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Abstract 13 

This work presents an effective way to tune the thermodynamic properties of hydrogen 14 

absorption/desorption of body-centered multicomponent alloys (BCC-MCAs). A two-fold 15 

computational design was applied to screen the (TiVNb)100-xCrx system. First, the calculation of 16 

phase diagrams (CALPHAD) approach was used, aiming to BCC alloys. Secondly, 17 

thermodynamic modeling was employed to predict the thermodynamics of the metal-hydrogen 18 

systems. (TiVNb)100-xCrx alloys with x = 30, 35 and 40 alloys were produced by arc-melting. The 19 

(TiVNb)70Cr30 and (TiVNb)65Cr35 alloys crystallize as a major BCC phase, while the 20 

(TiVNb)60Cr40 is composed mainly of a C15 Laves-type phase. The CALPHAD approach well 21 

predicted this tendency. The BCC (TiVNb)70Cr30 and (TiVNb)65Cr35 alloys absorb a large amount 22 

of hydrogen up to 2 H/M forming a dihydride. On the contrary, the (TiVNb)60Cr40 alloy displays 23 

a reduced capacity due to the low hydrogen uptake of the C15 phase. The thermodynamics of 24 

hydrogen absorption/desorption of BCC-MCAs was experimentally investigated via the 25 

acquisition of pressure-composition-temperature (PCT) diagrams. The experimental values are in 26 

good agreement with the modeling, confirming the accuracy of the computational approach. 27 
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Moreover, it was demonstrated that increasing Cr content up to 35 % significantly impacts the 28 

thermodynamic properties, enabling reversible hydrogen absorption/desorption (for H/M ≈ 1) at 29 

room temperature. 30 

 31 

Keywords: Metal hydrides; Hydrogen as an energy carrier; Multicomponent BCC alloys; 32 

Thermodynamic stability.  33 
 34 

1. Introduction 35 

Although fossil energy sources are helpful to enable a comfortable lifestyle for humanity, 36 

the counterpoint is the greenhouse gas emissions causing climate change. The use of green 37 

hydrogen as an energy carrier emerges as an alternative to replace the current energy matrix. The 38 

hydrogen produced via renewable and clean energy sources can be helpful to mitigate the effects 39 

of climate change. However, technologies for safe and efficient hydrogen storage are still lacking. 40 

Suitable operating conditions for various applications can be achieved by using metal hydrides 41 

(MHs) as a hydrogen vector, being an alternative to traditional gas and liquid storage methods [1]. 42 

MH properties depend on both chemical composition and structure, and to overcome the remaining 43 

technological challenges, they have been extensively studied. In this regard, the advent of the 44 

MCAs brought new perspectives. The conception of MCAs derivates from the high entropy alloys 45 

(HEA). The most common HEA definition states that they have at least five alloying elements 46 

with concentrations between 5 and 35 at.% [2]. The multicomponent character contributes to 47 

increasing the alloy's configurational entropy of mixing. From a thermodynamic point of view, the 48 

high entropy would be high enough to result in stable single-phase solid solutions at high 49 

temperatures. The multicomponent character of HEAs has stimulated new ideas since the broad 50 

compositional range of multicomponent systems can provide a fine-tuning of MH properties for 51 

different applications [3].  52 

The earliest investigations of MCA metal hydrides report the study of ordered C14 Laves-53 

type structure (MgZn2 type, P63/mmc space group) multicomponent alloys [4]. The hydrogen 54 

storage behavior of these alloys has been studied via electrochemical and gas-solid reactions and 55 

attractive hydrogen properties such as good cyclability and mild operation conditions can be 56 

achieved [5–9]. Another prominent group of MCAs for hydrogen storage is based on body-57 

centered cubic solid solutions (BCC) [10–12]. These BCC metal hydrides can achieve a hydrogen-58 
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to-metal ratio (H/M) of about 2 at room temperature and the hydrogenation usually occurs in a 59 

two-stage absorption reaction. For instance, by in-situ Synchrotron X-ray diffraction, Zlotea et al. 60 

demonstrated that the TiZrNbHfTa equiatomic alloy crystallizes as a BCC-type structure (W-type, 61 

Im-3m, 229) and can absorb and desorb hydrogen in a reversible two-step process [13]. Upon 62 

absorption, the dilute hydrogen BCC solid solution phase (α-phase) undergoes a phase change by 63 

forming an intermediate monohydride (β-phase), followed by the formation of an FCC phase (δ-64 

phase, with CaF2-type structure) with H/M ≈ 2. The thermodynamics of metal-hydrogen systems 65 

can be experimentally assessed by acquiring PCT diagrams. For hydrogenation of BCC alloys 66 

under isothermal conditions, a low equilibrium plateau pressure is associated with the α → β phase 67 

transformation, followed by a higher plateau pressure for the β → δ transformation.  68 

BCC-MCAs are commonly composed of refractory elements with high hydrogen affinity. 69 

Consequently, they have very low equilibrium plateau pressure and very high decomposition 70 

temperatures. The stability of MH can be strongly affected by the differences in the chemical 71 

composition [14,15]. Significant efforts are being made in developing tools and strategies to assist 72 

researchers in exploring the vast compositional field of MCA-MHs [16,17]. An approach to tune 73 

MH properties is the addition of non-hydride forming elements into the BCC lattice [18,19]. In 74 

previous studies of the (TiVNb)100-xCrx system, we demonstrated that the Cr addition in solid 75 

solution significantly impacts the thermodynamics properties of the TiVNbCr-H system [20]. 76 

