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Abstract

This work presents an effective way to tune the thermodynamic properties of hydrogen
absorption/desorption of body-centered multicomponent alloys (BCC-MCAs). A two-fold
computational design was applied to screen the (TiVNDb)100-xCrx system. First, the calculation of
phase diagrams (CALPHAD) approach was used, aiming to BCC alloys. Secondly,
thermodynamic modeling was employed to predict the thermodynamics of the metal-hydrogen
systems. (TiVND)100-xCrx alloys with x = 30, 35 and 40 alloys were produced by arc-melting. The
(TiVNDb)70Crz and (TiVNb)esCrss alloys crystallize as a major BCC phase, while the
(TiVNDb)eoCrao is composed mainly of a C15 Laves-type phase. The CALPHAD approach well
predicted this tendency. The BCC (TiVNDb)7oCrso and (TiVNb)ssCrss alloys absorb a large amount
of hydrogen up to 2 H/M forming a dihydride. On the contrary, the (TiVNDb)soCra4o alloy displays
a reduced capacity due to the low hydrogen uptake of the C15 phase. The thermodynamics of
hydrogen absorption/desorption of BCC-MCAs was experimentally investigated via the
acquisition of pressure-composition-temperature (PCT) diagrams. The experimental values are in

good agreement with the modeling, confirming the accuracy of the computational approach.
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Moreover, it was demonstrated that increasing Cr content up to 35 % significantly impacts the
thermodynamic properties, enabling reversible hydrogen absorption/desorption (for H/M = 1) at

room temperature.

Keywords: Metal hydrides; Hydrogen as an energy carrier; Multicomponent BCC alloys;
Thermodynamic stability.

1. Introduction

Although fossil energy sources are helpful to enable a comfortable lifestyle for humanity,
the counterpoint is the greenhouse gas emissions causing climate change. The use of green
hydrogen as an energy carrier emerges as an alternative to replace the current energy matrix. The
hydrogen produced via renewable and clean energy sources can be helpful to mitigate the effects
of climate change. However, technologies for safe and efficient hydrogen storage are still lacking.
Suitable operating conditions for various applications can be achieved by using metal hydrides
(MHs) as a hydrogen vector, being an alternative to traditional gas and liquid storage methods [1].
MH properties depend on both chemical composition and structure, and to overcome the remaining
technological challenges, they have been extensively studied. In this regard, the advent of the
MCAs brought new perspectives. The conception of MCAs derivates from the high entropy alloys
(HEA). The most common HEA definition states that they have at least five alloying elements
with concentrations between 5 and 35 at.% [2]. The multicomponent character contributes to
increasing the alloy's configurational entropy of mixing. From a thermodynamic point of view, the
high entropy would be high enough to result in stable single-phase solid solutions at high
temperatures. The multicomponent character of HEAs has stimulated new ideas since the broad
compositional range of multicomponent systems can provide a fine-tuning of MH properties for
different applications [3].

The earliest investigations of MCA metal hydrides report the study of ordered C14 Laves-
type structure (MgZn, type, P63/mmc space group) multicomponent alloys [4]. The hydrogen
storage behavior of these alloys has been studied via electrochemical and gas-solid reactions and
attractive hydrogen properties such as good cyclability and mild operation conditions can be
achieved [5-9]. Another prominent group of MCAs for hydrogen storage is based on body-
centered cubic solid solutions (BCC) [10-12]. These BCC metal hydrides can achieve a hydrogen-
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to-metal ratio (H/M) of about 2 at room temperature and the hydrogenation usually occurs in a
two-stage absorption reaction. For instance, by in-situ Synchrotron X-ray diffraction, Zlotea et al.
demonstrated that the TiZrNbHfTa equiatomic alloy crystallizes as a BCC-type structure (W-type,
Im-3m, 229) and can absorb and desorb hydrogen in a reversible two-step process [13]. Upon
absorption, the dilute hydrogen BCC solid solution phase (a-phase) undergoes a phase change by
forming an intermediate monohydride (B-phase), followed by the formation of an FCC phase (8-
phase, with CaF-type structure) with H/M = 2. The thermodynamics of metal-hydrogen systems
can be experimentally assessed by acquiring PCT diagrams. For hydrogenation of BCC alloys
under isothermal conditions, a low equilibrium plateau pressure is associated with the o — 3 phase
transformation, followed by a higher plateau pressure for the B — & transformation.

