification interval (of
approximately 300 °C). Therefore, considerable solute partitioning is expected to occur during
solidification out of equilibrium conditions, resulting in formation of secondary phases in the
interdendritic regions. The chemical composition of the BCC phase and the B2 ordered phase,
predicted to be in equilibrium at 900 °C for the (TiVNb)es2Nizg alloy was presented in Table
1. The calculated composition of the B2 phase is also very close to the ones measured at the
interdendritic regions for this alloy (Table 2), indicating the formation of some fraction of this
intermetallic. EDS mapping for the three alloys are presented in Figure 4 (a), (b) and (c). By
analyzing the Co-rich and Ni-rich regions in Figure 4 (b) and (c), respectively, one can see that
the fraction of Co-rich intermetallic in the (TiVND)gs3Co04.7 is lower when compared to the Ni-
rich in the (TiVND)es2Nizs. The small intensity peaks presented in the XRD pattern of the
(TiVND)ges2Nizg must be related to this intermetallic phase. It is worth noting that the small

intensity of the diffraction peaks confirms the low fraction of this phase.

The important aspect to be highlighted is that the compositions of the major BCC phases
measured in the middle of the dendritic regions were relatively close to the target ones for the
three alloys. More importantly, VEC values calculated using these compositions varies from
4.78 to 4.87, which is a small range. Therefore, we succeed to produce three different BCC

alloys with similar VEC values.
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Figure 3: BSE images of samples in as cast condition showing dendritic structure in low and
higher magnification (a),(b) (TiVNb)ssCris (c),(d) (TiVNb)es3Co47 (e),(f) (TiVND)gs2Nizs —
black numbers and yellow marks indicate regions where chemical composition analysis via

EDS were performed.



Table 3: Chemical composition in at.% of as cast alloys obtained from the overall, dendritic

and interdendritic regions indicated in Figure 3 by black numbers and yellow marks.

Alloy Region Spectrum i \/ Nb Cr Co Ni  VEC

1 28.7 284 282 14.7 - - 4.86

Overall 2 28.6 284 283 147 - - 4.86

g 28.6 285 283 14.7 - - 4.87

4 264 275 334 128 - - 4.87

(TiVNDb)ssCris Dendritic 3) 259 270 358 113 - - 4.85
6 27.0 278 324 12.7 - - 4.85

7 329 28.1 20.8 182 - - 4.85

Interdendritic 8 31.5 285 231 16.8 - - 4.85

9 31.7 285 228 17.0 - - 4.85

10 32.1 317 317 - 4.5 - 4.86

Overall 11 322 318 314 - 4.5 - 4.85

12 32.7 316 312 - 4.6 - 4.86

13 298 313 354 - 3.5 - 4.84

(TiVND)953C047 Dendritic 14 30.7 318 339 - 35 - 4.83
15 295 314 354 - 3.7 - 4.85

16 495 97 5.5 - 35.3 - 5.92

Interdendritic 17 459 177 112 - 25.2 - 5.55

18 464 106 6.8 - 36.2 - 5.98

19 33.1 320 303 - - 4.5 4.89

Overall 20 331 318 305 - - 45 490

21 319 316 333 - - 33 4.84

22 316 326 337 - - 2.1 4.79

(TiVNDb)ss2Nizs Dendritic 23 317 323 337 - - 23 480
24 320 323 336 - - 2.1 4.78

25 481 121 7.1 - - 327  6.15

Interdendritic 26 477 124 74 - - 324 6.14

27 515 109 6.5 - - 312  6.04
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Figure 4: EDS mapping analysis of as cast alloys a) (TiVNb)ssCris b) (TiVNDb)gs3C04.7 C)
(TiVND)gs 2Niszg.



