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ABSTRACT

Body-centered multi-principal element alloys (BCC-MPEAS) based only on hydride-forming
elements have low equilibrium plateau pressures during reaction with hydrogen and,
consequently, high decomposition temperatures due to the high thermodynamic stability of
related hydrides. In this work, we present a strategy to decrease the stability of the final hydrides
formed in the BCC TiVNb alloy by simultaneous addition of two non-hydride forming
elements, Cr and Al. The (TiVNb)100x(CrAl)x alloys with x = 10, 20, 30, and 40 at.% crystallize
as major BCC solid solutions with dendritic microstructures. Pressure-Composition-
Temperature diagrams revealed that the combined addition of Cr and Al thermodynamically
destabilizes the dihydride formation for x = 10 and 20 at.%. For higher Cr/Al contents the
destabilization is too large to form stable hydrides under maximum 100 bar pressure. The
absorption/desorption plateau pressure at room temperature for (TiVNb)so(CrAl)zo alloy are 9
and 0.6 bar, respectively, enabling a reversible capacity of about 0.8 H/M (1.4 wt.%) at ambient
conditions. The present results provide important insights into the effects of simultaneous Cr
and Al additions in BCC-MPEAs and shed light on the design of new alloys with hydrogen
absorption and desorption ability at ambient conditions.

Keywords: Multi-principal element alloys; Hydrogen storage; Metal hydrides;
Thermodynamic; Thermo-desorption spectroscopy; absorption/desorption cycling.
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1. Introduction

Hydrogen economy holds a promising prospect to change the current energy economy based
on fossil fuel to an energy carriers based on renewable and clean sources [1]. In this context,
hydrogen produced by water electrolysis or biomass reform, namely, the green hydrogen,
represents the most promising energy carrier for the development of the low-carbon economy.
However, several scientific and technological challenges still need to be overcame to implement
hydrogen as an energy carrier on a large scale. One of the key issues for the widespread use of
hydrogen-based energy is its safe, compact, and efficient storage and transportation [2]. Among
the different types of materials that have been studied for this application [3], metal hydrides
(MHSs) have been considered as one of the most promising for solid-state-based hydrogen

storage, providing safety and high volumetric densities [4].

Multi-principal element alloys (MPEAS), a recent and very promising alloying strategy, are
currently under the intense focus of the scientific community due to their interesting properties.
These new alloys are based on the exploration of systems having three or more main elements
with equiatomic or near equiatomic fractions, which can lead to the formation of simple single-
phase solid solutions, i.e., body-centered cubic (BCC, Im-3m) solid solutions [5,6]. The
research is focused to the center area of multicomponent phase diagrams which is still largely
unexplored. This can lead to the discovery of new materials with exceptional properties. Among
MPEAs, alloys with at least five principal elements with atomic concentrations between 5 and

35% are called high entropy alloys (HEAS).

The first refractory BCC-MPEA with promising hydrogen storage properties was reported
in 2016 [7]. During hydrogen absorption, the TiVZrNbHf alloy formed a body-centered
tetragonal (BCT, 14/mmm) hydride with high hydrogen storage capacity (2.7 wt%). Since then,
several BCC-MPEAs, commonly composed of refractory elements with high hydrogen affinity

(such as Ti, V, Nb, Zr, Hf, Ta), have been reported with interesting properties which makes
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them a very promising class of materials for solid-state hydrogen storage [8-10]. Nevertheless,
one of the main drawbacks of BCC-MPEAs based only on refractory elements is the high
thermodynamic stability of its hydride, which prevents the desorption process to occur under
moderate temperature and pressure conditions. The equimolar TiVNDb alloy is a typical and
important example of such case. Nygard et al. [11] reported that this BCC solid solution in the
as-cast state rapidly absorb hydrogen forming an FCC hydride (CaF.-type structure) with the
maximum capacity of about 2 H/M (3.2 wt.%). Despite a high capacity and fast kinetic of
absorption at room-temperature, the TiVNDb alloy has a very low equilibrium plateau pressure
and very high onset temperature for hydrogen desorption (Tonset). As these properties are highly
dependent on their chemical composition, the addition of non-hydride forming elements has
been reported as a potential solution to overcome these drawbacks of refractory BCC-MPEAs
and to tune their hydrogen storage properties [11,12]. In this context, two additional elements

are identified as promising candidates, chromium and aluminum, as described below.

Nygard et al. [11] synthesized by arc-melting the equiatomic TiVNbCr alloy and showed
that the Tonset Was reduced by the addition of Cr into the ternary alloy. Strozi et al. [13] showed
that, without significant loss of maximum capacity, the equilibrium pressure of (TiVND)100-xCrx
alloys (with x = 15, 25 and 35 at.%) at room temperature increases as the Cr content raises.
Recently, the same authors investigated the thermodynamic properties of these alloys with x =
30, 35 and 40 at.% [14]. These results showed a shift of the absorption/desorption plateau
pressures from 0.3 bar / 0.1 bar to 1.8 bar / 0.4 bar at 30 °C with increasing Cr content from 30
to 35 at.%. Consequently, the enthalpy for hydrogen absorption and desorption decreased with
the increase of the Cr content. Furthermore, both alloys showed a reversible hydrogen
absorption/desorption of about 1 H/M at 30 °C. However, a further increase in the equilibrium
plateau pressure by increasing Cr content above 35 % was not possible. It was demonstrated

that increasing Cr content to 40 at.% leads to the formation of a major C15 phase at the expense
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of the BCC solid solution, which has small hydrogen storage capacity. The main motivation of
the present study is to search a second element to be concomitantly added with Cr that could
stabilize the BCC solid solution and lead to a fine tuning of the thermodynamic properties of

the ternary TiVND alloy during reaction with hydrogen.