BCC-MCAs are commonly composed of refractory elements with high hydrogen affinity.
Consequently, they have very low equilibrium plateau pressure and very high decomposition
temperatures. The stability of MH can be strongly affected by the differences in the chemical
composition [14,15]. Significant efforts are being made in developing tools and strategies to assist
researchers in exploring the vast compositional field of MCA-MHs [16,17]. An approach to tune
MH properties is the addition of non-hydride forming elements into the BCC lattice [18,19]. In
previous studies of the (TiVNb)100xCrx System, we demonstrated that the Cr addition in solid
solution significantly impacts the thermodynamics properties of the TiVNbCr-H system [20].
Structural characterization indicates that samples with composition range between 15 and 35 at.%
Cr crystallizes in a BCC-type structure with a dendritic microstructure. Since Cr is a non-hydride
forming element, increasing its concentration has a practical impact of increasing the equilibrium
plateau pressure. Based on these previous findings, we propose that the hydrogen storage
properties of Ti-V-Nb-Cr alloys can be fine-tuned by controlling the Cr/(TiVNb) ratio. CALPHAD
method was employed to investigate the effect of the Cr/(TiVNDb) ratio on the equilibrium phases
of the system. Moreover, the thermodynamic model reported by Zepon et al. was employed to
calculate the PCT diagrams of the alloys [19]. It is worth stressing that this model was shown to
be effective in determining the equilibrium plateau pressure for the alloys of the Ti-V-Nb-Cr
systems, such as (TiVNb)ssCris and Tizg1V1.3Nbss4Cris [19]. Thus, the present work aims to
design alloys with the appropriate Cr/(TiVNb) ratio that allows room-temperature

absorption/desorption under moderate pressure and with good reversibility and cyclability. The
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(TiVND)100xCrx alloys with x = 30, 35 and 40 were experimentally investigated and the

experimental data correlated with the design approach.

2. Materials and Methods

The CALPHAD method was performed using the Thermo-Calc® software and TCHEAS
database. The (TiVNDb)100xCrx (X = 30, 35 and 40) alloys were prepared by arc-melting using an
Edmund Buhler GmbH furnace operating under an argon atmosphere previously purified by a Ti
getter. High purity metals from Alfa-Aesar, namely, Ti granules (99.99%), V pieces (99.7%), Cr
pieces (99.99%) and Nb pieces (99.8%), were used as feedstock material. The ingots were flipped
over and re-melted five times to ensure compositional homogeneity.

A scanning electron microscope (SEM) Philips XL-30-FEG coupled with an energy-
dispersive X-ray spectroscopy (EDS) detector from Bruker (Nano X-Flash 6|60) was used to
investigate the local chemical composition. For SEM-EDS analysis, the ingots were crushed using
a stainless-steel mortar and pestle and the powder particles were randomly analyzed. X-Ray
Diffraction (XRD) was performed with a D8 Advance Brucker diffractometer using Cu-Ko
radiation. For XRD analysis, Rietveld refinement was performed with the GSAS-I1 software [21].
The background was fitted by using the Chebyschev function with at least 3 coefficients and the
pseudo-Voigt powder peak profile function was used to model the peaks. The refined parameters
were mainly background, displacement, scale factor, lattice parameter, isotropic micro-strain, and
crystallite size. No instrument parameters were refined.

The hydrogen desorption temperature was investigated employing differential scanning
calorimetry (DSC) coupled with thermogravimetry analysis (TGA) and quadrupole mass
spectrometer (QMS) to keep track of gases released during heating. It was used the Netzsch STA
449C instrument operating under constant argon flow (25 ml/min) and heating rate of 10 K/min
up to 973 K. The hydrogen sorption performance was evaluated via gas-solid reaction using a
Sievert-type apparatus SETARAM® PCT-Pro volumetric instrument. To avoid the deleterious
influence of passivation layers during the first hydrogenation, prior to volumetric measurements
the samples were thermally activated at 723 K under a dynamic primary vacuum for 3h. Absorption

and desorption PCT’s were acquired at 303, 323 and 343 K, applying variable doses of hydrogen.
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The kinetic experiments were carried out at room temperature, which is around 298 K. The

absorption was carried out under 1.5 MPa of Ha.

3. Results and Discussion

3.1  Thermodynamic calculations

3.1.1 CALPHAD

Fig. 1 presents the (TiVNDb)-Cr pseudo-binary phase diagram up to 50 at.% Cr. The
thermodynamic calculation suggests that under equilibrium conditions the BCC phase could be
formed as a single solid solution phase at high temperatures. With 0 at.% Cr, the single BCC phase
is stable from the solidus temperature down to 750 K. Up to around 15 at.% Cr, the single BCC
phase field is still large, from solidus temperature to 1000 K. Below this temperature the single
BCC phase decomposes in two different BCC phases. Above 15 at.% Cr, C15-type Laves phase
precipitates upon cooling. Increasing the Cr content leads to an increase in the precipitation
temperature of the C15-type Laves phase, ranging from 1000 K for 15 at.% Cr to 1530 K for 45
at.% Cr. Under relatively rapid cooling rates, such as those imposed by arc-melting process for
small ingots as employed in this work, it is possible to avoid the precipitation of C15-type Laves
phase. Indeed, this was observed for the (TiVNDb)ssCris[20,22] and (TiVNb)7sCrzs [18,20]. For the
(TiVNDb)esCrss alloy reported in [20], small fraction of C15-Laves phase was formed at the
interdentric regions due to solute partitioning during solidification. Increasing the Cr content above

35 at.% might lead to an increase in the C15-Laves phase formation during solidification.
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Figure 1: Pseudo-binary phase diagram calculated by CALPHAD for the (TiVNb)100-xCrx
system. The phase fields are labeled in the figure.