3.2 Hydrogen storage properties

Figure 5 (a) presents the hydrogen absorption kinetics at room temperature for the three
alloys. A short incubation time of 0.1-1.6 minutes is observed prior to any considerable
hydrogen absorption. Subsequently, a large amount of hydrogen is absorbed (~2 H/M) with
fast kinetic in less than 1 minute for all the alloys. The hydrogenation process in these alloys
leads to the formation of FCC dihydrides, as identified by XRD patterns displayed in Figure 5
(b). The formation of FCC dihydrides is in agreement with results reported earlier for other
BCC alloys [28-30] and high entropy alloys [17,21,22]. The maximum hydrogen gravimetric
capacities vary between 3.11 and 3.18 wt.% and they are superior than the values reported for
some intermetallic alloys such as, TiFe (1.89 wt.%) [31], LaNis (1.4 wt.%) [31], and some BCC
alloys as TiV2 (2.6 wt.%) [31], VaoTi215Crass (2.44 wt.%) [32], V20Ti32Crag (2.90 wt.%) [32].
These values are in good agreement with the 3 wt.% reported for the equimolar TiVNb also
forming a dihydride phase [21]. The lattice parameter of the FCC hydrides are listed in Table
2. The lattice parameters of the FCC dihydride (TiVNb)ssCrisHx presented a smaller value than
the dihydrides of the other two alloys and the dihydride of the equimolar TiVNb composition
[21]. The corresponding Rietveld refinements are presented in Figure S2 of the supplementary
data file.
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Figure 5: (a) Measurements of hydrogen absorption kinetics at room temperature (b) XRD
patterns after kinetic measurements showing dihydride formation with single-phase FCC
structure for the (TiVNb)gsCris, (TiVND)gs3C04.7 and (TiVNDb)gs 2Nis s alloys.

Figure 6 (a), (b) and (c) show the PCI measurements for the three alloys, which
demonstrate a similar two step sequence of hydrogenation. The alloys initially absorb around
0.7-0.9 H/M in a first plateau at low equilibrium pressures and subsequently absorb hydrogen
during a second plateau at higher equilibrium pressures reaching final capacities of 1.6-2.0
H/M. Although it has been reported that absorption for different multicomponent BCC alloys
takes place in a single plateau, indicating a single phase transition from BCC solid solution to
FCC/ BCT hydride [11,12,17,20], there are also examples of alloys, such as TiZrNbHfTa [19],
TiVNDCr, TiVNbMo [21] that shows the formation of an intermediate monohydride prior to
the formation of the FCC-dihydride. In this work, the PCI diagrams have two well defined
plateaus suggesting the formation of an intermediate monohydride before the formation of the
FCC-dihydride. Sakaki et al. [28] also observed a two-step reaction of hydrogenation for BCC
Nb-based alloys (NbaoTis2Cr1s, NbsoTizsCris and NbeoTizgCri2) and they reported the sequence
(BCC — BCC monohydride— FCC dihydride). Therefore, we performed a PCl measurement



up to 0.83 H/M for (TiVND)ssCris alloy to check the intermediate structure of the monohydride,
which was identified as a BCC phase with larger lattice parameter (agcc = 3.282(1)) than the
as cast sample (ascc = 3.164(1)). The Rietveld refinement of this sample is presented in Figure
S3 of the supplementary file. Another aspect to be noticed is the presence of hysteresis in all
PCls at high temperatures. The desorption curves presented equilibrium pressures at least with
one order of magnitude lower than the absorption curves. It is also important to highlight that
all the alloys displayed similar behavior in the equilibrium pressures values of the second
plateau as function of temperature. This becomes clear observing the Van’t Hoff plots of each
alloy in Figure 6 (d): the plots are parallel and almost overlap, especially for the absorption
reaction. This is consistent with the similar values of the plateau enthalpy and entropy
determined by Van’t Hoff equation (Table 4). For the absorption reaction, the enthalpy values
varied between -64 and -67 kJ/mol H> and the entropy values between -164 and -174 J/K-mol
H>. For the desorption curves these values were between -64 and -70 kJ/mol H; for the enthalpy
and -143 and -156 J/K-mol Ha for the entropy. The enthalpy values are comparable to Mg:Ni
hydride (-65 kJ/mol H [33]) and TiVZrNbHf hydride (-59 kJ/mol H> [12]), but larger than
hydrides of LaNis related intermetallic compounds (-30 -35 kJ/mol H [33]).
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Figure 6: Pressure-Composition-Isotherms of a) (TiVNb)ssCris, b) (TiVNb)es3C047 and c)

(TiVNDb)gs2Nis g alloys and d) Van’t Hoff plots.