In this context, aluminum is a strategic and promising element for hydrogen storage
materials because it is lightweight, inexpensive, and earth-abundant [15]. To explore the
potential of this element to reduce the density of alloys, the influence of Al content on the phase
formation and mechanical properties of BCC-MPEAs has been investigated in different
systems, i.e., AINbTaTiZr-(Mo or Hf) [16], AINbTiMoV [17], and AINbTiV [18]. However,
studies reporting the effect of this element on the hydrogen storage properties of BCC-MPEAS
are scarce in the literature. Two studies on the effect of 10 at.% Al addition into the BCC lattices
of TiVNbZr [19] and TiVNb [20] alloys have been recently reported. After exposure to
hydrogen gas, the BCC Alo.10Ti0.30Vo.25Zr0.10Nbo 25 alloy transformed into a BCT hydride with
a storage capacity of 1.6 H/M (2.6 wt.%) [19]. On the other hand, the BCC Alo.10Ti0.30V0.30Nbo.30
solid solution formed an FCC hydride with a similar hydrogen uptake of 1.59 H/M (2.6 wt.%)
[20]. For both BCC alloys, the main improvements due to the addition of 10 at.% Al were a
reduction of the Tonset desorption temperature and an improvement in the cycling stability
without significant loss of capacity. Recently, Pineda-Romero et al. [21] investigated the
hydrogen storage properties of the ternary TiVNDb alloy from low Al content up to equimolar
composition and showed that Al influences hydrogen thermodynamics more effectively than
Cr. The authors demonstrated that the enthalpy of FCC hydride in the TiVNDb alloy decreases

from -67 kJ/mol H: to -49 kJ/mol H; after adding 10 at.% of Al.[20,21].

Based on the literature above, we hypothesized that adding both Cr and Al into the TiVNDb
alloy could maintain the BCC solid solution of the initial alloys while decreasing the stability

of the hydrides, enabling a better tuning of the equilibrium plateau pressure. Therefore, with
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this goal in mind, the (TiVND)100x(CrAl)x alloys with x = 10, 20, 30, 40 at.% were
experimentally produced by arc melting and their physicochemical and hydrogen storage

properties investigated.

2. Experimental procedure

The equilibrium phases of (TiVNb)100x(CrAl)x alloys with x = 10, 20, 30, and 40 at.% were
investigated trough thermodynamic calculation using CALPHAD method. Thermo-Calc® [22]
software and TCHEAS database were employed. The four chemical compositions were
synthetized by arc melting under an inert argon atmosphere. High purity metals from pieces of
Ti (Alfa Aesar, 99.99%), V (NEYCO Vacuum&Materials, 99.9%), Nb (Alfa Aesar, 99.95%),
Cr (Chempur, 99.99%) and Al (STREM Chem, 99%) were used as feedstock material. The
alloys were produced by melting initially only Ti, V, Nb and Cr pieces to form a quaternary
alloy and, subsequently, Al pieces were added and melted to obtain the desired chemical
composition. This procedure was adopted due the low melting temperature of Al relative to the
rest of components and to avoid loss of this element. The alloys, before and after Al addition,
were remelted five times and flipped between each melting step to improve the homogeneous

distribution of the elements.

The microstructural investigations were carried out using a scanning electron microscope
(SEM) Zeiss Merlin instrument, equipped with energy-dispersive X-ray spectroscopy (EDX)
detector from Oxford Instruments. Prior to SEM and EDX analysis, samples were embedded
into resin, grinded and polished using standard metallography procedures. The phase
identification was performed by X-ray diffraction (XRD) in a D8 Advance Bruker
diffractometer using Cu-Ka radiation. The lattice parameters of the present phases were
determined by Rietveld refinement method using the software General Structure Analysis

System 11 (GSAS-I1) [23].
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For examination of hydrogen storage performance, approximately 300 mg of small pieces
of alloys were loaded into a stainless-steel sample holder of a home-made Sieverts-apparatus.
Prior to volumetric measurements, the samples were heat treated at 400 °C for 12h under a
dynamic primary vacuum and subsequently cooled to room-temperature (RT). This common
practice procedure for metal hydrides, called activation [24], is generally carried out to avoid
any deleterious effect of oxide layers at surface during the first absorption. After activation,
kinetics measurements were performed at 25 °C exposing each sample to a final equilibrium
pressure of 75 bar of hydrogen. The isothermal (25 °C) condition was ensured by placing the
sample holder in a temperature-controlled water bath. The determination of Pressure-
Composition-Temperature (PCT) diagrams were conducted at different temperatures so that the
thermodynamic of hydrogen absorption/desorption could be evaluated. For the acquisition of
the PCT curves at high (>RT) or low (<RT) temperatures, a resistive furnace or an industrial

water cooler equipment were employed, respectively.

Thermal desorption spectroscopy (TDS) measurements were performed by a home-made
instrument coupled to a quadrupole mass spectrometer (QMS) to keep track the partial pressures
of released gases during a constant heating ramp of 5 °C/min. Approximately 10 mg of the
hydrogenated sample were loaded into an aluminum crucible and then the measurement was

performed under dynamic secondary vacuum pump.