3.1.2 PCT diagram calculation

Since the CALPHAD calculation and previous investigations demonstrated that the
(TiVNDb)100-xCrx alloy system can form BCC solid solution structure for a wide range of Cr content,
one would benefit to know beforehand how the Cr content impacts their hydrogen storage
properties. The PCT diagram of an alloy is the key feature that determines their applicability as a
hydrogen storage material for a given pressure-temperature condition. For a solid-state hydrogen
storage tank operating at room-temperature and mild pressure conditions, the PCT diagram of the
alloy needs to have a plateau pressure at room-temperature just above atmospheric pressure, for
example, between 0.2 to 1.0 MPa. In this case, it would be possible to load the tank with a relatively
low pressure, for instance, 2.0 MPa, which is way below the pressure employed in typical
commercial hydrogen gas cylinders (= 20 MPa). Moreover, since the plateau pressure is above
atmospheric pressure, the hydrogen could be delivered at room-temperature by just releasing the
gas of the tank and reducing the system pressure. Slightly increasing the temperature up to 323 K
or 343 K, shall increase the equilibrium plateau pressures, which would favor the desorption

reaction and likely increase the desorption rate.
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Recently, Zepon et al. proposed a thermodynamic model to calculate PCT diagrams for
multicomponent BCC alloys [19]. In this model, three phases typically observed during the
hydrogenation of BCC alloys were considered. The interstitial BCC solid solution (a-phase), the
intermediate hydride with either BCC or BCT structure (B-phase), and the FCC hydride (3-phase).
The proposed modeling considers the hydrogen-multicomponent system under the para-
equilibrium (PE) condition, in which the metal atoms have low mobility and no long-range
diffusion can occur, so there is no change in the composition in terms of metal atoms during
hydrogenation [23]. In this case, only hydrogen has enough mobility to change the chemical
composition of the phases. The PE is attained when the chemical potential of the metal atoms and
hydrogen are the same in all phases in the system. Describing how the Gibbs free energy (AG) of
each possible phase in the system varies with the hydrogen content is needed to determine their
metal and hydrogen chemical potentials. In the model proposed by Zepon et al. [19], the authors
considered that the enthalpy of a phase (AH) varies linearly with hydrogen content. The
coefficients of the linear function to describe the AH of each possible phase (a, B, and 6) were
determined using experimental data of binary hydrides (for a- and - phases) and total energy
calculation by density functional theory (DFT) (only for the 6 phase). The authors also considered
that the hydrogen partial molar enthalpy of a multicomponent phase was approximated by a
mixture rule of the hydrogen partial molar enthalpy of the alloy components having the same
structure of the considered phase. The modeling proposed by Garcés et al. to describe the
interstitial solid solution with site blocking effect (SBE) was used to determine the entropy
variation as a function of hydrogen content [24]. A complete description of the calculation method
and the advantages and limitations of the model can be found in reference [19]. Moreover, an open-
source code to implement the calculations was reported in [25]. Although there are a few
limitations on the model's prediction capability, it can be easily employed to investigate the effect
of the Cr content on the plateau pressure of the (TiVNDb)100xCrx alloys.

Fig. 2(a) presents the calculated PCT curves at 303 K for (TiVNb)100xCrx alloys with Cr
content ranging from 10 to 40 at.%. The PCT curves for the (TiVND)9oCrio and (TiVND)gsCris
alloys presented two equilibrium plateau pressures. One at low hydrogen concentration and low-
pressure levels that indicates the equilibrium between the a-phase and the intermediate hydride (-
phase). Although these equilibrium plateau pressures are very low ( < 10* MPa) and difficult to

experimentally be measured, the existence of an equilibrium between a dilute hydrogen BCC solid
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solution and an intermediate hydride have been confirmed by Silva et al. [26] from synchrotron
XRD and pair distribution function (PDF) analysis of the (TiVNb)ssCris alloy. The intermediate
hydride in this alloy also has a BCC structure, and the plateau was explained as a hydrogen
miscibility gap in the BCC phase. At high hydrogen concentration and high-pressure levels, these
alloys present a second equilibrium plateau pressure where the B-phase is in equilibrium with the
FCC hydride (6-phase). The (TiVND)100xCrx alloys with x from 20 to 40 presented only one
equilibrium plateau pressure between the dilute BCC a-phase and the concentrated FCC 8-phase.
For these alloys, the plateau width was quite large, which would indicate a high reversible storage
capacity, although the plateau widths are not well described yet by the employed thermodynamic
model. Thus, we will focus our analysis on the equilibrium plateau pressures, which was proven
to be well described by the model. Fig. 2(a) shows that increasing the Cr content from 10 to 40
at.% increases the equilibrium plateau pressure from 10° MPa to almost 101 MPa. It is worth
stressing that only the second plateau pressure between B-phase and 8-phase will be considered for
the (TiVNb)9Cri0 and (TiVNb)esCris alloys. Therefore, the thermodynamic calculation shows that
we can finely tune the equilibrium plateau pressure of the (TiVNb)100xCrx alloys by controlling
the Cr/(TiVND) ratio. At 303 K, only the (TiVNDb)ssCrss and (TiVNDb)eoCrao present equilibrium
plateau pressure above 0.1 MPa, 0.44 MPa and 4.71 MPa, respectively. Therefore, these alloys are
more likely to present good reversibility at room temperature. The (TiVNb)7oCrso alloy presents a
calculated plateau pressure of 0.04 MPa, i.e., near the atmospheric pressure, which could also lead
to reasonable reversibility at room temperature. Fig. 2(b) presents the equilibrium plateau
pressures of the (TiVND)100-xCryx alloys at 303 K, 323 K and 343 K. One can see that at 343 K, the
equilibrium plateau pressure of the (TiVNDb)70Crso is 0.47 MPa, suggesting that the reversibility of
this alloy could be favored by a slight increase in temperature. For the (TiVNDb)esCrss and
(TiVND)eoCrao, the equilibrium plateau pressure at 343 K are 3.78 MPa and 30.03 MPa,
respectively, which could favor the reversibility and potentially increase the desorption rate due to
the high driving force for desorption at low pressure. On the other hand, the calculated equilibrium
plateau pressure for the (TiVND)goCrio, (TiVND)ssCris, (TiIVND)goCrzo, and (TiVNb)75Cras alloys
were below 0.1 MPa even at 343 K. Therefore, the thermodynamic calculation indicates that the
hydrides of these alloys are quite stable at room-temperature and high temperatures are needed for
desorption. Indeed, Silva et al. [26] experimentally reported that high temperatures are needed to

