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Abstract 

C14-Laves phase based multicomponent alloys demonstrate significant promise for 

solid-state hydrogen storage thanks to the vast space of compositional design, easy 

activation process, and their severe lattice distortion, allowing for rapid kinetics and 
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absorption of substantial amounts of hydrogen at low to intermediate temperatures. 

In this paper, the non-equiatomic Zr28Ti7Mn30Fe25Mo10 alloy was rationally designed 

by combining semiempirical parameters with computational thermodynamic tools 

such as CALPHAD method and Scheil model. Additionally, pressure-composition-

temperature (PCT) diagrams were initially predicted using a thermodynamic model to 

assess the hydrogen equilibrium pressure of the alloy and subsequently refined 

based on experimental results to better reproduce the alloy’s hydrogen storage 

behavior. The alloy was prepared via arc melting and structurally crystallized as a 

single C14-Laves phase structure. Volumetric PCT measurements show a maximum 

hydrogen capacity of 1.56 wt% (H/M = 1.08) at 70 °C under 10 MPa, with equilibrium 

pressures increasing from 0.07 MPa (70 °C) to 0.46 MPa (130 °C) at H/M = 0.5. 

Contrasting with the sloping behavior predicted by the initial model, the refined model 

reproduces the experimental PCT diagrams more accurately, capturing a plateau-like 

region consistent with a mixed absorption mechanism (α–β transition). The alloy 

exhibits extremely fast kinetics with no incubation time and ~99% uptake within 

seconds, while absorbing > 0.9 wt% near ambient pressure. Thermodynamic 

analysis reveals moderate hydride stability (∆H𝐴𝑏𝑠 ≈ −36 kJ/mol H2), enabling 

reversible storage at moderate temperatures, although full desorption requires 

≥ 200 °C. The alloy retains ≥ 94% capacity after seven cycles, with excellent 

structural stability maintained despite lattice expansion and particle pulverization. 

Overall, this composition offers a favorable balance between low-pressure operation, 

fast kinetics, and cycling stability, highlighting its potential for practical hydrogen 

storage.  

Keywords 

Solid-state hydrogen storage, High entropy alloys, Multicomponent alloys, C14-Laves 

phase, CALPHAD, Low-equilibrium pressure, C14-Laves hydride, Kinetics 

   

1. Introduction 

In the last decades, societies worldwide have adopted the energy transition from 

fossil fuels to cleaner and renewable energy sources to provide long-term energy 

supply and mitigate the temperature rising due to excessive CO2 emissions.1 

Hydrogen for instance, as an ideal, most abundant element, and clean energy carrier, 
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can play a crucial role in the global energy transition by converting efficiently the 

surplus energy of solar and wind energy sources to green hydrogen via the 

electrolysis of water, allowing for effective flexibility and reliability of using renewable 

energies.2’
3 However, the main challenge in making the hydrogen technology efficient 

and cost-effective at large scale is the need for safe and compact storage systems.4’
5 

Among various hydrogen storage methods, solid-state storage through chemisorption 

in metal hydrides (MHs) is considered safer and provides higher energy density, low 

overall cost, and good reversibility under very low-operating pressures compared to 

gaseous and liquid systems.6’
7  

MHs have been widely studied, beginning with MgH2 as the most popular hydride 

system, followed by the development of binary and ternary hydrides, and eventually 

to more complex hydride materials. By storing hydrogen in their lattice interstitial 

sites, these MHs offer compact solid-state hydrogen storage systems for both 

stationary and onboard applications and even beyond, including hydrogen 

compression, hydrogen fuel cells, electrochemical energy storage (e.g.; Ni − MH 

batteries), hydrogen purification systems, and hydrogen transport.8 The key factor 

that governs the performance of these applications is the chemical composition of the 

MHs.9 In this context, high-entropy alloys (HEAs) or multicomponent alloys with 

intermetallic structures have gained extensive interests for hydrogen storage 

applications.10 These intermetallic alloys are typically made-up of a combination of a 

hydride-forming elements (A-type) and a non-hydride forming elements (B-type), 

resulting in unique crystal structures known as Laves phase compounds that are 

commonly classified into: C14 (Hexagonal MgZn2 − type), C15 (Cubic MgCu2 − type), 

and C36 (Hexagonal MgNi2 − type).11 The C14-Laves phase intermetallics with 

typical AB2 (i.e.; ZrMn2, ZrCr2) stoichiometry are the most studied for hydrogen 

storage owing to their higher hydrogen capacity and the advantage of operating at 

lower hydrogen pressures compared to AB and AB5 compounds.12
’
13

’
14 

The formation and stability of the C14-Laves phase can be effectively predicted using 

thermodynamic computational tools such as the CALPHAD method and the Scheil 

solidification model.15 The high number of constituent elements provides vast 

compositional flexibility to further tailor the hydrogen storage properties.16 Although 

body-centered cubic (BCC) HEAs and Mg-based alloys exhibit relatively high 

gravimetric capacities, their high activation barriers, poor kinetics, and unfavorable 
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thermodynamic properties are the main limitations for their large-scale 

commercialization.17 In contrast, C14-Laves HEAs may show modest hydrogen 

storage capacities but the operating conditions matter far more than the absolute 

capacities. Near-ambient pressure offers simultaneously, better safety, minimum 

compression energy requirements, lower cost, and simplicity.13 However, in some 

cases a very low equilibrium pressure, particularly below atmospheric pressure, can 

affect negatively the hydrogen desorption process.18
’
19 In such cases, a moderate 

amount of heat is necessary to shift up the equilibrium pressure and enable complete 

dehydrogenation of the hydride.  

Numerous studies on C14-Laves multicomponent alloys have demonstrated the 

effect of moderate temperatures on the hydrogen storage performance. Aranda et 

al.20 showed that increasing the temperature from room temperature to moderate 

values (i.e.; 50, 100, 150, and 200 °C) reduces the maximum hydrogen uptake 

whereas increasing the equilibrium pressure. Similar trends have been consistently 

reported in comparable works.15
’
21

’
22 Nevertheless, increasing the temperature can 

significantly improve hydrogen reversibility. Ponsoni et al.21 showed that while their 

(Ti0.5Zr0.5)1(Mn0.5Cr0.5)2 alloy exhibited incomplete desorption at 30 °C, full hydrogen 

release was achieved at 90 °C. Moreover, moderate thermal conditions reduce 

hysteresis by facilitating atomic mobility and promoting strain relaxation.22
’
23 