3. Results and discussion

3.1. Thermodynamic calculations

Targeting a clearer understanding of phase formation and the effects of both Crand Al
additions into the (TiVNDb)i00-x(CrAl)x alloys, the equilibrium solidification paths for these

alloys were calculated and shown in Fig. 1 with x = 10 (Fig. 1a), 20 (Fig. 1b), 30 (Fig. 1c), and
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40 at.% (Fig. 1d). For all the alloys, the solidification starts with the formation of the BCC solid
solution. For the alloy with the lower Cr and Al addition (Fig. 1a and x = 10 at.%), the
thermodynamic calculation suggests that, under equilibrium conditions, the orthorhombic
O_Phase (Cmcm space group) could precipitate. This O_Phase has been reported as the main
strengthening phase in Ti2AINb-based alloys [25]. For x = 20 at.% (Fig. 1b), the stability field
of the O_Phase increases at the expense of the BCC region, which is still large. Furthermore,
the precipitation of a second BCC is also predicted. Further Cr and Al addition leads to
precipitation of multi-secondary phases. Among them, the C14_Laves phase has the highest
precipitation temperature, which increases from about 1000 °C for x = 30 at.% to about 1400
°C for x = 40 at.%, Figs 1c and 1d, respectively. It should be highlighted that although the
formation of secondary phases is predicted, rapid cooling rates, as employed in this work by
the current melting process, have been generally considered an effective method to produce
single-phase materials or disordered solid solutions with very small fractions of secondary

phase precipitates. This is further validated by the structural characterization, as detailed below.
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Fig. 1. Equilibrium volume fraction of phases as function of temperature for the: a)

(TiVND)go(CrAl)10, b) (TiVNDb)so(CrAl)20, ¢) (TiVNb)7o(CrAl)s and (TiVNDb)eo(CrAl) 4 multi-

principal element alloys.

3.2. Structural characterization

Fig. 2 shows scanning electron microcopy (SEM) backscattered electron (BSE) images

of the as-cast (TiVND)100x(CrAl)x alloys with x = 10, 20, 30, and 40 at.%, respectively. One
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can see that all the alloys have dendritic microstructures with different brightness intensities
between the dendritic and interdendritic areas. The experimental chemical composition of these
microstructures, measured by EDX, are summarized in Table 1. The high-brightness areas
(dendrites’ center) tend to be enriched in Nb, while the low-brightness regions (interdendrites)
are slightly richer in Ti, V and Cr. It should be noted that Al showed the higher chemical
homogeneity among all the elements, see the Table 1 and the EDX-SEM chemical mapping

analysis for all alloys in Figures S1-S4 from the Supplementary data.

Despite these slight chemical composition differences between the dendritic and
interdendritic regions, one can see that the average compositions for all the alloys are very close
to the nominal ones. These small chemical modulations can be associated with solute
partitioning during the solidification process and it has been observed for most of refractory
MPEAs such as, the TiVNb alloy [11], the TiVNb-Cr alloys [13,26] and TiVNb-Al
compositions [20,21]. Another interesting observation from Figure 2 is related to the
microstructure that evolves with the change in chemical composition. It seems that the dendrite

size increases with Cr/Al substitution suggesting a coarsening of the microstructure.
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Fig. 2. SEM-BSE images of the as-cast: a) (TiVND)go(CrAl)1o, b) (TiVNb)go(CrAl)2o, €)

(TiVND)7o(CrAl)zo, d) (TiVNb)eo(CrAl)so alloys.

The XRD patterns of the as-cast (TiVND)100x(CrAl)x alloys series are shown in Fig. 3a.
For comparison purposes, the pattern of the ternary TiVNDb alloy, already published elsewhere
[20], has been included. From these results, it can be confirmed that all the alloys are
predominantly BCC phases. The existence of low intensity peaks in the XRD patterns of the

alloys with x = 20 and 40 at.% suggests the presence of a small fraction of a secondary phase.

10
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Figure S5 from the Supplementary Material shows the Rietveld refinements for all as-cast
alloys. One can see that the equimolar Cr and Al addition into the ternary alloy reduces the
BCC lattice parameter from ascc= 3.211 A (x = 0) to ascc= 3.128 A in the alloy with x = 40
at.%, see Fig. 3a and Figure S6 from the Supplementary data. To understand this behavior, the
calculated average atomic radius and the BCC lattice parameter determined for each
composition were plotted as a function of the Cr and Al content, Figure 3b. A clear and linear
correlation between these two parameters can be observed, in which both were reduced as the
Cr and Al contents were increased. This effect was similar when individual Cr [13] and Al [20]

additions were investigated into the TiVND alloy.

Table 1 — Chemical composition of the as-cast (TiVND)100-x(CrAl)x alloys measured by EDX

(at.%). The reported values are the average of multiple measurements.