Structural characterization indicates that samples with composition range between 15 and 35 at.% 77 

Cr crystallizes in a BCC-type structure with a dendritic microstructure. Since Cr is a non-hydride 78 

forming element, increasing its concentration has a practical impact of increasing the equilibrium 79 

plateau pressure. Based on these previous findings, we propose that the hydrogen storage 80 

properties of Ti-V-Nb-Cr alloys can be fine-tuned by controlling the Cr/(TiVNb) ratio. CALPHAD 81 

method was employed to investigate the effect of the Cr/(TiVNb) ratio on the equilibrium phases 82 

of the system. Moreover, the thermodynamic model reported by Zepon et al. was employed to 83 

calculate the PCT diagrams of the alloys [19]. It is worth stressing that this model was shown to 84 

be effective in determining the equilibrium plateau pressure for the alloys of the Ti-V-Nb-Cr 85 

systems, such as (TiVNb)85Cr15 and Ti28.1V1.3Nb55.4Cr15 [19]. Thus, the present work aims to 86 

design alloys with the appropriate Cr/(TiVNb) ratio that allows room-temperature 87 

absorption/desorption under moderate pressure and with good reversibility and cyclability. The 88 
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(TiVNb)100-xCrx alloys with x = 30, 35 and 40 were experimentally investigated and the 89 

experimental data correlated with the design approach.  90 

 91 

2. Materials and Methods 92 

The CALPHAD method was performed using the Thermo-Calc® software and TCHEA5 93 

database. The (TiVNb)100-xCrx (x = 30, 35 and 40) alloys were prepared by arc-melting using an 94 

Edmund Bühler GmbH furnace operating under an argon atmosphere previously purified by a Ti 95 

getter. High purity metals from Alfa-Aesar, namely, Ti granules (99.99%), V pieces (99.7%), Cr 96 

pieces (99.99%) and Nb pieces (99.8%), were used as feedstock material. The ingots were flipped 97 

over and re-melted five times to ensure compositional homogeneity. 98 

A scanning electron microscope (SEM) Philips XL-30-FEG coupled with an energy-99 

dispersive X-ray spectroscopy (EDS) detector from Bruker (Nano X-Flash 6|60) was used to 100 

investigate the local chemical composition. For SEM-EDS analysis, the ingots were crushed using 101 

a stainless-steel mortar and pestle and the powder particles were randomly analyzed. X-Ray 102 

Diffraction (XRD) was performed with a D8 Advance Brucker diffractometer using Cu-Kα 103 

radiation. For XRD analysis, Rietveld refinement was performed with the GSAS-II software [21]. 104 

The background was fitted by using the Chebyschev function with at least 3 coefficients and the 105 

pseudo-Voigt powder peak profile function was used to model the peaks. The refined parameters 106 

were mainly background, displacement, scale factor, lattice parameter, isotropic micro-strain, and 107 

crystallite size. No instrument parameters were refined.  108 

The hydrogen desorption temperature was investigated employing differential scanning 109 

calorimetry (DSC) coupled with thermogravimetry analysis (TGA) and quadrupole mass 110 

spectrometer (QMS) to keep track of gases released during heating. It was used the Netzsch STA 111 

449C instrument operating under constant argon flow (25 ml/min) and heating rate of 10 K/min 112 

up to 973 K. The hydrogen sorption performance was evaluated via gas-solid reaction using a 113 

Sievert-type apparatus SETARAM® PCT-Pro volumetric instrument. To avoid the deleterious 114 

influence of passivation layers during the first hydrogenation, prior to volumetric measurements 115 

the samples were thermally activated at 723 K under a dynamic primary vacuum for 3h. Absorption 116 

and desorption PCT’s were acquired at 303, 323 and 343 K, applying variable doses of hydrogen. 117 
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The kinetic experiments were carried out at room temperature, which is around 298 K. The 118 

absorption was carried out under 1.5 MPa of H2.  119 

 120 

3.  Results and Discussion 121 

3.1 Thermodynamic calculations 122 

3.1.1 CALPHAD 123 

Fig. 1 presents the (TiVNb)-Cr pseudo-binary phase diagram up to 50 at.% Cr. The 124 

thermodynamic calculation suggests that under equilibrium conditions the BCC phase could be 125 

formed as a single solid solution phase at high temperatures. With 0 at.% Cr, the single BCC phase 126 

is stable from the solidus temperature down to 750 K. Up to around 15 at.% Cr, the single BCC 127 

phase field is still large, from solidus temperature to 1000 K. Below this temperature the single 128 

BCC phase decomposes in two different BCC phases. Above 15 at.% Cr, C15-type Laves phase 129 

precipitates upon cooling. Increasing the Cr content leads to an increase in the precipitation 130 

temperature of the C15-type Laves phase, ranging from 1000 K for 15 at.% Cr to 1530 K for 45 131 

at.% Cr. Under relatively rapid cooling rates, such as those imposed by arc-melting process for 132 

small ingots as employed in this work, it is possible to avoid the precipitation of C15-type Laves 133 

phase. Indeed, this was observed for the (TiVNb)85Cr15 [20,22] and (TiVNb)75Cr25 [18,20]. For the 134 

(TiVNb)65Cr35 alloy reported in [20], small fraction of C15-Laves phase was formed at the 135 

interdentric regions due to solute partitioning during solidification. Increasing the Cr content above 136 

35 at.% might lead to an increase in the C15-Laves phase formation during solidification. 137 
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 138 