Furthermore, it has been revealed that hydrogen storage properties can be 

considerably enhanced by controlling some semiempirical parameters such as 

atomic size mismatch (δ) and valence electron concentration (VEC).24 Ma et al.25 

reported that the incorporation of multiple elements with different atomic sizes 

increases the size mismatch, leading to severe lattice distortion and the generation of 

crystal defects. Such lattice imperfections are the main factors responsible for the 

rapid hydrogen absorption kinetics and enhanced hydrogen capacity at low 

temperatures. Edalati et al.26 investigated the hydrogen behavior of the 

TiZrCrMnFeNi multicomponent alloy having a single C14-Laves phase with a VEC of 

exactly 6.4. They concluded that under these conditions, the alloy was able to 

reversibly absorb and desorb up to 1.70 wt% of hydrogen at room temperature, 

highlighting the significant role of preliminary alloy composition design. Additionally, 

Zr-based AB2 C14-Laves HEAs have shown increased hydrogen uptake with the 

increase of Zr content, indicating the critical impact of Zr in improving hydrogen 

storage properties. Andrade et al.27 studied the hydrogen storage performance of 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

5 
 

alloys in the Zr-Cr-Mn-Fe-Ni system and found that the alloy with higher Zr content 

achieved an increased capacity of 1.80 wt%. In addition, Zr plays an essential role in 

the stabilization of the C14-Laves phase and reducing the equilibrium plateau-

pressure due to its high affinity to hydrogen. However, in certain cases, a high 

concentration of Zr may induce incomplete release of hydrogen, likely due to the 

strong Zr-H bonding.28  

Building on insights from earlier studies, efforts have been directed toward improving 

the design of HEAs prior to synthesis. Many strategies can be adopted to design 

properly C14-Laves phase alloys for hydrogen storage applications. Ponsoni et al.16 

have constructed a systematic approach for alloy design, starting by computing 

relevant semiempirical parameters to assess the feasibility of forming a C14-Laves 

phase, and subsequently evaluating phase stability through the CALPHAD method. 

Marques et al.15 employed the thermodynamic computation of the solidification path 

under non-equilibrium conditions using the Scheil model to further predict the stability 

of the C14-Laves phase and possible elemental segregation. In addition, a 

thermodynamic model for predicting the pressure-composition-temperature (PCT) 

isotherms of C14-Laves phase during solid-solution hydrogenation is also developed 

in the work of Ponsoni et al.16 Furthermore, Marques et al.15 refined the model to 

enhance its agreement with experimental PCT diagrams, enabling the exploration of 

different alloy compositions and stoichiometries and the prediction of equilibrium 

plateau pressures at moderate temperatures. Consequently, this predictive approach 

has been widely adopted in recent works focused on designing C14-Laves alloys for 

hydrogen storage applications.15
’
21

’
22 

The present work demonstrates a rational design approach by developing a non-

equiatomic multicomponent alloy based on the Zr-Ti-Mn-Fe-Mo system that can 

crystallize majorly as single C14-Laves phase and absorb hydrogen under moderate 

temperature-pressure operating conditions. The study focuses on the experimental 

validation the selected composition in terms of its microstructure and hydrogen 

storage behavior, providing a proof of concept for the proposed design strategy. The 

calculated PCT diagrams were initially predicted using a thermodynamic model to 

assess the hydrogen equilibrium pressure of the alloy as a function of temperature 

and subsequently refined based on experimental results to better reproduce the 

alloy’s hydrogen storage behavior. The selected 
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composition,− Zr28Ti7Mn30Fe25Mo10 −, was prepared via arc melting and was 

experimentally investigated in terms of phase composition, microstructure, 

absorption/desorption PCT isotherms, chemisorption kinetics, and cycling stability. 

The thermodynamics of the hydrogenation and the effect of moderate heating on the 

hydrogen storage performance were evaluated, as the designed alloy exhibits a 

stable C14-Laves structure, distinguishing it from previous reported compositions by 

its rapid absorption kinetics and low thermodynamic plateau-pressure. 

2. Experimental Details 

2.1. Alloy Fabrication 

The Zr28Ti7Mn30Fe25Mo10 alloy was produced via arc melting technique. The raw 

materials used in this work were high-purity Zr (99.98%), Ti (99.995%), Mn (99.95%), 

Fe (≥ 99.99%), and Mo (≥ 99.9%) foils and chips. They were purchased from 

commercial suppliers (Goodfellow and Merck) and utilized as-received without 

additional purification. The melting process was achieved in an electric arc melting 

furnace (Arc 50 Melter from Arcast INC) under the protection of high-purity argon 

atmosphere (99.999%) using a non-consumable electrode of tungsten and a water-

cooled copper crucible. The metals were loaded inside the crucible in an ordered way 

according to their melting point. Elements with higher melting temperature (Mo and 

Zr) were put on top while the other elements (Ti, Fe, and Mn) with lower melting 

temperature were placed on the bottom. Due to its low melting point, an excess 

amount of Mn (5 to 7 wt%) was added to compensate for Mn evaporation. To achieve 

compositional homogeneity, the mixture was flipped and remelted four times and a Ti 

getter was melted each time prior to the alloy to reduce any residual oxygen 

remaining in the chamber. After arc melting, the as-cast ingot, which weighs 

approximately 10 g, was subsequently polished to remove grease and any surface 

oxides before being crushed and investigated by several techniques. A summary of 

the synthesis process of the Zr28Ti7Mn30Fe25Mo10 alloy is given in Scheme 1. 

2.2. Structural and Microstructural Characterization 

First, the as-cast alloy sample was hand crushed into powder in open air using a 

mortar and pestle. The chemical composition of the obtained particles was 

determined by inductively coupled plasma optical emission spectrometry (ICP-OES) 

analysis using the Agilent 5100 spectrometer. The crystalline structure of the alloy 
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was characterized via X-ray diffraction (XRD) measurements using a Bruker D8 

Advance diffractometer with Cu − Kα radiation source (λ =  1.5406 Å) operating at 40 

kV and 40 mA conditions. The XRD data were acquired in the 2θ scanning range of 

20 and 100° with a step of 0.02°. To determine the lattice parameters, the Rietveld 

refinement method was used to refine the XRD profiles via FullProf software. 

The microstructural analysis was conducted by scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM). For SEM analysis, a bulk sample of the 

alloy powder was carefully embedded in conductive resin, mechanically ground using 

successive sandpapers, and then finely polished using diamond suspensions with 

different particle size. To reveal the microstructural features of the alloy, the polished 

sample was chemically etched using HF solution for 10 seconds. The morphology of 

the polished particles was observed by a Zeiss Ultra 55 FEG SEM equipped with 

energy dispersive X-ray spectroscopy (EDS, BRUKER Detector) for the elemental 

distribution analysis. For nanoscale structure investigations, around 40 mg of the 

crushed sample was dispersed in ethanol and ultrasonicated for 20 min. With the 

help of a micropipette, three drops of the suspension were deposited onto a copper 

grid coated with an amorphous thin carbon film and directly examined by a 

Thermofisher Talos F200i TEM operating at 200 kV.  