Table 4: Plateau enthalpy and entropy of (TiVNDb)gsCris, (TiVNb)es 3C047and (TiVND)gs 2Nizsg

alloys determined by Van’t Hoff analyses in absorption and desorption measurements.

AHabs AHdes
Alloy
(kd/mol H2)  (kJ/mol H2)
(TiVNDb)ssCris -67+2 -68+1
(TiVND)9s3C047 -67+2 -64+3
(TiVNDb)gs.2Niz s -64+1 -70+2

ASabs ASdes
(J/K mol H2) (J/K mol H2)
-172+4 -156 +3
-174£5 -143+7
-164 £ 3 -152+4



Measurements of hydrogen absorption/desorption cycling are shown in Figure 7 for all
alloys. The small reduction in capacity noticed at the first cycles for all alloys might be justified
by the increase of crystalline defects as dislocations and grain boundaries which is known to
diminish the hydrogen storage content in a metallic phase [34]. The (TiVNb)ssCris alloy shows
a continuous reduction in capacity from 3.18 wt.% to 2.88 wt.% after 20 cycles, which
corresponds to 1.79 H/M. The continuous fading of capacity over cycling is also reported for
other ternary BCC alloys (TiVCr and TiNbCr) and it is often associated to phase segregation
resulting in a secondary phase formation [30,32,35]. On the other hand, despite a pronounced
reduction of capacity during the first two cycles, (TiVNDb)gs3Co47 and (TiVNDb)gs2Nis s alloys
show a more stable behavior reaching capacities of 2.77 wt.% after 20 cycles, which correspond
to 1.76 H/M. In terms of cyclability, the performance of these alloys surpass those reported for
many binary and ternary BCC alloys [29,30,32,35-39] and new multicomponent, high entropy

and complex concentrated alloys [17,20,21].
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Figure 7: Hydrogen absorption capacity in wt.% of (TiVNb)ssCris, (TiVND)es3Cos7 and

(TiVNDb)es 2Niz g alloys over the number of cycles of absorption and desorption.

To better understand the storage capacity loss over cycling, each alloy was
characterized by XRD in the absorbed and desorbed conditions after the first and the twentieth
cycle. Figures 8 (a), (b) and (c) display the XRD patterns after the first and 20" cycle for
(TiVND)ssCris, (TiVND)es3Co4.7 and (TiVND)es.2Niss, respectively. The values of the lattice