Figure 1: Pseudo-binary phase diagram calculated by CALPHAD for the (TiVNb)100-xCrx 139 

system. The phase fields are labeled in the figure. 140 

3.1.2 PCT diagram calculation 141 

Since the CALPHAD calculation and previous investigations demonstrated that the 142 

(TiVNb)100-xCrx alloy system can form BCC solid solution structure for a wide range of Cr content, 143 

one would benefit to know beforehand how the Cr content impacts their hydrogen storage 144 

properties. The PCT diagram of an alloy is the key feature that determines their applicability as a 145 

hydrogen storage material for a given pressure-temperature condition. For a solid-state hydrogen 146 

storage tank operating at room-temperature and mild pressure conditions, the PCT diagram of the 147 

alloy needs to have a plateau pressure at room-temperature just above atmospheric pressure, for 148 

example, between 0.2 to 1.0 MPa. In this case, it would be possible to load the tank with a relatively 149 

low pressure, for instance, 2.0 MPa, which is way below the pressure employed in typical 150 

commercial hydrogen gas cylinders (≈ 20 MPa). Moreover, since the plateau pressure is above 151 

atmospheric pressure, the hydrogen could be delivered at room-temperature by just releasing the 152 

gas of the tank and reducing the system pressure. Slightly increasing the temperature up to 323 K 153 

or 343 K, shall increase the equilibrium plateau pressures, which would favor the desorption 154 

reaction and likely increase the desorption rate.  155 
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Recently, Zepon et al. proposed a thermodynamic model to calculate PCT diagrams for 156 

multicomponent BCC alloys [19]. In this model, three phases typically observed during the 157 

hydrogenation of BCC alloys were considered. The interstitial BCC solid solution (α-phase), the 158 

intermediate hydride with either BCC or BCT structure (β-phase), and the FCC hydride (δ-phase). 159 

The proposed modeling considers the hydrogen-multicomponent system under the para-160 

equilibrium (PE) condition, in which the metal atoms have low mobility and no long-range 161 

diffusion can occur, so there is no change in the composition in terms of metal atoms during 162 

hydrogenation [23]. In this case, only hydrogen has enough mobility to change the chemical 163 

composition of the phases. The PE is attained when the chemical potential of the metal atoms and 164 

hydrogen are the same in all phases in the system. Describing how the Gibbs free energy (∆G) of 165 

each possible phase in the system varies with the hydrogen content is needed to determine their 166 

metal and hydrogen chemical potentials. In the model proposed by Zepon et al. [19], the authors 167 

considered that the enthalpy of a phase (∆H) varies linearly with hydrogen content. The 168 

coefficients of the linear function to describe the ∆H of each possible phase (α, β, and δ) were 169 

determined using experimental data of binary hydrides (for α- and β- phases) and total energy 170 

calculation by density functional theory (DFT) (only for the δ phase). The authors also considered 171 

that the hydrogen partial molar enthalpy of a multicomponent phase was approximated by a 172 

mixture rule of the hydrogen partial molar enthalpy of the alloy components having the same 173 

structure of the considered phase. The modeling proposed by Garcés et al. to describe the 174 

interstitial solid solution with site blocking effect (SBE) was used to determine the entropy 175 

variation as a function of hydrogen content [24]. A complete description of the calculation method 176 

and the advantages and limitations of the model can be found in reference [19]. Moreover, an open-177 

source code to implement the calculations was reported in [25]. Although there are a few 178 

limitations on the model's prediction capability, it can be easily employed to investigate the effect 179 

of the Cr content on the plateau pressure of the (TiVNb)100-xCrx alloys. 180 

Fig. 2(a) presents the calculated PCT curves at 303 K for (TiVNb)100-xCrx alloys with Cr 181 

content ranging from 10 to 40 at.%. The PCT curves for the (TiVNb)90Cr10 and (TiVNb)85Cr15 182 

alloys presented two equilibrium plateau pressures. One at low hydrogen concentration and low-183 

pressure levels that indicates the equilibrium between the α-phase and the intermediate hydride (β-184 

phase). Although these equilibrium plateau pressures are very low ( < 10-4 MPa) and difficult to 185 

experimentally be measured, the existence of an equilibrium between a dilute hydrogen BCC solid 186 
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solution and an intermediate hydride have been confirmed by Silva et al. [26] from synchrotron 187 

XRD and pair distribution function (PDF) analysis of the (TiVNb)85Cr15 alloy. The intermediate 188 

hydride in this alloy also has a BCC structure, and the plateau was explained as a hydrogen 189 

miscibility gap in the BCC phase. At high hydrogen concentration and high-pressure levels, these 190 

alloys present a second equilibrium plateau pressure where the β-phase is in equilibrium with the 191 

FCC hydride (δ-phase). The (TiVNb)100-xCrx alloys with x from 20 to 40 presented only one 192 

equilibrium plateau pressure between the dilute BCC α-phase and the concentrated FCC δ-phase. 193 