2.3. Hydrogen Storage Characterization 

The hydrogen storage performance of the alloy was evaluated by an IMI-HTP 

Sievert’s apparatus from Hiden Isochema and was used to perform the volumetric 

gas sorption experiments. About 1.3 g of the powdered sample was loaded into a 

stainless steel sample cell and covered with roughly 0.02 cm3 of quartz wool 

(Thermal Ceramics, Ceramic Fiber type 520) to secure the sample into the pre-

weighed reactor. First, the sample was pre-heated and degassed under a dynamic 

vacuum at 200 °C (with a heating rate of 10 °C/min) for at least 2 h, then activated 

upon one 10 MPa hydrogen absorption/desorption cycle at 130 °C before any 

hydrogenation test. Subsequently the pressure-composition-temperature isotherms 

(PCT) along with kinetics were measured at 130, 100, and 70 °C respectively. In 

addition, hydrogenation/dehydrogenation cycles were conducted for 7 iterations 

under 10 MPa at 130, 100, and 70 °C.  

Structural examination of the hydrogenated sample was carried out using XRD and 

SEM analysis. XRD analysis was conducted using a MAR345 diffractometer with X-
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rays generated by an Incoatec Microfocus Source HIGHBRILLIANCE (IμS 

HIGHBRILLIANCE) Mo ELM47 operating at 50 kV and 1000 μA (λ =  0.71073 Å). 

The hydrogenated sample was loaded in a glass capillary (0.7 mm, Hilgenberg 

GmbH) immediately after removal from the reactor of the Sievert’s equipment, and 

diffraction data were integrated using the Fit2D software (a 0.1 mm diameter capillary 

filled with LaB6 was used as a calibrant).  

To investigate the desorption behavior of the hydrogenated sample, differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA) measurements 

were conducted on roughly 8 mg of hydrogenated sample inside an Al2O3 crucible 

from room temperature to 600 °C at a heating rate of 5 °C/min using a Netzsch STA 

449 F3 Jupiter thermal analyzer. The DSC and TGA measurements were carried out 

under the protection of an inert environment of argon gas (50 mL/min) to prevent any 

oxidation of the hydrogenated samples. 

3. Results and Discussion 

The alloy’s chemical composition within the quinary ZrTiMnFeMo system was 

designed to obtain a single-phase system, allowing for a direct evaluation of its 

intrinsic hydrogen storage properties. The hydrogen storage performance of the 

Zr28Ti7Mn30Fe25Mo10 alloy, including hydrogen capacity, absorption kinetics, and 

cycling stability, were investigated at moderate temperatures (70, 100, and 130 °C). 

This is particularly relevant for practical operation conditions that are compatible with 

low-grade heat sources and enhanced system safety. 

3.1. Composition Design, Phase Formation, and Thermodynamic Modeling 

The alloying elements were initially selected and categorized according to their 

affinity towards hydrogen into two types: A-type (Zr, Ti) as hydride forming elements 

and B-type (Mn, Fe, Mo) as non-hydride forming elements. The number and  

concentrations of these elements were chosen with respect to the classical definition 

of HEAs, requiring at least five principal elements, each with a concentration between 

5 and 35 at%.29
’
30 Table S1 (Supporting Information) summarizes the basic physical 

properties of these elements. The non-equiatomic Zr28Ti7Mn30Fe25Mo10 multi-

principal element alloy was designed based on the combination of the semiempirical 

parameters calculation approach and the CALPHAD method. Subsequently, the non-

equilibrium solidification behavior and segregation tendency during cooling in the 
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present alloy were assessed via the Scheil-Gulliver model. Finally, a thermodynamic 

model for predicting the PCT isotherms as well as the thermodynamic equilibrium 

pressures of the alloy will be shown. An overall discussion is then provided to 

correlate the results and highlight the implications for the alloy design. 

3.1.1. Semiempirical Parameters 

The phase formation is fundamentally linked to the alloying elements. Therefore, the 

computation of some key semiempirical parameters at a first place is considered as 

an important step for the phase selection.16
’
31 These parameters are classified as 

geometrical factors such as atomic size mismatch (δ) and atomic size ratio (rA/rB), 

electronic factors including valence electron concentration (VEC) and 

electronegativity difference (∆ᵡAllen), and thermodynamic factors such as mixing 

entropy (∆Smix) and mixing enthalpy (∆Hmix). To verify the likelihood to form the C14-

Laves phase within the selected composition, the above semiempirical parameters 

were systematically calculated via the equations reported in S2 (Supporting 

Information), and have been employed under defined restrictions.16
’
31 Table S2 

(Supporting Information) shows the obtained values of ∆Smix, ∆Hmix, VEC, δ, rA/rB, 

and ∆ᵡAllen.  

The calculated value of the mixing entropy (∆Smix) is equal to 12.31 J/(mol.K). This 

value is slightly lower than the entropy threshold (∆Smix > 1.5R =  12.47 J/(mol.K)) for 

HEAs, which places the Zr28Ti7Mn30Fe25Mo10 alloy in the medium entropy alloy 

(MEA) category.29 A higher value of mixing entropy promotes the stability of a random 

solid-solution (a fully disordered alloy). However, C14-laves phase alloys are typically 

partly ordered AB2 compounds with two distinct sublattices; A-type (large atoms) and 

B-type (small atoms).16 Therefore, this ordering causes the mixing entropy of the 

resulting phase to reduce. Nonetheless, such value of ∆Smix, 12.31 J/(mol.K), still 

falls in the range of random solid-solution formation, 11 ≤ ∆Smix ≤ 19.5  J/(K·mol), 

given by Guo et al.32 For the enthalpic contribution, C14-Laves phases alloys can 

form within the mixing enthalpy range of  -22 to 7 kJ/mol.32
’
33 In the investigated 

composition, the calculated ∆Hmix is equal to -14.16 kJ/mol, which is within the 

defined range. Moreover, this value is moderately negative which suggests that the 

present C14-Laves phase alloy is enthalpically stabilized.24 It should be noted that 

the value of the ∆Hmix here, mainly results from the higher contribution of the mixing 

enthalpies -6.95 and -5.11 kJ/mol of the two pairs Zr-Fe and Zr-Mn, respectively,34 as 
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the concentration of these elements is quite large in the Zr28Ti7Mn30Fe25Mo10 alloy. 