(TiIVND)100-x<(CrAl)x Region Ti \Y/ Nb Cr Al
Overall 30.7+£0.1 30.0+0.1 294+0.1 49+01 5.0+0.1
X=10 Dendritic 29.3+0.3 29.1+05 325+06 44+01 4.7+0.1

Interdendritic 32.2+0.4 309+0.2 262+0.7 55+03 52%+0.2

Overall 27.0+0.2 263+0.2 268+01 94+01 105+0.1

X=20 Dendritic 26.3+0.3 258+02 296+0.7 82+04 101+0.1

Interdendritic 28.1+04 269+0.2 225+10 115+0.7 11.0+0.2

Overall 239+01 233+0.1 235+0.1 142+01 151+0.1

X=30 Dendritic 229+0.2 237+0.1 260+04 123+03 151+0.1

Interdendritic 25.1+0.4 22.3+04 204+09 16.7+09 155+0.2

Overall 203+0.1 198+0.1 202+0.1 196+0.1 20.1+0.1

X=40 Dendritic 196+0.2 208+0.2 215+0.2 17.8+0.2 20.3+0.1

Interdendritic 21.1+0.2 185+05 184+04 216+0.6 204+0.2

11
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As previously mentioned, the XRD pattern of the (TiVNb)so(CrAl)4 alloy presents low
intensity peaks of a secondary B2 phase (see the peak around 260 = 28° in Figure S5d). A
quantitative phase analysis by Rietveld method could not be performed because of the small
intensity of the diffraction peaks from the secondary phase, which confirms the low fraction of
this phase. It is important to point out that the formation of the B2 phase was not predicted by
thermodynamic calculations for this chemical composition. Analyzing some phase
transformations from available literature data on simpler systems, it was found that B2 and O-
phases can be found in Al-Nb-Ti [27] and AI-Cr-Nb-Ti [28] systems. Since the database
containing the description of Al-Nb-Ti system is quite recent (2020), perhaps we can expect
some deviation in the prediction of the phase stability. Low intensity peaks around 26 = 37°
and 43° could also be observed in the XRD pattern of the (TiVNb)so(CrAl)0 alloy, see Figure
S5b. This minor phase is associated with some Ti-rich precipitates (black phase), which could
be observed in the interdendritic regions in higher magnification BSE images, see Figure S7
from the Supplementary Material. This plate-like morphology of the Ti-rich precipitates is very
similar to the formation of (Ti, Al)-rich orthorhombic particles (O_Phase) reported in the
TiNbHfAI [25] and TiAINb [27] systems. The formation of O_Phase in the (TiVNb)so(CrAl)2o
alloy also agrees with the thermodynamic calculations in Fig. 1b. However, EDX-SEM
chemical mapping analysis, Figure S7 from the Supplementary data, clearly shows that the
plate-like precipitates found in the present work are poor in Al, which is different from that
previously reported for this phase [25]. Strozi et al. [13] have reported the formation of Ti-rich
precipitates in TiVNb-(Cr) alloys. In a recent study, through thermodynamic calculations and
experimental results, the authors demonstrated that increasing Cr content leads the formation
of C15_Laves phase (Fd-3m space group) [14]. However, from the same CALPHAD approach
and database (TCHEAJS) used in that work, the thermodynamic calculations performed here,

Fig. 1, do not suggest the formation of the C15 Laves phase in any of the the (TiVNb)1o-

12



x(CrAl)x alloys with x = 10, 20, 30, and 40 at.%. Attempts to index the limited number of small-
intensity peaks in the XRD pattern with the Cmcm and Fd-3m space groups were unsuccessful.
Thus, the identification of the minor phase composed of Ti-rich plate-like precipitates demands

further investigation, which is out the scope of this work.
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Fig. 3. (a) XRD patterns of as-cast (TiVNDb)1i00-x(CrAl)x alloys with x =0 [20], 10, 20, 30, and
40 at.%. (b) Average atomic radius and ascc lattice parameter determined for the (TiVNDb)100-
x(CrAl)x alloys as a function of the Cr and Al content. The atomic radii considered for the Ti,
V, Nb, Cr and Al elements are 1.46, 1.35, 1.47, 1.28, and 1.43 A, respectively, as taken from
reference [6]. The arrows indicate the presence of low intensity peaks in the XRD pattern of the

(TiVNDb)go(CrAl)2o alloy, suggesting a small fraction of secondary phases.

3.3. Hydrogen absorption kinetics at room temperature

The Kkinetic curves recorded at 25 °C for the (TiVNDb)100x(CrAl)x alloys are plotted in
Fig. 4. For the sake of comparison, the kinetic curve of the ternary TiVNb alloy, as recorded
previously [20], is included. If alloys with x = 0 — 30 at.% rapidly absorb hydrogen reaching
maximum capacity in less than 30 minutes, the composition with x = 40 at.% stands out with a

very slow kinetics. The maximum capacity is achieved after around 250 min, suggesting that

14



1 the presence of Crand Al are responsible for slow kinetic properties. These results will be linked

2 and discussed further with the thermodynamic properties in the appropriate section.

3 The alloy with x = 10 absorbs 1.8 H/M (equivalent to 3.00 wt.%) which is smaller than
4 2.0 H/M for the initial TiIVNb (3.2 wt.%). As identified by the XRD pattern displayed in Fig.
5 5a, the hydrogenation process in this alloy leads to the formation of a single-phase FCC
6 dihydride, in agreement with the initial TiVNb alloy [20]. Interestingly, the XRD analysis for
7 the alloy with x = 20, which achieved a capacity of 1.44 H/M (2.4 wt.%), presents a mixture of
8  hydrogenated phases. A BCT dihydride (a = 3.067 A, ¢ = 4.263 A) and a BCC hydride (a =
9  3.285 A) with lattice parameter greater than the as cast BCC sample were identified. For higher
10  Cr and Al content alloys (x = 30 and x = 40), BCC hydrides were observed with capacity of

11 0.66 H/M (1.2 wt.%) and 0.41 H/M (0.8 wt.%), respectively.