For these alloys, the plateau width was quite large, which would indicate a high reversible storage 194 

capacity, although the plateau widths are not well described yet by the employed thermodynamic 195 

model. Thus, we will focus our analysis on the equilibrium plateau pressures, which was proven 196 

to be well described by the model. Fig. 2(a) shows that increasing the Cr content from 10 to 40 197 

at.% increases the equilibrium plateau pressure from 10-5 MPa to almost 101 MPa. It is worth 198 

stressing that only the second plateau pressure between β-phase and δ-phase will be considered for 199 

the (TiVNb)90Cr10 and (TiVNb)85Cr15 alloys. Therefore, the thermodynamic calculation shows that 200 

we can finely tune the equilibrium plateau pressure of the (TiVNb)100-xCrx alloys by controlling 201 

the Cr/(TiVNb) ratio. At 303 K, only the (TiVNb)65Cr35 and (TiVNb)60Cr40 present equilibrium 202 

plateau pressure above 0.1 MPa, 0.44 MPa and 4.71 MPa, respectively. Therefore, these alloys are 203 

more likely to present good reversibility at room temperature. The (TiVNb)70Cr30 alloy presents a 204 

calculated plateau pressure of 0.04 MPa, i.e., near the atmospheric pressure, which could also lead 205 

to reasonable reversibility at room temperature. Fig. 2(b) presents the equilibrium plateau 206 

pressures of the (TiVNb)100-xCrx alloys at 303 K, 323 K and 343 K. One can see that at 343 K, the 207 

equilibrium plateau pressure of the (TiVNb)70Cr30 is 0.47 MPa, suggesting that the reversibility of 208 

this alloy could be favored by a slight increase in temperature. For the (TiVNb)65Cr35 and 209 

(TiVNb)60Cr40, the equilibrium plateau pressure at 343 K are 3.78 MPa and 30.03 MPa, 210 

respectively, which could favor the reversibility and potentially increase the desorption rate due to 211 

the high driving force for desorption at low pressure. On the other hand, the calculated equilibrium 212 

plateau pressure for the (TiVNb)90Cr10, (TiVNb)85Cr15, (TiVNb)80Cr20, and (TiVNb)75Cr25 alloys 213 

were below 0.1 MPa even at 343 K. Therefore, the thermodynamic calculation indicates that the 214 

hydrides of these alloys are quite stable at room-temperature and high temperatures are needed for 215 

desorption. Indeed, Silva et al. [26] experimentally reported that high temperatures are needed to 216 

decompose the hydrides of the (TiVNb)85Cr15 alloy. TDS measurements showed that temperatures 217 
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above 423 K are needed to destabilize the FCC hydride, whereas the BCC intermediate hydride is 218 

only destabilized above 523 K. 219 

The calculation of PCT diagrams for the (TiVNb)100-xCrx alloys showed that only alloys 220 

with Cr content above 30 at.% are likely to be reversible at room temperature. Therefore, in this 221 

work we have experimentally investigated the three alloys with high Cr content, namely, 222 

(TiVNb)70Cr30, (TiVNb)65Cr35 and (TiVNb)60Cr40. These alloys have been investigated in terms of 223 

stable phases and room-temperature hydrogen storage properties. Their PCT curves at 303 K, 323. 224 

K, and 343 K have also been experimentally measured and compared with the calculated ones.  225 

 226 

Figure 2: (a) Calculated PCT curves for the (TiVNb)100-xCrx alloys at 303 K. (b) Plateau 227 

pressure of the (TiVNb)100-xCrx alloys at 303 K, 323 K, and 343 K. The PCT diagrams of alloys 228 

were calculated using the model reported by Zepon et al. [19]. 229 

 230 

a)

b)
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3.2 Experimental results 231 

3.2.1. Structural Characterization of the as-cast samples 232 

Table 1 presents the experimental chemical composition of the (TiVNb)70Cr30, 233 

(TiVNb)65Cr35, and (TiVNb)60Cr40 alloys measured by EDS analysis. For EDS analyses, the as-234 

cast samples were crushed using a steel mortar and pestle. The crushed powders were placed onto 235 

a conductive carbon tape in an aluminum sample holder, and EDS measurements of at least 10 236 

powder particles were taken. Figure S1 of the supplementary material file shows a SEM image of 237 

the crushed samples. Table 1 presents the average composition of the multiple measurements. One 238 

can see that the average compositions for the three alloys are very close to the nominal ones. The 239 

standard deviations of the measurements are also presented in Table 1. As it was already reported 240 

for other alloys of the Ti-V-Nb-Cr system, solute partitioning takes place during solidification of 241 

these alloys, resulting in a dendritic microstructure with a gradient composition [20]. The standard 242 

deviation of the EDS measurements is likely to result from the typical segregation of alloying 243 

elements during solidification.  244 

Table 1: Compositional analysis of (TiVNb)100-xCrx alloys (x=30, 35 and 40). 245 

 As-cast chemical composition (at.%) 

 (TiVNb)70Cr30 (TiVNb)65Cr35  (TiVNb)60Cr40 

 Nomin. EDS Nomin. EDS Nomin. EDS 

Ti 23.33 25±1 21.66 24.0±4 20 21.9±3 

V 23.33 22.8±2 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 

 246 

Fig. 3 shows the XRD diffraction patterns of the as-cast samples. The XRD pattern of the 247 

(TiVNb)70Cr30 alloy indicates a single-phase BCC solid solution with the lattice parameter 248 

3.115(2) Å. The (TiVNb)65Cr35 alloy is predominantly BCC with the lattice parameter 3.099(1) Å 249 

however, its XRD pattern presents low-intensity peaks of the C15 Friauf-Laves phase (MgCu2 250 
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type, Fd-3m, 227). A mixture of phases (C15+BCC) was also found for the (TiVNb)60Cr40 alloy. 251 

The XRD pattern of this alloy suggests a high fraction of the C15 phase (with the lattice parameter 252 