The rest of the contributions of the other pairs is very small due to the low atomic 

fractions of Mo and Ti as represented in Table S1 (Supporting Information). Although 

the alloy exhibits a ∆Smix lower than 1.5R, the thermal stability of the C14-Laves 

phase predominantly originates from the high temperature and the enthalpic 

contribution that governs the phase stability through atomic interaction and chemical 

bonding of the constituents rather than the configurational disorder. Comparable 

observations have been reported for other C14-Laves phases systems.24
’
31

’
35 

For further confirmation of the formed structure, the geometric and electronic factors 

were also evaluated, and the corresponding values are shown in Table S2 

(Supporting Information). As demonstrated in previous studies,16
’
21

’
31

’
36 the criteria to 

correctly predict the formation of the C14-Laves phase in multicomponent alloys were 

established as δ > 5.0%, 1.05 ≤ rA/rB ≤ 1.28, 5.88 ≤ VEC ≤ 7.53, and  ∆ᵡAllen >

7.0%. The investigated semiempirical parameters fall reasonably within the 

appropriate intervals, reinforcing the hypothesis of formation of the C14-Laves phase 

alloy. It is worth nothing that the parametric approach is more reliable when 

computing at least three parameters and not only prioritizing one factor over others, 

to provide a complete thermodynamic picture.13
’
25

’
33 Moreover, it is more practical to 

assess the likelihood of forming the C14-Laves phase using the confidence maps of 

these thermodynamic parameters, constrained within the established confidence 

regions. Fig. 1 shows the plotted 2D confidence maps of ∆Hmix − δ, Ω − δ, VEC − δ, 

∆ᵡAllen − δ to directly determine the relationship between these parameters and the 

targeted phases. The most likely structural domains are indicated by each region's 

confidence boundaries, which are drawn from previously published data in 

literature.13
’
31

’
36

’
37

’
38

’
39 The light peach area indicates the formation of solid-solutions 

(SS), the intermetallic domain (I) is represented by the pink region, and the 

coexistence of solid-solution and intermetallics (SS + I) is depicted by the light green 

area. For comparison, the calculated parameters of the predicted C14-Laves 

Zr28Ti7Mn30Fe25Mo10 alloy are depicted on the diagrams in Fig. 1. Although not 

sufficient to fully explain the formation and stability of the Laves phase, these 

semiempirical factors still provide an effective prediction of Laves phase formation 

and provide insights into the alloy’s intrinsic properties, substantially reducing the 

number of experimental trials. For a deeper understanding of these parameters, their 
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ranges, and other factors not mentioned here, readers are referred to the cited 

studies.16
’
31

’
36

’
40  

 

Fig. 1. Empirical 2D maps for phase selection of HEAs based on the relationship 

between different empirical parameters. (a) Plot of ∆Hmix as a function of δ, (b) Plot of 

Ω as a function of δ, (c) Plot of VEC as a function of δ, and (d) Plot of ∆ᵡAllen as a 

function of δ. For comparison, our Zr28Ti7Mn30Fe25Mo10 alloy is represented by a 

black diamond and the other HEA compositions from literature13
’
31

’
36

’
37

’
38

’
39 are 

indicated by blue squares for BCC/FCC HEAs, red discs for C14-Laves phase HEAs, 

and purple triangles for mixed HEAs. 

3.1.2. CALPHAD Approach 

The stability of the obtained phases during thermodynamic equilibrium was 

successfully evaluated by the CALPHAD method using the ThermoCalcTM 2024b 

software and TCHEA7 database for HEAs. The CALPHAD method combines 

thermodynamic models with validated databases, aiming for finding stable phases 
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under equilibrium by minimization of the global Gibbs free energy of the system.41 

The solidification was also evaluated using the classical Scheil-Gulliver model and 

the mobility MOBHEA3 database, assessing the solidification path and segregation 

tendency during cooling of the title composition. The Scheil model assumes infinitely 

fast diffusion in the liquid state, while no diffusion occurs in the solid phase, as well 

as a local equilibrium at the solid-liquid interface, thus reflecting out-of-equilibrium 

conditions during solidification process, as it is the case in arc melting synthesis. A 

comparison between the predicted phases in both equilibrium and non-equilibrium 

simulations and those identified experimentally in the as-cast alloy was made for 

better understanding of the solidification behavior in the alloy. Since most reported 

HEAs for hydrogen storage are metastable phases, the Scheil model enables a 

practical approximation of phase formation during rapid solidification.15 

Figs. 2a and 2b show, respectively, the thermodynamic phase diagram as a function 

of mole percent of Ti for the (Zr1−xTix)35Mn30Fe25Mo10 system and the calculated 

amount of equilibrium phases in mol fraction as a function of temperature for the 

designed Zr28Ti7Mn30Fe25Mo10 alloy (x = 0.2). As can be seen in Fig. 2a, the alloy 

with 7 at.% of Ti solidifies as a primarily C14-Laves phase (MgZn2 − P63mmc) under 

thermodynamic equilibrium. Although the BCC phase begins to grow as the Ti 

concentration increases, still the entire system should be solidified predominantly as 

a C14-Laves phase. It is worth mentioning that the phase diagram displays a direct 

liquid-solid transition without the two phase (L + S) region appearing clearly. This can 

be explained by the rapid transition from liquid phase to solid phase with negligeable 

compositional change across a very narrow temperature range. Therefore, the liquid-

solid coexistence zone becomes too thin to be visible in the phase diagram. Such 

behavior resembles the so-called congruent transformation.42 In Fig. 2b, the 

Zr28Ti7Mn30Fe25Mo10 alloy starts to crystallize at around 1480 °C as a single C14-

Laves phase in the equilibrium conditions and remains stable over a wide range of 

high temperatures (≈ 1480 − 730 °C). Upon cooling below 730 °C, the 

thermodynamic equilibrium conditions lead to the decomposition of a fraction of the 

C14-Laves phase into a minor BCC phase. However, this fraction remains low 

(< 10%), and might be suppressed by the rapid cooling associated with the arc 

melting process, promoting a single C14-Laves phase under non-equilibrium 

conditions, as reported previously for other systems.21’22’43 
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Fig. 2c shows the out-of-equilibrium solidification for the Zr28Ti7Mn30Fe25Mo10 alloy. 

The Scheil calculation indicates that the deviation from thermodynamic equilibrium 

during solidification leads to the formation of a major C14-Laves phase (>  95%) and 

a small fraction of BCC_B2 phase as can be deduced from the phase diagram shown 

in Fig. 2b. In addition, this deviation suggests that element segregation may occur 

upon solidification, where some elements preferentially partition between the solid 

and liquid phases, resulting in compositional inhomogeneities within the final ingot.15 

Moreover, the large Scheil solidification range (≈  266 °C) compared to the equilibrium 

solidification range (≈  38.5 °C) indicates strong solute partitioning and a high 

tendency for microsegregation. Nevertheless, since the current Scheil model neglects 

diffusion in the solid and assumes full diffusion of the solute into the liquid phase, it 

likely overestimates the extent of segregation.15’44 In reality, partial back-diffusion and 

remelting during arc melting are expected to reduce compositional gradients, leading 

to a more homogeneous single-phase microstructure than predicted by the Scheil 

model. Overall, the CALPHAD calculations successfully predict and support the 

formation and stability of a major C14-Laves phase in the title alloy. Microsegregation 

is also expected to occur during the solidification process. For an in-depth 

understanding of the CALPHAD approach and Scheil model and their limitations, see 

the references.45’46 

3.1.3. Thermodynamic Modeling of PCT diagrams 

The PCT model describes the hydrogen storage behavior of alloys through the 

relationship between hydrogen pressure, hydrogen concentration, and temperature. 