(TiVND)

(CrAl),

100-X

Capacity (H/M)

T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400

5 t (min)

13 Fig. 4. Kinetic curves of the first hydrogen absorption of the (TiVNb)ioox(CrAl)x alloys.

14  Experiments were carried out at 25 °C and under a final equilibrium H> pressure of 75 bar. For
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comparison purposes, the kinetic curve of the ternary TiVNb alloy, already published elsewhere

[20], has been included.

To observe the effects of chemical composition more clearly, the maximum capacity of
all alloys was plotted as a function of Cr and Al contents, see Fig. 5b. A significant decrease in
the maximum capacity can be observed with the increase of Cr and Al. Although both elements
added have lower hydrogen affinities compared to Ti, V and Nb (which are hydride forming
elements), this effect on hydrogen storage capacity has been reported mainly for Al containing
alloys. Strozi et al. [13] demonstrated that by increasing the Cr/(TiVNDb) ratio in (TiVVNb)1go-
x(Cr)x alloys there is no significant loss of storage capacity up to 35 at.% whereas, Pineda-
Romero et al. [21] showed that the increase of the Al/(TiVND) ratio in (TiVNb)100-x(Al)x alloys
strongly reduce the storage capacity. Therefore, it seems that the reduced capacity in our alloys

is mainly a consequence of Al presence and to a less extent due to Cr.
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Fig. 5. (a) XRD patterns of the (TiVNb)100-x(CrAl)x alloys with x = 0 [20], 10, 20, 30 and 40
at.% after the first hydrogen absorption at room temperature. (b) Hydrogen storage capacity
(wt.%) of all alloys at 75 bar as a function of Cr and Al contents. The Rietveld refinements of
all hydrogenated patterns are shown in Figure S8 of the supplementary data and the lattice

parameters are listed in Table 2.
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Table 2 — Lattice parameters of the phases formed in the (TiVNDb)100-x(CrAl)x alloys: as-cast,
after kinetic (hydride) and after TDS (desorbed). The related Rietveld refinements can be found

in Figs. S1, S8 and S10, respectively, from the Supplementary material.

Alloy Form Phase Phase((l;g)actlon Lattlcgl E?'g\a;meter
As-cast BCC 100 3.211 (1)
TiVNDb dihydride FCC 100 4.443 (1)
Desorbed BCC 100 3.207 (5)
As-cast BCC 100 3.190 (1)
(TiVNDb)go(CrAl)1o dihydride FCC 100 4.399 (1)
Desorbed BCC 100 3.186 (1)
As-cast BCC 100 3.162 (1)
(TiVNDb)so(CrAl)2o intermediate :gg ;2 gg;g 8;/4'268 (1)
Desorbed BCC 100 3.163 (1)
As-cast BCC 100 3.147 (1)
(TiVNDb)70(CrAl)zo  monohydride BCC 100 3.236 (1)
Desorbed BCC 100 3.145 (1)
As-cast BCC 100 3.128 (1)
(TiVNDb)eo(CrAl)s solid solution BCC 100 3.171 (1)
Desorbed BCC 100 3.124 (1)

3.4. Experimental PCT diagrams and thermodynamic properties

Fig. 6 shows the PCT curves collected at 25°C for all (TiVND)100-x(CrAl)x alloys
including the pristine ternary one. A two-step sequence of hydrogenation can be distinguished
for the alloys with x < 20: the first plateau at low equilibrium pressure up to around 0.6-0.8
H/M is related to the formation of an intermediated BCC monohydride and the second plateau
at higher pressure corresponds to the formation of the FCC or BCT dihydride phase with
maximum capacity 1.5-2.0 H/M. The pressure value of the first plateau is within the limits of
detection of the pressure transducer and were not plotted in Fig. 6. However, the presence of
these two hydrogenation sequences became more obvious to be observed in the PCT curves

recorded at different temperatures, as will be discussed below in Figs. 7a and 7c. This two-step
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transition is typical for the hydrogenation process of both conventional BCC alloys and MPEAS
[7,11,13,20]. For the alloys with x = 30 and 40 at.% only the first step could be recorded hinting
that higher pressure is required to reach the equilibrium pressure of the second plateau to form
full dihydride of these alloys. This finding is in good agreement with the capacity decrease

observed in the kinetic measurements with increasing Cr/Al concentration.
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Fig. 6. Pressure-composition-temperature for the (TiVVNb)100-x(CrAl)x alloys recorded at 25 °C
for the first absorption cycle. The PCT diagram of the ternary TiVNDb alloy, already published

elsewhere [20], has been included.

It is obvious that the maximum capacity depends on both the chemical composition and
the maximum reachable pressure in the instrument. Increasing the Cr/Al content decreases the
capacity and affects the absorption and desorption plateau pressures. The latter values increase
with the raise of Cr/Al content and consequently, the maximum capacity cannot be longer

achieved for x = 30 and 40 at.% under these experimental conditions.
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Note that the desorption plateau pressure for the alloy with x = 20 at.% is 0.6 bar (close
to standard pressure condition of 1 bar), which was not possible to achieve through only
individual Cr [13,14] and Al [20,21] additions. Furthermore, it confirms that spontaneous
desorption has occurred after the sample has been removed from the hydrogenation apparatus,
which is in good agreement with the presence of both BCT and BCC hydrides identified after
kinetic measurements at RT (see the XRD for the alloy with x = 20 in Fig. 5a). These results
suggest that adequate control of Cr and Al contents in the TiVNDb alloy may lead to a hydride
that could have practical reversibility at room temperature. It is worth mentioning that the PCT
curve of the (TiVND)so(CrAl) alloy exhibits a pronounced hysteresis phenomenon,
characterized by a significant difference of one order of magnitude between the absorption and
desorption plateau pressures. This observation is consistent with previous reports on TiVNb-
(Cr) alloys [13,14,26,29,30]. The hysteresis observed in metal hydrides, has been linked to
various factors such as strain, particle size, defects concentration/generation, and plastic
deformation [31]. However, despite significant research efforts, reducing or eliminating the
hysteresis phenomenon in metal hydrides remains an unresolved topic in the literature. Finding

effective strategies to mitigate hysteresis continues to be an active area of investigation.