7.039(1) Å) on the expenses of the BCC solid solution. Figure S2 of the Supplementary data file 253 

shows the Rietveld refinements for the as-cast alloys. The BCC phase was described considering 254 

a random BCC solid solution, in which the atoms occupy the 2a Wyckoff position. The atoms' 255 

occupancies were adjusted following the EDS analysis (Table 1). The C15 structure was described 256 

as NbCr2 intermetallic with Cr and V (smaller atoms) occupying the same Wyckoff position 16d, 257 

while Ti and Nb (biggest atoms) occupied the 8a position. It is worth mentioning that even with 258 

good adjustment, a quantitative phase analysis by the Rietveld method could not be performed as 259 

the correct composition of each phase could not be determined. 260 

 261 

Figure 3: Indexed XRD patterns of as-cast alloys. The respective compositions are indicated in 262 

the figure. 263 

The XRD results indicate that increasing the Cr concentration induces the formation of 264 

C15 Laves phase. According to the CALPHAD calculation (Fig. 1), the precipitation temperature 265 

of C15 increases with the increasing of Cr/(TiVNb) ratio. Moreover, solute partitioning during 266 

solidification might lead to the formation of the C15 phase at the final stages of solidification. This 267 

is more likely to occur at higher Cr contents. Therefore, for the processing route applied in this 268 

work, to have a major BCC phase, the Cr content of the (TiVNb)100-xCrx system must be limited 269 
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to approximately 35 at.%. Above this threshold, the fraction of C15 phase increases considerably, 270 

as observed experimentally for the (TiVNb)60Cr40. 271 

 272 

3.2.2 Room-temperature hydrogen absorption kinetics and characterization of the formed 273 

hydrides 274 

The kinetic curves for the first hydrogenation of the (TiVNb)70Cr30, (TiVNb)65Cr35, and 275 

(TiVNb)60Cr40 alloys under 1.5 MPa at room temperature are presented in Figure 4(a). The three 276 

alloys presented fast hydrogenation, reaching maximum capacity in less than two minutes. The 277 

(TiVNb)70Cr30 alloy absorbs 3.06 wt.%, equivalent to H/M = 1.89. Fig. 4(b) shows the XRD 278 

patterns of the hydrides after absorption measurement. One can see that the FCC hydride (a = 279 

4.360(3) Å) was formed for the (TiVNb)70Cr30 alloy. It is also possible to see some peaks 280 

associated with a hydrogenated BCC phase with increased lattice parameter from 3.115(2) Å for 281 

the as-cast sample to 3.22(4) Å after absorption experiment. The Rietveld analysis for XRD 282 

patterns collected after hydrogenation are shown in Fig. S3 of the Supplementary material. The 283 

(TiVNb)65Cr35 alloy achieved a gravimetric capacity of 2.8 wt.% (H/M = 1.7). The XRD analysis 284 

for the (TiVNb)65Cr35 alloy after absorption measurement presents a major BCC phase with a small 285 

fraction of C15 phase. Furthermore, an unknown peak of about 80° can be observed. This peak 286 

cannot be indexed as any hydride or initial phase from the as-cast condition. Moreover, as will be 287 

further discussed, there is no evidence of a second phase occurring during desorption. Therefore, 288 

the authors inferred that it is an experimental artifact. Given the small fraction of C15 phase and 289 

its small increase of the lattice parameter, from 7.04(3) Å to 7.08(4) Å for the as-cast alloy and 290 

hydrogenated state, respectively, it is possible to infer that most of the hydrogen storage capacity 291 

is associated with the hydrogenation of the BCC phase. The lattice parameter of the BCC phase 292 

increases from 3.099(1) Å for the initial alloy to 3.188(2) Å after absorption, resulting in a volume 293 

increase of 2.64 Å3. According to the well-known Peisl relationship (the volume of an interstitial 294 

hydrogen is between 2.0 and 2.9 Å3) [27], such volume expansion should correspond to a hydrogen 295 

uptake between 0.45 and 0.66 H/M, significantly lower than the measured capacity of H/M =1.7. 296 

Based on the previous results for the (TiVNb)70Cr30 alloy and on the thermodynamic calculation 297 

presented in section 3.1.2, it is suggested that an FCC hydride was formed during absorption 298 

measurement. However, given the high equilibrium plateau pressure between the BCC phase and 299 

the FCC hydride, the FCC hydride spontaneously desorbed hydrogen as the system pressure was 300 
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released. In this case, only the intermediate BCC hydride with H/M ≈ 0.5 can be observed in the 301 

XRD pattern.  302 

 303 

Figure 4: (a) Hydrogen absorption kinetic curves of the (TiVNb)70Cr30, (TiVNb)65Cr35, and 304 

(TiVNb)60Cr40 alloys, and (b) X‐ray diffraction patterns obtained after the first hydrogenation 305 

experiment of each studied alloy. Hydrogenation was performed at room temperature and final 306 

pressure of 1.5 MPa of H2. For XRD measurements, a vacuum was performed before removing 307 

the sample from the volumetric apparatus. 308 

The maximum absorption capacity for the (TiVNb)60Cr40 alloy was around 0.95 wt.% (Fig. 309 

4(a)), which is significantly lower than the other two BCC alloys. The XRD collected after 310 

hydrogenation measurement indicates a major C15 phase with an expanded lattice parameter 311 

(7.039(1) Å to 7.10(1) Å), together with a minor amount of an FCC hydride resulted from the 312 

hydrogenation of the BCC phase. These results indicate that both phases contribute to the 313 

hydrogenation. However, the volume expansion of the C15 phase was 9.2 Å³, which represents 314 

only a H/M between 0.12 and 0.19, indicating a relatively poor hydrogenation. The hydrogenation 315 

of C15-based systems has been intensively studied previously. These intermetallics may exhibit 316 

good hydrogen storage properties, including good capacity and cyclic stability [28,29]. In these 317 

systems, all interstitial sites are tetrahedral, and the hydrogen atoms can occupy the sites 318 

coordinated by [A2B2], [AB3] and [B4] polyhedra [30]. As established by Westlake, the different 319 

tetrahedra's occupancy depends significantly on geometrical features [31]. Consequently, the size 320 

of the coordination polyhedra and the nature of their constituents are crucial to understand the 321 
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hydrogen storage behavior of these compounds. Thus, a comprehensive study of the (TiVNb)60Cr40 322 