It allows to estimate the enthalpy and entropy of absorption, and equilibrium 

pressures, providing valuable insights into thermodynamic properties of such 

systems during hydrogen sorption under varying operating conditions. This model 

was first proposed by Zepon et al.47 to calculate the PCT diagrams of BCC alloys. 

Then, Ponsoni et al.16 adapted the same model under relevant conditions to calculate 

the PCT curves for C14-Laves phase HEAs and tested it for over 400 compositions. 

As a first approximation, the PCT model for C14-Laves alloys considers hydrogen 

absorption by the alloy (forming the so-called α-phase), which will be directly linked to 

occupation of the interstitial sites in the C14-Laves phase structure. It is important to 

mention that this modeling approach, as a second approximation, is only applicable 

under para-equilibrium (PE) conditions,16 where the alloy atoms are nearly immobile, 

whereas hydrogen atoms remain mobile, see S3 (Supporting Information). 
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The PCT model for C14-Laves phase considers, as a third approximation, that only 

A2B2 interstitial sites will form interstitial solid solution as they represent the most 

energetically favorable interstitial sites for hosting hydrogen atoms in the C14-Laves 

phase lattice compared to AB3 and B4 sites, Fig. S1 (Supporting Information).48 

Hence, the maximum limit of hydrogen capacity is set to H/M =  1.16 Additionally, this 

thermodynamic model assumes that the enthalpy of the C14-Laves phase (∆Hm(cH)) 

is linearly dependent on hydrogen content. A more detailed explanation of the 

intermediate equations and parameters along with the calculation of the 

thermodynamic model and its limitations, can be found in the study of Ponsoni et al.16 

Altogether, considering the above mentioned assumptions, the PCT diagrams can be 

calculated using Equation (1). 

𝑙𝑛 (
𝑃𝐻2

𝑃0 ) =
2

𝑅𝑇
( ℎ𝐶14 −  𝑇[−𝑅𝑙𝑛(

𝑐𝐻

1−𝑐𝐻
) −

𝑆𝐻2
°

2
])                               (1) 

where 𝑃𝐻2
, 𝑃0, 𝑅, and 𝑇 stand for the hydrogen pressure, the referenced pressure (1 

atm), the ideal gas constant (8.314 J/mol.K), and the given temperature, respectively. 

𝑐𝐻 =
𝑛𝐻

𝑛𝑀
 is the hydrogen concentration absorbed in the phase, where 𝑛𝐻 and 𝑛𝑀 are 

the number of moles of hydrogen and metal atoms in the phase, respectively. ℎ𝐶14 is 

the hydrogen partial molar enthalpy of the C14-Laves phase and it is described as a 

sum of the contribution of each element in the A2B2 tetrahedral sites, see S3 

(Supporting Information). ∆𝐻𝑖
∞ is the enthalpy of hydrogen solution at infinite dilution 

and it represents the approximate contribution of each alloy element's hydrogen 

partial molar enthalpy, see Table S1 (Supporting Information). The last term in 

Equation (1) is the standard entropy of H2 gas, 𝑆𝐻2

° , see S3 (Supporting Information). 

The idea of describing the ℎ𝐶14 by the contribution of the enthalpy of hydrogen 

solution at infinite dilution for each element, originates from the fact that this 

thermodynamic model allows the hydrogen absorption only through solid solution. As 

a result, it ignores the existence of a well-defined plateau pressure where a low 

concentrated solid-solution (α-phase) and a high hydrogen content hydride (β-phase) 

are in equilibrium, as reported experimentally in multiple studies.26’27’49 The obtained 

value of ℎ𝐶14 for the Zr28Ti7Mn30Fe25Mo10 is −17.33 kJ/mol H. Based on these 

parameters and on Equation (1), the PCT curves of the Zr28Ti7Mn30Fe25Mo10 alloy 

were calculated at 70, 100, and 130 °C as shown in Fig. 2d. 
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The most valuable information extracted from the PCT curves include the maximum 

hydrogen capacity and equilibrium pressures at the applied temperatures. Achieving 

high capacities at low pressures can be seen as a competitive advantage.22 However 

the alloys should fulfil other criteria such as rapid kinetics, hydrogen desorption at low 

to mild temperatures, and stability upon cycling. From Fig. 2d, the calculated PCT 

diagram for the Zr28Ti7Mn30Fe25Mo10 alloy highlights slopy curves with no sign for β-

phase transition, supporting the fact that the model only considers hydrogen sorption 

via α-phase. Moreover, the model predicts an equilibrium pressure of approximately 5 

MPa (≈ 50 bar) at H/M =  0.5 and 70 °C. Under these mild conditions, the alloy 

might be in a well-balanced thermodynamic state, where hydrogen is neither too 

weakly nor too strongly bound suggesting its potential thermodynamic reversibility 

with complete hydrogen desorption upon lowering the hydrogen pressure below the 

equilibrium pressure. The increase of temperature (100 and 130 °C) shifts the 

equilibrium pressure to higher values in order to maintain the same absorbed 

hydrogen capacity, as high temperatures tend to promote hydrogen desorption.21’33 

In summary, the alloy composition and its initial PCT diagram were designed and 

calculated, preparing for the experimental investigation its phase composition, 

microstructure, and hydrogen storage behavior. 
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Fig. 2. (a) Thermodynamic phase diagram as a function of mole percent of Ti 

calculated for the (Zr1−xTix)35Mn30Fe25Mo10 system, with 0 ≤ x ≤ 1, (b) Calculated 

amount of equilibrium phases in mol fraction as a function of temperature for the 

Zr28Ti7Mn30Fe25Mo10 alloy (x = 0.2). Both diagrams were calculated using CALPHAD 

and TCHEA7 database, (c) Equilibrium and non-equilibrium (Scheil model) 

solidification paths predicted by the Gulliver-Scheil model for the 

Zr28Ti7Mn30Fe25Mo10 alloy, and (d) Calculated PCT diagrams at 70, 100, and 130 °C 

for the C14-Laves phase Zr28Ti7Mn30Fe25Mo10 alloy. Note that the plateau pressure 

of the phase transition is not predicted, considering only the filling of the interstitial 

sites in the α-phase hydride the fact that the hydrogen partial molar enthalpy (ℎ𝐶14) is 

considered a constant and temperature independent. 