Fig. 7 displays the PCT curves recorded at different temperatures and the related Van’t
Hoff plots for the alloys with x = 10 and x = 20. The enthalpies and entropies for hydrogen
absorption and desorption for both alloys are listed in Table 3. For comparison, the available
thermodynamic properties of the TiVNb, TiVNb-(Cr) and TiVNb-(Al) systems were also
included. It is worth mentioning that, for each temperature, a fresh sample was used for these
measurements. The effect of equimolar Cr/Al addition on the absorption reaction of (TiVNb)100-
x(CrAl)x alloys gradually decreases the enthalpy values from -67 to -49 and -34 kJ/mol H> for

x = 0 [20], 10 and 20, respectively. Interestingly, the experimental enthalpy for hydrogen
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absorption for the (TiVNb)eo(CrAl)1o alloy was similar to the observed values for the

(TiVND)7oCrsoand (TiVNb)gsoAli alloys, see Table 3.
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Table 3 — Thermodynamic properties for hydrogen absorption and desorption reaction of the
(TiVND)ao(CrAl)10 and (TiVNDb)go(CrAl)2o alloys. Available thermodynamic properties of the

TiVND, TiVNb-(Cr) and TiVNb-(Al) systems are included for comparison.

AHAbs ASAbs AHDpes ASDes

SyStem Al on (kJ/mol (J/K.mol (kJ/mol (J/K.mol Ref.
Hy) Hy) H>) He)

TiVND TiVND -67 -157 - - [20]
(TiVND)75Crzs -52 -129 49 107 [32]
TiVNb-(Cr)  (TiVNb)7oCrao -49 -154 54 155 [14]
(TiVNDb)esCras -39 -134 44 137 [14]
(TiVNb)gsAls -52 -141 - - [21]

TiVNb-(Al)
(TiVND)goAl1o -49 -154 - - [21]

(TiVND)oo(CrAl)1o 49 (1) -139(2) 61(1) 147(2) Thiswork
TiVNb-(CrAl)
(TiVND)eo(CrAl)o -34 (1) -130(1) 42(1) 136 (4) This work

Comparing the experimental thermodynamic properties for the TiVNb-Al, TiVNb-Cr
and TiVNb-(Cr/Al) systems (Table 3), one can see that the addition of both 10 at.% of Cr and
10 at.% of Al leads to the strongest thermodynamic destabilization as compared to the addition
of 35 at.% Cr into the TiVND alloy. These results suggest that Al has a greater influence on the
thermodynamic properties than Cr. To illustrate this effect, we plotted the values of the enthalpy
of hydrogen absorption in Table 3 as function of Al, Cr content in Figure 8. It is obvious that
Al in TiVNDb has a much stronger effect on the thermodynamics of TiVNDb-(Cr/Al) than Cr. It
is interesting to notice that this effect of Al addition in BCC-MPEAs has also been observed
for V-Al BCC solid solutions [33,34]. In both materials, a decrease in enthalpy and stability of

the final hydrides with an increase in Al content was observed.
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Fig. 8. Enthalpy for hydrogen absorption of the TiVNb alloy as a function of Al and/or Cr

contents

Aiming to further understand the role of Cr and Al additions on the thermodynamic
properties, the enthalpy of formation of the BCC solid solution was calculated by the
CALPHAD method as a function of Cr and Al at 1273 K, Fig. 9. For this calculation performed
at 1273 K, the TiVND is a BCC solid solution whereas, the Cr and Al pure elements were

considered BCC and FCC, respectively, in the reference state.

From Fig. 9, one can see that the addition of Cr (dashed line) in the TiVNb alloy leads
to a more positive contribution in the heat of formation: it tends to destabilize the BCC solid
solution up to 40 at.% Cr. This is in good agreement with the recent work published by Strozi
et al. [14], which showed that a further increase of the Cr content from 35 at.% to 40 at.%

stabilizes a mixture of C15 and BCC phases.
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Fig. 9. Calculated enthalpy of mixing of the BCC solid solution from the pure elements in
reference state considered at 1273 K (Cr, Nb, Ti and V = BCC; Al = FCC) as a function of:

Cr (dashed line) and Al (solid line) contents at 1273 K.

In contrast, in Fig. 9, the addition of Al (solid line) into the TiVNb alloy results in a
significant negative contribution in the heat of formation: the BCC solid solution tends to be
more stable for compositions up to 50 at.% Al. This result agrees with several works that have
attributed the addition of Al into MPEAs as a stabilizer of the BCC structure [17,35].
Furthermore, this finding can be linked with the reversed stability rule between the alloy and
the related hydride proposed by Miedema and coworkers [36,37]. Miedema suggests that there
is a competition between the stability of the alloy (or compound) and that of its hydride: the

more stable the alloy, the less stable the related hydride and vice versa. Additionally, it is
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noteworthy that AlHs hydrides [38] are less stable than CrH hydrides [39]. Thus, based on the
results shown in Figure 9 and Miedema'’s rule one can expect that Al presence in TiVNDb
destabilizes more importantly the corresponding hydrides than Cr, which is in good agreement

with experiments.