C15-type hydrides demands further investigation, which requires advanced techniques such as, 323 

neutron diffraction and nuclear magnetic resonance, that is presently beyond this research's scope. 324 

Fig. 5 (a-c) shows the coupled DSC, TGA and QMS analyses for the three alloys after the 325 

first hydrogenation experiment. The DSC analysis of the (TiVNb)70Cr30 sample (Fig. 5(a)) 326 

indicates three overlapped endothermic peaks with an onset temperature above 480 K for the first 327 

peak. These endothermic events are followed by the hydrogen released, evidenced by the QMS 328 

signal. The TGA curve indicates three inflection points that agree with the endothermic events. 329 

The XRD patterns of the alloys after thermal analysis can be seen in Fig. 6. Their respective 330 

Rietveld refinements are shown in Fig. S4. The XRD pattern of the (TiVNb)70Cr30 alloy suggests 331 

that the sample retrieves the initial BCC structure with lattice parameter of 3.103(5) Å, very close 332 

to the initial value. The mass loss determined by TGA was about 3.0 wt.%, in good agreement 333 

with the absorbed capacity via kinetic measurements.  334 

The thermal analysis of the (TiVNb)65Cr35 sample is displayed in Fig. 5(b). Only a single 335 

endothermic event is observed, with on-set temperature of around 600 K. Such endothermic event 336 

is accompanied by hydrogen release, as observed in the QMS result, resulting in a mass loss 337 

determined by TGA of 0.91 wt.%. As shown in Fig. 6, the XRD pattern after thermal analysis 338 

indicates a major BCC phase and small peaks from a minor fraction of C15 phase. After thermal 339 

analysis, the BCC lattice parameter decreases to 3.08(1) Å. According to the Peisl relationship, 340 

this volume reduction (3.18 Å3) results in a hydrogen release between 0.9 and 1.3 wt.% (H/M 341 

between 0.55 and 0.8), close to the mass loss measured by TGA and way below to the absorption 342 

capacity of 2.8 wt.% measured for this alloy. This result supports the hypothesis of the spontaneous 343 

desorption of the FCC hydride formed during absorption of the (TiVNb)65Cr35 sample.  344 

The (TiVNb)60Cr40 sample presented two endothermic events related to hydrogen 345 

desorption (Fig. 5(c)). The first event has an onset temperature of around 590 K, followed by the 346 

second broad peak. The TGA curve indicates a mass loss around 0.82 wt.% and a clear inflection 347 

point following the endothermic events, meaning that at least two phases contribute to the 348 

hydrogen release. The TGA indicated a slight decrease of the mass even at high temperatures, 349 

indicating that the desorption is not complete at 900 K. The final mass loss is in rather good 350 

agreement with the measured capacity via the volumetric technique (0.95 wt.%). The XRD after 351 
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desorption of the (TiVNb)60Cr40 sample is displayed in Fig. 6. The lattice parameter of the C15 352 

Laves phase is 7.03(1), which is in very good agreement with the value of the initial material.  353 

 354 
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Figure 5: DSC, TGA and QMS (H2 signal) curves for (a) (TiVNb)70Cr30, (b) (TiVNb)65Cr35 and 355 

(c) (TiVNb)60Cr40 alloys after the first hydrogenation. 356 

 357 

 358 

Figure 6: X‐ray diffraction patterns of desorbed samples after thermal analysis. Compositions 359 

are indicated in the figure. 360 

The results presented indicate that increasing the Cr content contributes to the formation 361 

of the C15 phase at the expense of the BCC solid solution. While the alloy containing 30 at.% Cr 362 

is a single-phase solid solution, further increase of Cr amount to 35 at.% leads to the formation of 363 

a small fraction of a secondary C15 phase. However, both alloys absorb hydrogen at room 364 

temperature. On the other hand, increasing the Cr content to 40 at.% leads to the formation of a 365 

major C15 phase, which has low hydrogen storage capacity. Thus, focusing on the study of BCC 366 

alloys, the increase in the Cr content to levels up to 40 at.% is discouraged. Furthermore, the alloys 367 

based on the BCC structure showed clear signs of spontaneous desorption at room temperature, 368 

which is important for room-temperature cyclability and reversibility. Therefore, the next sessions 369 

of this work aim to study the thermodynamics and reversible hydrogen storage capacity of the 370 

(TiVNb)70Cr30 and (TiVNb)65Cr35 alloys, focusing on the effect of Cr content on the 371 

thermodynamic, reversibility and cyclability of the BCC alloys. 372 

 373 

 374 
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3.2.3 Experimental PCT diagrams  375 

Fig. 7 (a-b) displays the PCT curves for the (TiVNb)70Cr30 and (TiVNb)65Cr35 alloys. The 376 