3.2. Synthesis, Phase Composition, and Microstructure Analysis 

After design, the Zr28Ti7Mn30Fe25Mo10 alloy was synthesized via arc melting, as 

illustrated in Scheme 1. Table S4 (Supporting Information) shows the composition of 

the arc melted alloy using ICP-OES analysis. The ICP-OES results are in good 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

17 
 

agreement with the nominal composition. With the exception of Mn, which exhibits a 

deviation of around 2 wt% of its initial weight due to its very low melting point 

compared to the other elements (see Table S1 in the supporting information), the rest 

of elements demonstrate very close weight fractions to their designed values. In 

addition, no post-synthesis homogenization was applied to the alloy to prevent any 

oxidation effect or phase decomposition. 

 

Scheme 1. Schematic illustration of the arc melting synthesis protocol for the non-

equiatomic Zr28Ti7Mn30Fe25Mo10 alloy. 

Following synthesis, the obtained ingot was ground using an abrasive SiC paper to 

remove any residual oxides and surface contaminants, and subsequently hand 

crushed into powder using a mortar and pestle. Fig. 3a shows the morphology of the 

Zr28Ti7Mn30Fe25Mo10 alloy particles. It can be seen that the as-crushed powder 

contains particles with irregular shapes, sharp edges, and form an evenly distribution 

with particle size ranging between 100 and around 300 μm. This indicates that the 

alloy is intrinsically brittle.19’50 Fig. 3b shows the XRD pattern with the corresponding 

Rietveld refinement results for the Zr28Ti7Mn30Fe25Mo10 alloy in the as-cast state. All 

the diffraction peaks are consistent with the hexagonal C14-Laves phase structure 

(MgZn2 − type  with space group 𝑃63/𝑚𝑚𝑐), indicating that the alloy mainly 

crystallizes as a single C14-Laves phase. The sharp diffraction peaks reveal that the 

as-cast sample is highly crystalline. Although predicted by the thermodynamic phase 

diagram, there are no visible reflections from secondary BCC phase in the XRD 

profile, demonstrating the reliability of the arc melting synthesis method in achieving 

single C14-Laves phase alloys. Similar findings were reported in previous works by 

other authors.21’22’51  
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The calculated composition and constitution of each element in the C14 unit cell via 

the CALPHAD method are shown in Table S3 (Supporting Information) and were 

used as a basis in the Rietveld refinement. Table S5 (Supporting Information) gives 

the structural parameters of the C14-Laves phase, as determined by the Rietveld 

refinement: 𝑎 = 0.506 nm and 𝑐 = 0.829 nm. In addition, the XRD peaks reveal 

small broadening, likely attributed to local chemical heterogeneities resulting from 

segregation during solidification. The same observation was reported by Ponsoni et 

al.21 These observations are in good agreement with the Scheil model simulation 

(Fig. 2c), confirming the predicted segregation and its effect on the broadening of the 

XRD reflections. Overall, the XRD analysis demonstrates that the 

Zr28Ti7Mn30Fe25Mo10 alloy crystallizes as a single C14-Laves phase multicomponent 

alloy.  

 

Fig. 3. (a) SEM-SE image of the as-cast Zr28Ti7Mn30Fe25Mo10 alloy and (b) X-ray 

diffraction pattern and the Rietveld refinement of the as-cast Zr28Ti7Mn30Fe25Mo10 

alloy (Experimental and calculated XRD patterns are shown by a black circle and a 

blue line, respectively, their difference is highlighted by the dark red line, and the 

background of the data is shown by a green line). 

To examine the microstructural features of the as-cast Zr28Ti7Mn30Fe25Mo10 alloy, a 

bulk sample was mounted in a conductive resin, ground using successive abrasive 

SiC papers and finely polished with diamond suspensions, followed by chemical 

etching using HF-based solution. Fig. 4a shows the SEM back-scattered micrograph 

of the studied alloy. It can be observed that the Zr28Ti7Mn30Fe25Mo10 exhibits a 

dendritic microstructure, typical of most C14-Laves phase alloys produced by the arc 
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melting method.20’21’26 Fig. 4b highlights a higher magnification BSE image of a 

localized zone within the microstructure. It is clear that there is a difference in color 

contrast between the dendritic and interdendritic regions, signifying a local chemical 

inhomogeneity. The bright gray “A” area corresponds to the matrix phase which is the 

dendritic zone and the dark gray “B” area is the interdendritic zone which was 

preferentially attacked as seen in Fig. 4b. Quantitative elemental EDX of the different 

regions are shown in Table S6 (Supporting Information).The overall chemical 

composition is close to the nominal one with the exception of Mn that shows lower 

at% which is in agreement with the previous ICP-OES results. Besides, the 

measured chemical composition in the interdendritic zone “B” is richer in Ti and 

poorer in Zr and Mo compared to the dendritic region “A”. In contrast, the dendritic 

zone is richer in Zr and Mo and poorer in Ti. By looking into the corresponding EDX 

maps shown in Fig. 5a, it can be seen that Zr, Ti, and Mo are not homogenously 

distributed across the microstructure. Meanwhile, Mn and Fe are found to be 

uniformly distributed between the “A” and “B” regions. Such behavior has been also 

reported in several studies for C14-Laves phase alloys that show a gradient in 

chemical compositions which leads to a distribution of lattice constants and hence 

peak broadening.22’52 Furthermore, the alloy microstructure contains some Zr-oxide 

inclusions, probably formed during melting or during sample preparation, and the 

presence of small Zr-rich clusters, Fig. 4b. Although the alloy exhibited a single C14-

Laves phase, the observed Ti segregation remains consistent with the XRD patterns 

and can be explained by the strong solute portioning during solidification that 

promotes high tendency of microsegregation and thereby chemical gradient within 

the microstructure as already predicted by the Scheil model in Fig. 2c. 

The alloy microstructure was further examined by TEM analysis. Fig. 5b exhibits a 

bright-field TEM image obtained from the as-cast Zr28Ti7Mn30Fe25Mo10 sample. The 

particle shown in this image reveals a nanocrystalline microstructure as confirmed in 

the corresponding selected area electron diffraction (SEAD) pattern of Fig. 5c, which 

is indexed as C14-Laves phase with hexagonal structure and space group 𝑃63/𝑚𝑚𝑐, 

supporting well the XRD results (Fig. 3b). Similar observations were reported by 

Fontana et al.53 The presence of nanostructures in the alloy sample is further 

consistent with the broadening of the XRD peaks of the C14-Laves phase in Fig. 3b. 