parameters for hydrides and desorbed phases are listed in Table 2. The related Rietveld
refinements can be found in Figure S4 of the supplementary data file. For the three alloys, small
changes in lattice parameters were observed for the FCC hydrides after cycling. The same was
observed comparing the lattice parameters of the desorbed conditions from the first and
twentieth cycle. The FCC hydrides (TiVNb)ssCrisHx and (TiVNb)gs 2Nis sHx presented a slight
reduction in lattice parameters values after cycling, which agrees with the reduction in capacity
observed over cycling. On the other hand, the FCC hydride (TiVNDb)os3C04.7Hx presented an
increase of lattice parameter after cycling despite the reduction in capacity, which is
contradictory to the loss in capacity observed for this alloy. However, it should be noticed that
a small peak of a secondary phase (indicated by the black arrow in Figure 8 (b)) was detected
in the XRD pattern of the desorbed condition after 20 cycles. This peak was not detected in the
as cast sample or in the desorbed sample after the first cycle, indicating that is a result of the
cycling procedure. Based on Thermo-calc calculations, the segregation observed is probably
rich in Co. This Co segregation might explain the increase in lattice parameters observed in
both samples (hydride phase and desorbed) after 20 cycles, since the predominant phase would
be richer in Ti, V and Nb which present larger atomic sizes. Moreover, it is important to
highlight the broadening of the peaks in the patterns after 20 cycles. This phenomenon was
already reported in the literature and it is related to crystallite size refinement, increase of
defects and the increase of lattice strain during repeated hydrogenation processes [17,20,36,40].
Another important remark in Figure 8 (a) is a small peak (marked with star) of a BCC phase
with lattice parameter of agcc = 3.281 A in the absorbed sample of the (TiVNb)ssCris alloy
after 20 cycles. This peak is not observed in the desorbed sample after 20 cycles. We suggest
that this phase correspond to the BCC monohydride since the lattice parameter found is the
same of the sample hydrogenated up to 0.83 H/M. This indicates incomplete transformation
from BCC monohydride to FCC dihydride, which suggests that the reduction of the reversible
capacity is related to incomplete absorption rather than incomplete desorption during
hydrogenation cycling. We suggest that the differences in capacity loss behavior between
(TiVNDb)gsCris and the other two alloys are linked to this incomplete absorption.
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Figure 8: XRD patterns of as absorbed and desorbed samples from the first and twentieth
cycles of each alloy a) (TiVNDb)ssCris b) (TiVND)gs3C04.7 ¢) (TiVND)gs 2Niss.

Further understanding of the cycling effect was brought by TDS measurements. Figures
9 (a), (b) and (c) show the thermo-desorption behavior in the first and twentieth cycle of
(TiVNDb)gsCrisHx, (TiVNDb)es3Coa7Hx and (TiVNb)ee2NisgHx hydrides, respectively. The
desorption curves from the first cycle of each sample show multiple step desorption events in
large temperature ranges. For (TiVNDb)ssCris this range was 50-400 °C, whereas for
(TiVND)gs3Co47 was 85-390 °C and for (TiVNb)es2Niss was 135-420 °C The onset

temperatures for hydrogen desorption of each hydride are listed in Table 5.

Table 5: Valence electron concentration (VEC) and onset temperatures (Tonset) Of hydrogen

desorption for hydrides after 1 and 20 cycles of hydrogenation.

Tonset (OC) Tonset
1tcycle | 20t cycle

TiVND [21] 4.67 280 -
(TiVNb)ssCris | 487 51 163

Alloy VEC

(TiVND)953C047 | 487 89 210




(TiVNDb)e6s2Nizs | 4.87 136 210

The hydride (TiVNb)gsCrisHy presents the lowest onset temperature among the three
hydrides, followed by (TiVNb)es3Coa7Hx and (TiVNDb)es2NizgHx. Additionally, the three
hydrides showed lower onset temperatures than the equimolar composition of TiVNb [21].
This indicates that the desorption behavior was affected by the Cr, Co and Ni substitution and
not only by the VEC. Regarding the measurements after cycling, the three alloys presented
similar changes in the TDS profile: a desorption profile with two distinct peaks and a shift of
the onset temperature towards higher values. The onset temperatures of each hydride after 20
cycles are also listed in Table 5. Similar to the trend observed for the samples of the first cycle,
(TiVNDb)ssCrisHx showed the lowest onset temperature among the three hydrides. However,
(TiVND)gs 3Co4.7Hx had the same onset temperature that (TiVNb)gs 2Nis sHx deviating from this
same trend. This deviation might be explained by the Co segregation detected in the sample
after cycling. Nevertheless, the range of desorption temperatures of each hydride changed after
cycling. For (TiVNb)ssCrisHy this range was 150-450 °C, for (TiVVNb)gs 3C04.7Hx the range was
200-450 °C and for (TiVNb)es.2NizgHx the range was 150-450 °C. It is important to state that
the increase of onset temperatures and the variations in the range of desorption temperatures
could be associated to the microstructural changes (increase of crystal defects) during cycling.