decompose the hydrides of the (TiVNDb)gsCris alloy. TDS measurements showed that temperatures
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above 423 K are needed to destabilize the FCC hydride, whereas the BCC intermediate hydride is
only destabilized above 523 K.

The calculation of PCT diagrams for the (TiVNb)100xCrx alloys showed that only alloys
with Cr content above 30 at.% are likely to be reversible at room temperature. Therefore, in this
work we have experimentally investigated the three alloys with high Cr content, namely,
(TiVNDb)70Crao, (TiVND)esCrss and (TiVNDb)soCrao. These alloys have been investigated in terms of
stable phases and room-temperature hydrogen storage properties. Their PCT curves at 303 K, 323.
K, and 343 K have also been experimentally measured and compared with the calculated ones.
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Figure 2: (a) Calculated PCT curves for the (TiVNDb)100-xCrx alloys at 303 K. (b) Plateau
pressure of the (TiVND)100-xCrx alloys at 303 K, 323 K, and 343 K. The PCT diagrams of alloys

were calculated using the model reported by Zepon et al. [19].
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3.2

Experimental results

3.2.1. Structural Characterization of the as-cast samples

Table 1 presents the experimental chemical composition of the (TiVNDb)7oCrso,

(TiVNDb)esCrss, and (TiVNb)soCrao alloys measured by EDS analysis. For EDS analyses, the as-
cast samples were crushed using a steel mortar and pestle. The crushed powders were placed onto

a conductive carbon tape in an aluminum sample holder, and EDS measurements of at least 10

powder particles were taken. Figure S1 of the supplementary material file shows a SEM image of

the crushed samples. Table 1 presents the average composition of the multiple measurements. One

can see that the average compositions for the three alloys are very close to the nominal ones. The

standard deviations of the measurements are also presented in Table 1. As it was already reported

for other alloys of the Ti-V-Nb-Cr system, solute partitioning takes place during solidification of

these alloys, resulting in a dendritic microstructure with a gradient composition [20]. The standard

deviation of the EDS measurements is likely to result from the typical segregation of alloying

elements during solidification.

Table 1: Compositional analysis of (TiVND)100xCrx alloys (x=30, 35 and 40).

As-cast chemical composition (at.%0)

(TiVNDb)70Cr3o (TiVNDb)6sCrss (TiVNDb)60oCrao
Nomin. EDS Nomin. EDS Nomin. EDS
Ti 23.33 25+1 21.66 24.0+4 20 21.943
\Y 23.33 22.812 21.66 21.3+2 20 19.8+4
Nb 23.33 22.3+7 21.66 21+1 20 19+1
Cr 30 28.8+4 35 33.7+4 40 38.4+4

Fig. 3 shows the XRD diffraction patterns of the as-cast samples. The XRD pattern of the

(TiVNDb)70Crzo alloy indicates a single-phase BCC solid solution with the lattice parameter
3.115(2) A. The (TiVNDb)esCrss alloy is predominantly BCC with the lattice parameter 3.099(1) A
however, its XRD pattern presents low-intensity peaks of the C15 Friauf-Laves phase (MgCu:

10
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type, Fd-3m, 227). A mixture of phases (C15+BCC) was also found for the (TiVVNb)eoCrao alloy.
The XRD pattern of this alloy suggests a high fraction of the C15 phase (with the lattice parameter
7.039(1) A) on the expenses of the BCC solid solution. Figure S2 of the Supplementary data file
shows the Rietveld refinements for the as-cast alloys. The BCC phase was described considering
a random BCC solid solution, in which the atoms occupy the 2a Wyckoff position. The atoms'
occupancies were adjusted following the EDS analysis (Table 1). The C15 structure was described
as NbCr intermetallic with Cr and V (smaller atoms) occupying the same Wyckoff position 16d,
while Ti and Nb (biggest atoms) occupied the 8a position. It is worth mentioning that even with
good adjustment, a quantitative phase analysis by the Rietveld method could not be performed as

the correct composition of each phase could not be determined.