The high-resolution HR-TEM image acquired from the red rectangle in Fig. 5b, 

thereby confirms the formation of the C14-Laves as the major phase as depicted in 
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Fig. 5d. The measured d-spacing of 0.253 nm corresponds to the (110) plane of the 

C14-Laves phase. To further support the final microstructure of the investigated alloy, 

additional TEM analyses were performed. Fig. S3 (Supporting Information) shows 

BF-TEM and HAADF-STEM images, together with the corresponding SAED pattern, 

indicating the presence of one phase in the Zr28Ti7Mn30Fe25Mo10 alloy. Fig. S4 

(Supporting Information) presents the STEM-EDX mapping, which reveal a 

homogeneous distribution of the constituent elements. These complementary results 

further support the findings presented above, indicating that the alloy exhibits a 

predominantly single-phase microstructure. 

 

Fig. 4. (a-b) SEM-BSE micrographs at different magnifications of the as-cast 

Zr28Ti7Mn30Fe25Mo10 alloy after chemical etching. 
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Fig. 5. Microstructural characterization of the as-cast Zr28Ti7Mn30Fe25Mo10 alloy: (a) 

SEM-SE micrograph and corresponding elemental EDX maps. TEM images: (b) 

Bright-field TEM image, (c) Selected area electron diffraction pattern image, and (d) 

HR-TEM image. 

3.3. Hydrogen Storage Properties 

3.3.1. PCT Measurements and Thermodynamic Properties 

To better understand the hydrogen storage behavior of the Zr28Ti7Mn30Fe25Mo10 

alloy, PCT measurements were first performed using a Sieverts-type apparatus to 

evaluate the hydrogen absorption and desorption properties at 70, 100, and 130 °C 

up to a maximum hydrogen pressure of 10 MPa, as illustrated in Fig. 6a (see 

Experimental Section for more details). Prior to PCT tests, the alloy sample was 

activated by heating under a dynamic vacuum at 200 °C for 2 hours, followed by one 

hydrogen absorption/desorption cycle at 130 °C up to 10 MPa. After activation, 

absorption/desorption PCT measurements were carried out sequentially at 130, 100, 

and 70 °C, with intermediate degassing after each cycle for few minutes under 
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dynamic vacuum at 200 °C to ensure complete desorption of residual hydrogen. 

Notably, the same sample was employed for all hydrogen measurements at the three 

investigated temperatures. Fig. 6a shows the three hydrogenation/dehydrogenation 

PCT isotherms of the Zr28Ti7Mn30Fe25Mo10 alloy at 130, 100, and 70 °C. Under a 

maximum hydrogen pressure of 10 MPa, the alloy reaches hydrogenation saturation 

for all temperatures, which is commonly around 1 H/M for C14-Laves type structures. 

Additionally, with increasing temperature, the maximum hydrogen capacity decreases 

from 1.56 wt% (H/M = 1.08) at 70 °C to 1.48 wt% (H/M = 1.03) at 100 °C, and 1.43 

wt% (H/M = 0.99) at 130 °C. Meanwhile, the equilibrium pressure measured at 

H/M = 0.5 shows a strong temperature dependence, rising from 0.07 MPa at 70 °C 

to 0.19 MPa at 100 °C, and 0.46 MPa at 130 °C. These phenomena are quite 

common and are thermodynamically driven effects, where the reduction of the 

hydrogen capacity at elevated temperatures is directly linked to the increase in 

equilibrium pressure.15’20’21’22 

On the other hand, no full desorption was observed at both 70 and 100 °C 

temperatures, implying partial retention of the absorbed hydrogen within the alloy. In 

addition, incomplete desorption is particularly much more pronounced at 70 °C. As 

shown in Fig. 6a, at this temperature, the equilibrium pressure is approximately 0.07 

MPa, below atmospheric pressure, suggesting that the dehydrogenation process 

would likely become increasingly difficult as the equilibrium pressure decreases and 

the driving force for desorption diminishes. Similar behavior has been reported in 

previous studies.19’23 Accordingly, the relatively high equilibrium plateau pressures of 

the alloy under the applied desorption conditions may favor hydrogen release,21’22’49 

see Table 1. Furthermore, the PCT curves display relatively low hysteresis between 

hydrogenation and dehydrogenation paths, especially at lower temperatures. In 

general, hysteresis in PCT isotherms is an intrinsic property of hydrides which mainly 

originates from the elastic strain of crystal lattice during hydrogen uptake and release 

processes.23 Upon hydrogen absorption, the lattice stress increases which slows the 

hydrogen diffusion and hinders the desorption process. As a result, a higher pressure 

difference is needed to drive the dehydrogenation reaction.23 These observations 

further support the incomplete desorption curves at low temperatures. At 130 °C, the 

alloy absorbs and desorbs hydrogen almost reversibly with negligeable hysteresis. 

This behavior is attributed to the enhanced lattice expansion at elevated 
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temperatures, which reduces the lattice stress and provides more space for hydrogen 

storage, and thereby mitigates the hysteresis effect.54  

It is worth to point out that the PCT diagrams clearly reveal the presence of a well-

defined equilibrium plateau pressure-like region, extending from 0.20 to ~0.90 wt%, 

for all temperatures. This behavior indicates that hydrogen absorption in the 

investigated alloy probably occurs via both interstitial solid-solution (α-phase) and 

hydride (β-phase) nucleation. Such mechanism has been reported in several earlier 

studies.15’26’49 Conversely, many C14-Laves phase HEAs have shown a very sloping 

plateau pressure, indicating hydrogen absorption solely via interstitial sites which 

induces a gradual expansion of the crystal lattice without the presence of an 

equilibrium plateau between the metal and hydride phases.19’20’23 From a 

thermodynamic point of view, the enthalpy and entropy for hydrogen absorption and 

desorption of the Zr28Ti7Mn30Fe25Mo10 alloy were determined via the well-known 

van’t Hoff plot calculated for equilibrium pressures at H/M = 0.5. Fig. 6b shows the 

van’t Hoff curves and the estimated thermodynamic data are given in Table S7 

(Supporting Information). The values of ∆H𝐴𝑏𝑠, ∆S𝐴𝑏𝑠, ∆H𝐷𝑒𝑠, and ∆S𝐷𝑒𝑠 are −36.1 kJ/

mol H2, −101.8 J/(K mol) H2, +34.3 kJ/mol H2, and +96.6 J/(K mol) H2, respectively. 