PCTs are collected at 303, 323 and 343 K. It is worth mentioning that, for each alloy, the same 377 

sample was used for the measurement at the three different temperatures. After each PCT 378 

measurement, the samples were exposed to 723 K under a dynamic primary vacuum for 3h. PCT 379 

curves of the two alloys displayed low and high plateaus. The first plateau at low equilibrium 380 

pressure was below the low-pressure limit of detection of the equipment. Such low equilibrium 381 

pressure plateau is related to the equilibrium between the dilute BCC (α-phase) and the BCC 382 

intermediate hydride (β-phase) as already reported for the (TiVNb)85Cr15 alloy [22,26]. Therefore, 383 

differently from the thermodynamic calculation that predicted the formation of only a single 384 

plateau for the (TiVNb)70Cr30 and (TiVNb)65Cr35 alloys, the experimental results showed that 385 

increasing the Cr content does not suppress the first plateau pressure. 386 

The second plateau, which refers to the equilibrium between the β phase and the FCC 387 

hydride (δ-phase), takes place at higher pressures. A pronounced hysteresis is observed in the PCT 388 

curves for the two studied alloys. The hysteresis phenomenon with one order of magnitude 389 

difference between the absorption and desorption plateau pressure has been already reported for 390 

other multicomponent BCC alloys, including those of the Ti-V-Nb-Cr system [20,22,26]. Even 391 

with a substantial hysteresis, the PCTs curves demonstrate that the (TiVNb)70Cr30 and 392 

(TiVNb)65Cr35 alloys can absorb and desorb hydrogen at the experimental conditions. Table 2 393 

summarizes the experimental values of the equilibrium plateau pressure (for the second plateau) 394 

for the two alloys. For the (TiVNb)70Cr30 alloy, the absorption/desorption plateau pressures are 395 

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, 396 

respectively. The calculated plateau pressures using the thermodynamic model were only slightly 397 

higher than the experimental absorption plateau pressures (0.04 MPa; 0.15 MPa; 0.47 MPa, 398 

respectively). The experimental absorption/desorption plateau pressures for the (TiVNb)65Cr35 399 

alloy at 303, 323 and 343 K are 0.18 MPa / 0.04 MPa, 0.46 MPa / 0.11 MPa, and 1.11 MPa / 0.31 400 

MPa, respectively. In this case, the calculated plateau pressures (0.44 MPa; 1.37 MPa; 3.78 MPa, 401 

respectively) were also higher than the experimental ones. Although the predicted plateau 402 

pressures were not exact, their order of magnitude as well as the effect of the temperature were 403 

quite well described. 404 
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Fig. 7(c) displays the van’t Hoff plot for the second hydrogenation event obtained from the 405 

experimental data. Table 2 presents the comparison between the calculated and experimental 406 

enthalpies and entropies for hydrogen absorption and desorption in both alloys. One can see the 407 

calculated enthalpies for both alloys are slightly underestimated, which resulted in the higher 408 

calculated plateau pressures than the experimental ones. The calculated entropies are slightly 409 

underestimated for the (TiVNb)70Cr30 alloy and very well predicted for the (TiVNb)65Cr35 alloy. 410 

Therefore, the PCT diagram calculation using the model proposed by Zepon et al. [19] is a 411 

suitable tool for finding alloy compositions with equilibrium plateau pressures just above 412 

atmospheric pressure at low or moderate temperatures. Moreover, the effect of the variation of 413 

Cr/(TiVNb) ratio on the thermodynamic properties of the alloys is also reasonably predicted.  414 

 415 

Figure 7: PCT curves collected at 303, 323 and 343 K for (a) (TiVNb)70Cr30; (b) (TiVNb)65Cr35. 416 

(c) Respective van’t Hoff plot for the equilibrium plateau pressures.  417 

a) b)

c)
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 418 

Table 2: Thermodynamic data from the experimental and calculated PCT curves. 419 

Thermodynamic quantities calculated by modeling are represented in absolute values. 420 

 
Plateau Pressures (MPa) 

303 K; 323 K; 343 K 

Plateau Enthalpy 

(kJ/mol H2) 

Plateau Entropy 

(J/K.mol H2) 

 
Experimental 

Abs/des 
Calculated 

Experimental 

Abs/Des 
Calculated 

Experimental 

Abs/Des 
Calculated 

(TiVNb)70Cr30 

0.03/0.01; 

0.11/0.02; 

0.34/0.08 

0.04; 0.15; 

0.47 
-49/+54 43.8 -154/+155 138.9 

(TiVNb)75Cr35 

0.18/0.04; 

0.46; 0.11; 

1.11/0.31 

0.44; 1.37; 

3.78  
-39/+44 37.4 -134/+137 136.7 

 421 

The very low equilibrium plateau pressure between the α- and β-phases for the 422 

(TiVNb)70Cr30 and (TiVNb)65Cr35 alloys and the results of DSC analysis (Figure 5), indicating that 423 

total desorption can only be achieved at very high temperatures, suggest that the alloys' reversible 424 

hydrogen storage capacity results from the second plateau (β  δ), which corresponds to a 425 

hydrogen uptake of H/M ≈ 1, i.e., approximately half of the absolute capacity (≈ 2 H/M). This 426 

behavior is in fact, typical for classical BCC alloys and is one of the main drawbacks for practical 427 

applications of these alloys [32]. Nevertheless, taking advantage of the wide compositional field 428 

of MCAs, the proposed approach can be applied to tune the thermodynamics and increase the 429 

reversible capacity of BCC-MCAs systems, opening up new avenues for MHs' application.  430 

 431 

3.2.4 Room temperature reversibility and cycling performance 432 

The cycling performances were evaluated by measuring the hydrogen absorption capacity 433 

during 30 cycles, as shown in Fig. 8(a). In the first cycle, both samples reproduced the absolute 434 

capacity from the kinetic measurement (Fig (4a)), achieving capacity of hydrogen uptake around 435 