BCC ©
. o C15 | ——30at.% Cr
o o
- o
E- i . ——35at.% Cr
= J\ o
2 A A
£ I
] | ——40 at.% Cr
| |
_ o o ! lo ) |
T T T T T T v T T T ' 1
30 40 50 60 70 80 90
2Theta (°)

Figure 3: Indexed XRD patterns of as-cast alloys. The respective compositions are indicated in

the figure.

The XRD results indicate that increasing the Cr concentration induces the formation of
C15 Laves phase. According to the CALPHAD calculation (Fig. 1), the precipitation temperature
of C15 increases with the increasing of Cr/(TiVND) ratio. Moreover, solute partitioning during
solidification might lead to the formation of the C15 phase at the final stages of solidification. This
is more likely to occur at higher Cr contents. Therefore, for the processing route applied in this

work, to have a major BCC phase, the Cr content of the (TiVNb)100-xCrx system must be limited

11
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to approximately 35 at.%. Above this threshold, the fraction of C15 phase increases considerably,

as observed experimentally for the (TiVNb)eoCrao.

3.2.2 Room-temperature hydrogen absorption kinetics and characterization of the formed

hydrides

The kinetic curves for the first hydrogenation of the (TiVNDb)7oCrao, (TiVNb)esCras, and
(TiVNDb)eoCrao alloys under 1.5 MPa at room temperature are presented in Figure 4(a). The three
alloys presented fast hydrogenation, reaching maximum capacity in less than two minutes. The
(TiVND)70Crzo alloy absorbs 3.06 wt.%, equivalent to H/M = 1.89. Fig. 4(b) shows the XRD
patterns of the hydrides after absorption measurement. One can see that the FCC hydride (a =
4.360(3) A) was formed for the (TiVNDb)7oCrso alloy. It is also possible to see some peaks
associated with a hydrogenated BCC phase with increased lattice parameter from 3.115(2) A for
the as-cast sample to 3.22(4) A after absorption experiment. The Rietveld analysis for XRD
patterns collected after hydrogenation are shown in Fig. S3 of the Supplementary material. The
(TiVNDb)esCrss alloy achieved a gravimetric capacity of 2.8 wt.% (H/M = 1.7). The XRD analysis
for the (TiVNDb)ssCr3s alloy after absorption measurement presents a major BCC phase with a small
fraction of C15 phase. Furthermore, an unknown peak of about 80° can be observed. This peak
cannot be indexed as any hydride or initial phase from the as-cast condition. Moreover, as will be
further discussed, there is no evidence of a second phase occurring during desorption. Therefore,
the authors inferred that it is an experimental artifact. Given the small fraction of C15 phase and
its small increase of the lattice parameter, from 7.04(3) A to 7.08(4) A for the as-cast alloy and
hydrogenated state, respectively, it is possible to infer that most of the hydrogen storage capacity
is associated with the hydrogenation of the BCC phase. The lattice parameter of the BCC phase
increases from 3.099(1) A for the initial alloy to 3.188(2) A after absorption, resulting in a volume
increase of 2.64 A3, According to the well-known Peisl relationship (the volume of an interstitial
hydrogen is between 2.0 and 2.9 A%) [27], such volume expansion should correspond to a hydrogen
uptake between 0.45 and 0.66 H/M, significantly lower than the measured capacity of H/M =1.7.
Based on the previous results for the (TiVNDb)70Crso alloy and on the thermodynamic calculation
presented in section 3.1.2, it is suggested that an FCC hydride was formed during absorption
measurement. However, given the high equilibrium plateau pressure between the BCC phase and
the FCC hydride, the FCC hydride spontaneously desorbed hydrogen as the system pressure was

12
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released. In this case, only the intermediate BCC hydride with H/M =~ 0.5 can be observed in the
XRD pattern.
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Figure 4: (a) Hydrogen absorption kinetic curves of the (TiVNb)70Crso, (TiVND)esCrss, and
(TiVNDb)eoCrao alloys, and (b) X-ray diffraction patterns obtained after the first hydrogenation
experiment of each studied alloy. Hydrogenation was performed at room temperature and final
pressure of 1.5 MPa of H2. For XRD measurements, a vacuum was performed before removing
the sample from the volumetric apparatus.