3.5. Hydrogen desorption

Hydrogen desorption properties of the hydrides were investigated using TDS by
applying a heating rate of 5 °C/min and the TDS profiles are plotted in Fig. 10a. For the alloys
with x = 0 and 10, this technique allows to probe the desorption properties of the FCC dihydride
phases whereas for higher Cr/Al contents, we can only investigate the desorption from a mixture
of hydrides (BCT + BCC for x = 20 at.%) or BCC solid solutions (for x = 30 and 40 at.%). One
can notice that the onset temperature of hydrogen desorption for alloys with x = 10 and 20 at.%
occurs at lower temperatures than the ternary TiVNb alloy. The (TiVNb)so(CrAl)2o alloy also
showed a hydrogen desorption event in a shorter temperature range compared to the
(TiVNDb)ao(CrAl)10 alloy. This can be associated with the lower absorption capacity (1.44 H/M)

and with the spontaneous desorption of the unstable BCT hydride.

The variation in the Tonset for hydrogen desorption as a function of Cr/Al content into
the (TiVNb)ioox(CrAl)x alloys is shown in Fig 10b. A clear decreasing tendency of this
parameter can be seen for the alloys that formed FCC and BCT dihydrides (x = 10 and 20,
respectively) as compared to the pristine ternary alloy [20]. Based on the studies available in
the literature on the individual Cr [14] and Al [20,21] additions into the TiVNb alloy, this effect
can be mainly attributed to the presence of Al. Frequently, Tonset for hydrogen desorption has
been linked to the valence electron concentration (VEC). These studies show that for some

specific MPEA systems, a linear relationship between VEC and Tonset could be observed
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[11,40]. An increase of the Tonset is proposed with the raise of VEC. A similar trend could be
observed for the present alloys with x = 0 [20], 10 and 20, as depicted in Figure S9 from the
Supplementary material. However, it is important to mention that this relationship between the
VEC parameter and the hydrogen storage properties in MPEAS is an open discussion in the
literature. For example, Silva et al. [26] investigated three MPEAS with the same VEC= 4.87
and showed that the Tonset Was affected by the Cr, Co and Ni substitution into the TiVNDb alloy

system and not by a change in the VEC.
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Fig. 10. (a) Thermo-desorption spectroscopy profiles of hydrides samples from the first cycle
of hydrogenation for the (TiVND)100-x(CrAl)xalloys. A heating ramp of 5 °C/min was employed.
(b) Variation in the onset temperature for hydrogen desorption as a function of Cr and Al
content for the (TiVNb)100x(CrAl)x alloys. The TDS profile of the TiVNDb alloy [20] has been

included.

The XRD patterns of the desorbed samples after TDS experiments are displayed in
Figure S10 of the supplementary data. From the corresponding Rietveld refinements (Figure
S11 from the Supplementary Materials), all the desorbed materials recover the initial BCC
structure with lattice parameter very similar to the initial alloys, see Table 2. These results
indicate that the hydrogen absorption/desorption reactions for the (TiVND)100-x(CrAl)x alloys

with x =10, 20, 30 and 40 at.% are fully reversible.
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3.6. Cyclability at room temperature

It is obvious from PCT experiments that the only alloy that can be cycled isothermally
at 25 °C is the (TiVNb)go(CrAl)2o alloy between the BCT dihydride and the BCC monohydride
phases. Thus, the hydrogen absorption/desorption reversibility at 25 °C was assessed over 20
cycles, as displayed in Fig. 11. The hydrogenation was carried out under 90 bar of hydrogen
pressure the desorption procedure was performed by exposing the sample to dynamic secondary

vacuum for 120 min at 25 °C.

For the first absorption reaction, the maximum capacity of 1.44 H/M (2.4 wt.%) was
achieved, in agreement with the kinetics and PCT measurements. From subsequent cycles, the
alloy reaches a stable reversible capacity of about 0.8 H/M (1.4 wt.%) which corresponds to
reversible reaction between the dihydride and the monohydride phases. The observed drop in
values from 1.4 H/M to 0.8 H/M after the first cycle is not indicative of a reduction in the
hydrogen storage capacity of the (TiVNDb)so(CrAl)2 alloy. Instead, it reflects the
absorption/desorption reversibility between the BCT dihydride and BCC monohydride phases,
which takes place spontaneously under ambient conditions. Remarkably, unlike other BCC-
MPEAs systems where complete reversibility relies on temperature-assisted desorption, the
(TiVNDb)sgo(CrAl)2o alloy exhibits reversibility between the BCT dihydride and BCC
monohydride phases without the need for additional external stimuli, highlighting its

exceptional behavior.
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Fig. 11. Reversible hydrogen absorption capacity of the (TiVNb)so(CrAl)2o alloy at RT.