H/M = 2. The hydrogenation was carried at room temperature at a H2 pressure of 1.5 MPa. Then, 436 

the hydride was exposed to dynamic primary vacuum for 10 minutes and again subjected to 437 
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hydrogenation. In the second cycle the (TiVNb)70Cr30 and (TiVNb)65Cr35 alloys achieved a 438 

hydrogen to metal ratio 0.56 and 0.98, respectively. These results indicate that the settled 439 

experimental conditions are enough to decompose the (TiVNb)65Cr35 hydride, allowing second 440 

hydrogenation related to the β → δ transition, which agrees with the thermodynamic results (Fig 441 

7(b)). On the other hand, the low hydrogen uptake of the (TiVNb)70Cr30 suggests that the dihydride 442 

was not fully desorbed. The plateau pressure of the (TiVNb)70Cr30 is around 0.006 MPa at 303 K. 443 

Although a primary vacuum pump (0.1 Pa) was used, this level is not necessarily achieved in the 444 

sample holder and there is also a delay to achieve high vacuum level. Thus, after the third cycle, 445 

the time for dehydrogenation was increased from 10 to 60 minutes. This procedure improved the 446 

hydrogen absorption capacity. As shown in Fig. 8(a), in the fourth cycle, the sample absorbed a 447 

H/M ≈ 1.13, which was reproduced in the subsequent cycles.  448 

 449 

Figure 8: (a) Reversible hydrogen absorption capacity at RT (b) XRD patterns of as absorbed 450 

samples after the cycling experiment. It is significant to mention that this analysis was carried 451 

out after the 30th cycle, and a line vacuum was done before taking the sample out from the 452 

volumetric apparatus.  453 

The cycling experiments showed a slight reduction in the reversible capacity along the 454 

cycles, from 1.13 to 0.99 H/M for (TiVNb)70Cr30 alloy and from 0.98 to 0.83 H/M for the 455 

(TiVNb)65Cr35 MCA. It is worth mentioning that for the (TiVNb)70Cr30 alloy, the 4th and 32nd 456 

cycles were considered for comparison. Figure 8(b) shows the XRD patterns collected after the 457 

30th absorption cycle. Again, a major FCC hydride with a minor fraction of BCC hydride was 458 

observed for the (TiVNb)70Cr30 alloy. For the (TiVNb)65Cr35 alloy, the major BCC hydride phase 459 

a) b)
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with small fraction of C15 phase is observed. Therefore, the XRD patterns for the alloys after the 460 

30th absorption cycle are quite similar to those measured after first absorption (Fig. 4(b)). The 461 

slight reduction of capacity after cycling might be related to the increase in the defect's 462 

concentration over the cycles. It has been reported that the crystal lattice defects and micro-strains 463 

diminish the reversible hydrogen storage capacity of multicomponent BCC alloys [22,33]. This 464 

deleterious behavior comes from modifications on the local lattice structure. According to Wang 465 

et al. [33], it is a consequence of a trap effect, where the lattice defects retain the hydrogen atoms. 466 

Since the samples were cycled at room temperature, the influence of the defects on the reversible 467 

capacity could become even more important because thermal processes that contribute to the 468 

relaxation of the crystal structure are not activated. However, the reduction of reversible capacity 469 

after 30 cycles was quite small for both samples, indicating excellent cycling stability of these 470 

alloys.  471 

 472 

4.  Conclusions 473 

The (TiVNb)100-xCrx system was investigated. A wide compositional range was previously 474 

assessed via a combination of two design strategies: (i) the CALPHAD approach was applied to 475 

predict fields of interest to obtain BCC alloys; (ii) a thermodynamic modeling to calculate PCT 476 

diagrams to estimate the equilibrium plateau for alloys with different Cr/(TiVNb) ratios. The 477 

(TiVNb)100-xCrx with x = 30, 35 and 40 alloys were selected and produced by arc-melting and 478 

characterized via a combination of structural, thermal, and volumetric techniques. The results were 479 

interpreted, and the following conclusions are made: 480 

 481 

• The microstructures of the (TiVNb)30Cr70 and (TiVNb)65Cr35 alloys produced by arc-482 

melting were composed of a major BCC phase, as predicted by CALPHAD calculation. 483 

The (TiVNb)30Cr70 and (TiVNb)65Cr35 alloys absorbed hydrogen with very fast kinetics at 484 

room temperature by forming FCC hydrides with H/M ≈ 2. Their total hydrogen storage 485 

capacities were 3.1 wt.% and 2.8 wt.%, respectively.  486 

• Increasing the Cr content to 40 at.% leads to the formation of a high fraction of C15 Friauf-487 

Laves phase at the expense of the BCC solid solution. This behavior was well described by 488 
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thermodynamic calculation carried out by the CALPHAD. The C15 phase does not absorb 489 

a significant amount of hydrogen, decreasing the alloy’s gravimetric capacity.  490 

• The equilibrium plateau pressure between the BCC and FCC hydrides increases as the Cr 491 

content increases, resulting in less stable MHs. Thus, the (TiVNb)70Cr30 and (TiVNb)65Cr35 492 

alloys showed a reversible hydrogen capacity of H/M ≈ 1 at near room-temperature. 493 

• The cycling stability of the (TiVNb)30Cr70 and (TiVNb)65Cr35 alloys indicates that the 494 

hydrogen uptake slightly decreases over the cycles, which could be associated with 495 

increasing lattice defects that might act as trapping sites for hydrogen.  496 

 497 
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