The maximum absorption capacity for the (TiVNb)eoCrao alloy was around 0.95 wt.% (Fig.
4(a)), which is significantly lower than the other two BCC alloys. The XRD collected after
hydrogenation measurement indicates a major C15 phase with an expanded lattice parameter
(7.039(1) A to 7.10(1) A), together with a minor amount of an FCC hydride resulted from the
hydrogenation of the BCC phase. These results indicate that both phases contribute to the
hydrogenation. However, the volume expansion of the C15 phase was 9.2 A3, which represents
only a H/M between 0.12 and 0.19, indicating a relatively poor hydrogenation. The hydrogenation
of C15-based systems has been intensively studied previously. These intermetallics may exhibit
good hydrogen storage properties, including good capacity and cyclic stability [28,29]. In these
systems, all interstitial sites are tetrahedral, and the hydrogen atoms can occupy the sites
coordinated by [A2B:2], [AB3] and [B4] polyhedra [30]. As established by Westlake, the different
tetrahedra's occupancy depends significantly on geometrical features [31]. Consequently, the size
of the coordination polyhedra and the nature of their constituents are crucial to understand the
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hydrogen storage behavior of these compounds. Thus, a comprehensive study of the (TiVNb)soCrao
C15-type hydrides demands further investigation, which requires advanced techniques such as,
neutron diffraction and nuclear magnetic resonance, that is presently beyond this research's scope.

Fig. 5 (a-c) shows the coupled DSC, TGA and QMS analyses for the three alloys after the
first hydrogenation experiment. The DSC analysis of the (TiVNb)70Crsp sample (Fig. 5(a))
indicates three overlapped endothermic peaks with an onset temperature above 480 K for the first
peak. These endothermic events are followed by the hydrogen released, evidenced by the QMS
signal. The TGA curve indicates three inflection points that agree with the endothermic events.
The XRD patterns of the alloys after thermal analysis can be seen in Fig. 6. Their respective
Rietveld refinements are shown in Fig. S4. The XRD pattern of the (TiVNb)7oCrso alloy suggests
that the sample retrieves the initial BCC structure with lattice parameter of 3.103(5) A, very close
to the initial value. The mass loss determined by TGA was about 3.0 wt.%, in good agreement
with the absorbed capacity via kinetic measurements.

The thermal analysis of the (TiVNDb)esCrzs sample is displayed in Fig. 5(b). Only a single
endothermic event is observed, with on-set temperature of around 600 K. Such endothermic event
is accompanied by hydrogen release, as observed in the QMS result, resulting in a mass loss
determined by TGA of 0.91 wt.%. As shown in Fig. 6, the XRD pattern after thermal analysis
indicates a major BCC phase and small peaks from a minor fraction of C15 phase. After thermal
analysis, the BCC lattice parameter decreases to 3.08(1) A. According to the Peisl relationship,
this volume reduction (3.18 A®) results in a hydrogen release between 0.9 and 1.3 wt.% (H/M
between 0.55 and 0.8), close to the mass loss measured by TGA and way below to the absorption
capacity of 2.8 wt.% measured for this alloy. This result supports the hypothesis of the spontaneous
desorption of the FCC hydride formed during absorption of the (TiVND)esCrss sample.

The (TiVNDb)eoCrs sample presented two endothermic events related to hydrogen
desorption (Fig. 5(c)). The first event has an onset temperature of around 590 K, followed by the
second broad peak. The TGA curve indicates a mass loss around 0.82 wt.% and a clear inflection
point following the endothermic events, meaning that at least two phases contribute to the
hydrogen release. The TGA indicated a slight decrease of the mass even at high temperatures,
indicating that the desorption is not complete at 900 K. The final mass loss is in rather good

agreement with the measured capacity via the volumetric technique (0.95 wt.%). The XRD after
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desorption of the (TiVNb)soCrso sample is displayed in Fig. 6. The lattice parameter of the C15

Laves phase is 7.03(1), which is in very good agreement with the value of the initial material.
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Figure 5: DSC, TGA and QMS (H. signal) curves for (a) (TiVNb)7oCrso, (b) (TiVNb)esCrss and
(c) (TiVNDb)eoCrao alloys after the first hydrogenation.
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Figure 6: X-ray diffraction patterns of desorbed samples after thermal analysis. Compositions

are indicated in the figure.

The results presented indicate that increasing the Cr content contributes to the formation
of the C15 phase at the expense of the BCC solid solution. While the alloy containing 30 at.% Cr
is a single-phase solid solution, further increase of Cr amount to 35 at.% leads to the formation of
a small fraction of a secondary C15 phase. However, both alloys absorb hydrogen at room
temperature. On the other hand, increasing the Cr content to 40 at.% leads to the formation of a
major C15 phase, which has low hydrogen storage capacity. Thus, focusing on the study of BCC
alloys, the increase in the Cr content to levels up to 40 at.% is discouraged. Furthermore, the alloys
based on the BCC structure showed clear signs of spontaneous desorption at room temperature,
which is important for room-temperature cyclability and reversibility. Therefore, the next sessions
of this work aim to study the thermodynamics and reversible hydrogen storage capacity of the
(TiVNDb)70Crz and (TiVNDb)esCrss alloys, focusing on the effect of Cr content on the
thermodynamic, reversibility and cyclability of the BCC alloys.
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3.2.3 Experimental PCT diagrams

Fig. 7 (a-b) displays the PCT curves for the (TiVNb)7oCrzo and (TiVNb)ssCrzs alloys. The
PCTs are collected at 303, 323 and 343 K. It is worth mentioning that, for each alloy, the same
sample was used for the measurement at the three different temperatures. After each PCT
measurement, the samples were exposed to 723 K under a dynamic primary vacuum for 3h. PCT
curves of the two alloys displayed low and high plateaus. The first plateau at low equilibrium
pressure was below the low-pressure limit of detection of the equipment. Such low equilibrium
pressure plateau is related to the equilibrium between the dilute BCC (a-phase) and the BCC
intermediate hydride (B-phase) as already reported for the (TiVNDb)ssCris alloy [22,26]. Therefore,
differently from the thermodynamic calculation that predicted the formation of only a single
plateau for the (TiVNb)70Crzo and (TiVNb)ssCrss alloys, the experimental results showed that
increasing the Cr content does not suppress the first plateau pressure.