Regarding the two step desorption event that become very clear after cycling, Nygard
et al. [21] also reported similar thermo desorption profiles for a series of high entropy alloys,
including the equimolar TiVNb/TiVNDCr alloys and claimed that the first desorption event
corresponds to the decomposition of the FCC dihydride into a BCC monohydride and the
second event corresponds to the decomposition of the BCC monohydride into the hydrogen
free alloy. Based on the two-step hydrogenation process observed in the PCl measurements
and in the intermediate monohydride phase detected by XRD we consider this hypothesis valid

for the desorption events observed in our study.
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Figure 9: Thermo desorption profiles of hydrides samples from the first and twentieth cycle
of hydrogenation a) (TiVND)ssCris b) (TiVND)es3C04.7 ) (TiVND)gs2Nizs.

In agreement with the correlation of VEC parameter with hydrogen storage properties
proposed by Nygard et al.[21], the three alloys studied in this work having the same VEC =
4.87 showed similar behavior in terms of maximum storage capacity and kinetics of absorption.
Additionally, it was evidenced in this work that thermodynamic properties for hydride
formation seems also to have a correlation with VEC parameter, since the three hydrides
presented similar values of enthalpy and entropy formation energy despite the differences in
chemical composition. This hypothesis needs to be further investigated for different systems
of multicomponent alloys and with larger chemical compositional differences, but this might
contribute for the development of new designing strategies of multicomponent alloys for
hydrogen storage based on a thermodynamic point of view. On the other hand, the initial
premise of spontaneous desorption for alloys with VEC > 4.75, as proposed recently in the
literature, was not observed in our study. In fact, the PCls at RT of the three alloys showed
equilibrium pressures in absorption for the second plateau lower than 0.01 bar, which
considering the hysteresis effect, would be at least one order of magnitude lower in desorption
conditions. Moreover, the differences in desorption behavior observed in this study and the
effects of cycling on storage capacity suggest that other parameters should also be taken into

account for a complete and efficient description of hydrogen storage properties in



multicomponent alloys. Microstructural changes, chemical segregation, induced strain due to
hydrogenation process are some of the sources that seems also to affect the desorption and

cycling properties of a hydride from a multicomponent alloy.

4. Conclusions

Three multicomponent alloys predominantly with a BCC structure and with the same VEC
values were successfully designed and produced, namely (TiVNb)gsCris, (TiVND)gs3C04.7 and
(TiVNDb)gs2Nizg. Under hydrogen pressure, the alloys formed FCC hydrides at room
temperature, reaching a maximum hydrogen uptake of 2 H/M (3.1-3.2 wt.%) in a few minutes
demonstrating fast absorption kinetics. PCI measurements showed similar two step sequence
of hydrogenation that was related to the formation of an intermediate BCC monohydride
resulting in the following sequence of hydrogenation: BCC alloy — BCC monohydride —
FCC dihydride. Thermodynamic properties of hydride formation were obtained for the three
alloys and presented similar values despite the differences in chemical composition. Excellent
hydrogen storage capacities around 2.77-2.88 wt.% were found for the three alloys after 20
cycles of absorption and desorption. Although (TiVNDb)gsCris presented a continuous fading in
capacity, (TiVND)gs3C047 and (TiVND)es2Nizg showed a more stable behavior after a small
loss in capacity during the first cycles. This difference was associated to incomplete
transformation of BCC monohydride to FCC dihydride in the (TiVVNb)ssCris alloy after cycling
which was not detected in (TiVNb)os3C047 or (TiVND)es2Nizg alloys. Thermo desorption
analyses indicated a two-step event in agreement with PCI measurements, but the desorption
behavior varied among the alloys and for different cycling conditions. Nevertheless, we
acknowledge the effect of VEC parameter in hydrogen storage properties, especially in the
maximum storage capacity and possibly in the thermodynamic properties for hydride
formation, but desorption properties and reversibility characteristics demonstrated to be

affected to other factors as well, for example microstructural changes.
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