For further cycling, a slight decrease of the capacity from 0.8 H/M to 0.7 H/M on the
20" cycle is noticed, which corresponds to a reduction of 12.5%. This slight reduction might
be explained by the increase in the defect's concentration over the cycles, which might be
accounted by the broadening of the XRD peaks after cycling, Figure S12 from the
Supplementary Materials. This behavior is frequently reported for BCC MPEAs over cycling
[14,20,21,26,41]. The Rietveld analysis of the fully hydrogenated sample after 20 cycles shows
that the coexistence of BCT and BCC hydrides is maintained in the but an amorphous phase is
also present. The presence of this amorphous phase might reasonably explain the decrease in
the capacity during cycling.

If the lattice parameters of the BCT and BCC hydrides remained almost similar after
the first absorption and the 20" cycle, the phase fraction is different, and this may be reasonably

accounted by the spontaneous hydrogen desorption from this material.
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Therefore, the combined Cr and Al additions proves to be a promising strategy for
hydride destabilization and to overcome the thermodynamic barrier found for individual Cr
addition (35 at.% Cr), allowing a greater range of tuning of the hydrogen storage properties of

BCC-MPEAs.

4. Conclusions

In this work, a strategy to decrease the stability of the dihydride phases formed in the TiVNb
alloy from Cr/Al addition was presented through the study of the hydrogen
absorption/desorption properties of (TiVND)100-x(CrAl)x alloys with x = 10, 20, 30, and 40 at.%.
The PCT diagrams and the thermodynamic properties revealed that the combined addition of
these two non-hydrides forming elements has a strong effect on the second plateau pressure
resulting in a thermodynamic destabilization of the hydride formation. Specifically, the
following conclusions were reached:

e The arc-melted alloys with x = 10, 20, 30, and 40 formed predominantly BCC
solid solutions with decreasing lattice parameter by increasing the Cr/Al content.

e SEM observations reveal the formation of dendritic microstructures with the
dendrites slightly richer in Nb.

e The alloys with x = 10 and 20 quickly absorb hydrogen at room temperature
forming dihydrides whereas, the compositions with higher Cr/Al content don’t
form full hydrides under our experimental conditions.

e Chromium and aluminum decrease the stability of the related dihydrides. We
demonstrated that Al has a greater effect on the thermodynamics than Cr, also
supported by CALPHAD calculations.

e The onset temperature for hydrogen desorption from dihydride phases decreased

when the Cr/Al content increases.
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e Among all materials, the (TiVNb)so(CrAl)2o alloy possesses the optimal
thermodynamic properties for isothermal cycling at room temperature between
dihydride and monohydride phases. This composition reaches a reversible stable

capacity of about 0.8 H/M (1.4 wt.%) during absorption/desorption cycling.
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Figure S1 — Backscattered electron image and EDX-SEM chemical mapping analysis of the
as-cast (TiVND)so(CrAl)1o alloy.
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Figure S2 — Backscattered electron image and EDX-SEM chemical mapping analysis of the
as-cast (TiVNDb)so(CrAl)zo alloy.
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Figure S3 — Backscattered electron image and EDX-SEM chemical mapping analysis of the
as-cast (TiVNDb)70(CrAl)zo alloy.
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Figure S4 — Backscattered electron image and EDX-SEM chemical mapping analysis of the
as-cast (TiVNDb)so(CrAl)4o alloy.
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Figure S5 — Rietveld refinement analysis of the X-Ray diffraction (XRD) patterns for the
(TiVNDb)100-x(CrAl)x series alloys, in the as-cast condition, with X= 10 (a), 20 (b), 30 (c), and
40 (d) at.%. The arrows indicate the presence of low intensity peaks in the XRD patterns of the
alloys, suggesting a small fraction of secondary phases.



(TiVNb),_ (CrAl),

100-X

a,..=3.211A
2 a.=3.190 A
2
%] o
S a,..=3.162 A
E

a,=3147A

A= 3.128A

30 45 50 55

20 (°)

Figure S6 — Evolution of the main (100) peak position and BCC lattice parameter with
equimolar Cr and Al additions into (TiVVNb)100-x(CrAl)x alloys.
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Figure S7 — Backscattered electron image and EDX-SEM chemical mapping analysis of the
Ti-rich precipitates observed in the interdendritic regions of the (TiVNb)so(CrAl)2o alloy.
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Figure S8 — Rietveld refinement analysis of the X-Ray diffraction (XRD) patterns for the fully
hydrogenated (TiVNb)100-x(CrAl)x alloys with x = 10 (a), 20 (b), 30 (c), and 40 (d) at.%.
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Figure S9 — The variation of the Tonset Of desorption with VEC for the (TiVND)100x(CrAl)x
alloys with x = 0 [20], 10 and 20 at.%.
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Figure S10 — XRD patterns of the (TiVNDb)100-x(CrAl)x alloys with x = 10, 20, 30 and 40 at.%
after TDS. The arrows indicate the presence of low intensity peaks in the XRD patterns of the

alloys, suggesting a small fraction of secondary phases.
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Figure S11 — Rietveld refinement analysis of the X-Ray diffraction (XRD) patterns after TDS
for the (TiVND)100-x(CrAl)x alloys with X= 10 (a), 20 (b), 30 (c), and 40 (d) at.%. The arrows
indicate the presence of low intensity peaks in the XRD patterns of the alloys, suggesting a
small fraction of secondary phases. The amorphous region in the XRD patterns is related to the
presence of amorphous SiO2 fibers that were used as a filter during TDS measurements.
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Figure S12 — Rietveld refinement analysis of the X-Ray diffraction (XRD) pattern for the fully
hydrogenated (TiVNb)so(CrAl)2o alloy after 20 cycles at room temperature.