The second plateau, which refers to the equilibrium between the B phase and the FCC
hydride (3-phase), takes place at higher pressures. A pronounced hysteresis is observed in the PCT
curves for the two studied alloys. The hysteresis phenomenon with one order of magnitude
difference between the absorption and desorption plateau pressure has been already reported for
other multicomponent BCC alloys, including those of the Ti-V-Nb-Cr system [20,22,26]. Even
with a substantial hysteresis, the PCTs curves demonstrate that the (TiVNb)7Crs and
(TiVNDb)esCrss alloys can absorb and desorb hydrogen at the experimental conditions. Table 2
summarizes the experimental values of the equilibrium plateau pressure (for the second plateau)
for the two alloys. For the (TiVND)7oCrso alloy, the absorption/desorption plateau pressures are
0.03 MPa / 0.01 MPa, 0.11 MPa / 0.02 MPa, and 0.34 MPa / 0.08 MPa at 303, 323 and 343 K,
respectively. The calculated plateau pressures using the thermodynamic model were only slightly
higher than the experimental absorption plateau pressures (0.04 MPa; 0.15 MPa; 0.47 MPa,
respectively). The experimental absorption/desorption plateau pressures for the (TiVNb)essCras
alloy at 303, 323 and 343 K are 0.18 MPa/ 0.04 MPa, 0.46 MPa/0.11 MPa, and 1.11 MPa/0.31
MPa, respectively. In this case, the calculated plateau pressures (0.44 MPa; 1.37 MPa; 3.78 MPa,
respectively) were also higher than the experimental ones. Although the predicted plateau
pressures were not exact, their order of magnitude as well as the effect of the temperature were

quite well described.
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Fig. 7(c) displays the van’t Hoff plot for the second hydrogenation event obtained from the

experimental data. Table 2 presents the comparison between the calculated and experimental

enthalpies and entropies for hydrogen absorption and desorption in both alloys. One can see the

calculated enthalpies for both alloys are slightly underestimated, which resulted in the higher

calculated plateau pressures than the experimental ones. The calculated entropies are slightly

underestimated for the (TiVNb)70Crso alloy and very well predicted for the (TiVNb)ssCrss alloy.

Therefore, the PCT diagram calculation using the model proposed by Zepon et al. [19] is a

suitable tool for finding alloy compositions with equilibrium plateau pressures just above

atmospheric pressure at low or moderate temperatures. Moreover, the effect of the variation of

Cr/(TiVND) ratio on the thermodynamic properties of the alloys is also reasonably predicted.
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Figure 7: PCT curves collected at 303, 323 and 343 K for (a) (TiVNb)70Crzo; (b) (TiVNb)esCras.

(c) Respective van 't Hoff plot for the equilibrium plateau pressures.
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Table 2: Thermodynamic data from the experimental and calculated PCT curves.

Thermodynamic quantities calculated by modeling are represented in absolute values.

Plateau Pressures (MPa) Plateau Enthalpy Plateau Entropy
303 K; 323K; 343K (kJ/mol H2) (J/K.mol Hy)
Experimental Experimental Experimental
Calculated Calculated Calculated
Abs/des Abs/Des Abs/Des
0.03/0.01;
. 0.04; 0.15;
(TiVNDb)7Crs | 0.11/0.02; 0.47 -49/+54 43.8 -154/+155 138.9
0.34/0.08 '
0.18/0.04;
_ 0.44; 1.37;
(TiVNDb)7sCrss | 0.46; 0.11; 378 -39/+44 37.4 -134/+137 136.7
1.11/0.31 '

The very low equilibrium plateau pressure between the a- and p-phases for the
(TiVND)70Crzo and (TiVNb)esCrss alloys and the results of DSC analysis (Figure 5), indicating that
total desorption can only be achieved at very high temperatures, suggest that the alloys' reversible
hydrogen storage capacity results from the second plateau (B <> 9), which corresponds to a
hydrogen uptake of H/M = 1, i.e., approximately half of the absolute capacity (= 2 H/M). This
behavior is in fact, typical for classical BCC alloys and is one of the main drawbacks for practical
applications of these alloys [32]. Nevertheless, taking advantage of the wide compositional field
of MCAs, the proposed approach can be applied to tune the thermodynamics and increase the

reversible capacity of BCC-MCAs systems, opening up new avenues for MHs' application.

3.2.4 Room temperature reversibility and cycling performance

The cycling performances were evaluated by measuring the hydrogen absorption capacity
during 30 cycles, as shown in Fig. 8(a). In the first cycle, both samples reproduced the absolute
capacity from the kinetic measurement (Fig (4a)), achieving capacity of hydrogen uptake around
H/M = 2. The hydrogenation was carried at room temperature at a H> pressure of 1.5 MPa. Then,

the hydride was exposed to dynamic primary vacuum for 10 minutes and again subjected to
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hydrogenation. In the second cycle the (TiVNb)7oCrzo and (TiVNDb)esCrss alloys achieved a
hydrogen to metal ratio 0.56 and 0.98, respectively. These results indicate that the settled
experimental conditions are enough to decompose the (TiVNb)essCrss hydride, allowing second
hydrogenation related to the B — 0 transition, which agrees with the thermodynamic results (Fig
7(b)). On the other hand, the low hydrogen uptake of the (TiVNb)7oCrso suggests that the dihydride
was not fully desorbed. The plateau pressure of the (TiVNDb)70Crz is around 0.006 MPa at 303 K.
Although a primary vacuum pump (0.1 Pa) was used, this level is not necessarily achieved in the
sample holder and there is also a delay to achieve high vacuum level. Thus, after the third cycle,
the time for dehydrogenation was increased from 10 to 60 minutes. This procedure improved the
hydrogen absorption capacity. As shown in Fig. 8(a), in the fourth cycle, the sample absorbed a

H/M = 1.13, which was reproduced in the subsequent cycles.
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Figure 8: (a) Reversible hydrogen absorption capacity at RT (b) XRD patterns of as absorbed
samples after the cycling experiment. It is significant to mention that this analysis was carried
out after the 30" cycle, and a line vacuum was done before taking the sample out from the

volumetric apparatus.

The cycling experiments showed a slight reduction in the reversible capacity along the
cycles, from 1.13 to 0.99 H/M for (TiVNDb)7Crs alloy and from 0.98 to 0.83 H/M for the
(TiVND)ssCrss MCA. It is worth mentioning that for the (TiVNDb)7oCrso alloy, the 4" and 32"
cycles were considered for comparison. Figure 8(b) shows the XRD patterns collected after the
30" absorption cycle. Again, a major FCC hydride with a minor fraction of BCC hydride was
observed for the (TiVNb)7oCrso alloy. For the (TiVNb)esCrss alloy, the major BCC hydride phase
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with small fraction of C15 phase is observed. Therefore, the XRD patterns for the alloys after the
30" absorption cycle are quite similar to those measured after first absorption (Fig. 4(b)). The
slight reduction of capacity after cycling might be related to the increase in the defect's
concentration over the cycles. It has been reported that the crystal lattice defects and micro-strains
diminish the reversible hydrogen storage capacity of multicomponent BCC alloys [22,33]. This
deleterious behavior comes from modifications on the local lattice structure. According to Wang
et al. [33], it is a consequence of a trap effect, where the lattice defects retain the hydrogen atoms.
Since the samples were cycled at room temperature, the influence of the defects on the reversible
capacity could become even more important because thermal processes that contribute to the
relaxation of the crystal structure are not activated. However, the reduction of reversible capacity
after 30 cycles was quite small for both samples, indicating excellent cycling stability of these
alloys.

4. Conclusions

The (TiVNDb)100xCrx System was investigated. A wide compositional range was previously
assessed via a combination of two design strategies: (i) the CALPHAD approach was applied to
predict fields of interest to obtain BCC alloys; (ii) a thermodynamic modeling to calculate PCT
diagrams to estimate the equilibrium plateau for alloys with different Cr/(TiVNb) ratios. The
(TiVND)100xCrx with x = 30, 35 and 40 alloys were selected and produced by arc-melting and
characterized via a combination of structural, thermal, and volumetric techniques. The results were

interpreted, and the following conclusions are made:

. The microstructures of the (TiVND)30Crzo and (TiVND)esCrss alloys produced by arc-
melting were composed of a major BCC phase, as predicted by CALPHAD calculation.
The (TiVND)30Cr70 and (TiVNDb)esCrss alloys absorbed hydrogen with very fast kinetics at
room temperature by forming FCC hydrides with H/M = 2. Their total hydrogen storage
capacities were 3.1 wt.% and 2.8 wt.%, respectively.

o Increasing the Cr content to 40 at.% leads to the formation of a high fraction of C15 Friauf-

Laves phase at the expense of the BCC solid solution. This behavior was well described by
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thermodynamic calculation carried out by the CALPHAD. The C15 phase does not absorb
a significant amount of hydrogen, decreasing the alloy’s gravimetric capacity.

The equilibrium plateau pressure between the BCC and FCC hydrides increases as the Cr
content increases, resulting in less stable MHSs. Thus, the (TiVNDb)70Crsg and (TiVNDb)esCrss
alloys showed a reversible hydrogen capacity of H/M = 1 at near room-temperature.

The cycling stability of the (TiVND)30Crzo and (TiVNDb)esCrss alloys indicates that the
hydrogen uptake slightly decreases over the cycles, which could be associated with

increasing lattice defects that might act as trapping sites for hydrogen.
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