These calculations demonstrate that both the enthalpy and entropy do not change 

significantly between hydrogen absorption and desorption. A similar thermodynamic 

trend has been observed in the TiVFeZr multicomponent alloy.20 Furthermore, the 

obtained values are closely comparable to those reported for the benchmark LiNi5
55 

alloy and fall within the moderate thermodynamic ranges commonly observed for 

C14-Laves phase HEAs (typically, −40 ≪ ∆H ≪ −30 kJ/mol H2 and −85 ≪ ∆S ≪

−110 J/(K mol) H2),56 suggesting moderate hydride stability and favorable 

reversibility under moderate temperature and pressure conditions.  
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Fig. 6. (a) Absorption/desorption PCT isotherms for the Zr28Ti7Mn30Fe25Mo10 alloy at 

70, 100, and 130 °C. (b) Van’t Hoff plot for the Zr28Ti7Mn30Fe25Mo10 alloy using the 

equilibrium pressure at 0.5 H/M during absorption and desorption reactions. 

Hydrogen absorption kinetics curves of the Zr28Ti7Mn30Fe25Mo10 alloy in the first 

cycle: (c) at different temperatures (70, 100, and 130 °C) under 2 MPa hydrogen 

pressure and (d) at 70 °C under different hydrogen pressures (0.1, 2, and 4 MPa). 

3.3.2. Hydrogen Absorption Kinetics and Capacity 

Fig. 6c presents the hydrogen absorption kinetics curves of the Zr28Ti7Mn30Fe25Mo10 

alloy carried out at 70, 100, and 130 °C under a hydrogen pressure of 2 MPa after 

activation. The alloy absorbs hydrogen extremely fast upon exposure to H2 

molecules, exhibiting no noticeable incubation time for all temperatures. Such 

behavior can be primarily attributed to the prior activation procedure, which involved 
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thermal treatment followed by one absorption/desorption PCT cycle at 130 °C. This 

activation process likely facilitated subsequent hydrogen uptake by improving the 

accessibility of hydrogen absorption sites and promoting H-alloy atoms interactions, 

as reported for other alloys showing similar fast absorption kinetics following 

activation with almost no incubation period.20’21’24 These observations highlight the 

importance of the activation procedure in achieving the fast hydrogen chemisorption 

kinetics observed in the present alloy, reaching 99% of its total capacity in only few 

seconds. Furthermore, the very rapid hydrogen absorption kinetics across all 

investigated temperatures may also be associated with the intrinsic structural 

features of the C14-Laves phase, including large (𝛿 = 10.55%) lattice distortion, 

microsegregation, and grain boundaries within the polycrystalline structure suggested 

by the continuous rings in the SAED pattern as observed in the SAED patterns (Fig. 

5b). Altogether, these microstructural features may serve simultaneously as fast 

diffusion pathways and preferential hydride nucleation sites in addition to tetrahedral 

interstitial sites, and further contribute to the enhanced hydrogen absorption 

kinetics.25’57’58’59 

In addition, the alloy was able to achieve an absorption capacity of 1.40 wt% 

(H/M =  0.97) at 70 °C under 2 MPa of hydrogen pressure, which is comparable to 

values reported for other C14-Laves HEAs, such as Ti21Zr21Fe41Ni17,24 TiVZrNbFe,60 

and (Ti0.33Zr0.33Nb0.33)1(Mn0.5Cr0.5)2
21 that were able to absorb 1.40 wt% at RT 

under 3.5 MPa of H2, 1.36 wt% at 200 °C under 1 MPa of H2, and 1.35 wt% at 25 °C 

under 3.6 MPa of H2, respectively. From a compositional standpoint, the 

Zr28Ti7Mn30Fe25Mo10 alloy exhibits higher content of Zr than Ti. Since Zr has a more 

negative hydrogen enthalpy of formation compared to Ti (∆𝐻𝑓(𝑍𝑟𝐻2) = −163 kJ/mol 

H2
61 and ∆𝐻𝑓(𝑇𝑖𝐻2) = −122.3 kJ/mol H2

62), this compositional feature further 

enhances the hydrogen absorption kinetics and capacity, especially at low 

temperature-pressure conditions.27 However, this strong bonding between Zr and H 

atoms might contribute to incomplete release of a fraction of hydrogen in the alloy.28   

To evaluate the effect of hydrogen pressure on the hydrogen absorption capacity of 

the alloy, kinetic measurements were conducted at 70 °C under 0.1, 2, and 4 MPa of 

hydrogen pressure, as shown in Fig. 6d. It is evident that the maximum hydrogen 

storage uptake increases with the increase of the hydrogen pressure, reaching up to 

0.96 wt% (H/M = 0.66), 1.40 wt% (H/M = 0.97), and 1.46 wt% (H/M = 1.01), at 0.1, 
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2, and 4 MPa, respectively. Remarkably, the alloy can absorb more than 0.90 wt% 

under only 0.1 MPa, highlighting the important role of prior activation and the 

significant thermodynamic affinity of hydrogen for the Zr-rich C14-Laves phase 

lattice. This behavior suggests the potential of the present alloy for low-pressure 

hydrogen storage applications. 

3.3.3. Hydrogen Desorption Behavior 

The hydrogen desorption behavior of the hydrogenated Zr28Ti7Mn30Fe25Mo10 alloy is 

investigated by conducting DSC and TGA analyses under an inert gas (Ar) 

atmosphere with a constant heating rate of 5 °C/min from RT to 600 °C. The alloy 

sample was fully hydrogenated at 70 °C under 10 MPa of hydrogen pressure. Fig. 7a 

shows the DSC curve during desorption process. The analysis reveals that the DSC 

signal shows a broad endothermic feature associated with a small shoulder at around 

216 °C, indicating a moderate temperature at which the formed C14-Laves hydrides 

start to decompose.20 Additionally, the gradual heat-flow decrease might be related to 

the continuous release of hydrogen from different tetrahedral interstitial sites with 

different distribution of binding energies. The TGA result is represented in Fig. 7b and 

highlights a pronounced mass loss around 200 °C, corresponding to hydrogen 

release from the hydride interstitial sites, which is in good consistency with the DSC 

results and pointing towards moderate thermodynamic stability of hydrogen in the 

alloy. The total mass loss during heating was approximately 0.46 wt% (H/M = 0.32), 

much lower than the absorption capacity measured at 10 MPa in Fig. 6a (1.56 wt% 

(H/M = 1.08)). Since the DSC and TGA analyses were carried out under atmospheric 

pressure (0.10 MPa) and considering the fact that the equilibrium hydrogen pressure 

is much lower than 0.10 MPa, the alloy would naturally tend to desorb hydrogen very 

fast at such pressure. After reaching the maximum weight loss at around 240 °C, the 

sample started to gain weight which might be due to possible oxidation reaction of 

the hydrogenated sample probably related to the Ar purity.9 
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Fig. 7. The dehydrogenation behavior of Zr28Ti7Mn30Fe25Mo10 hydrides at a constant 

heating rate of 5 °C/min under Ar atmosphere: (a) DSC measurement from RT to 600 

°C and (b) TGA pattern from 100 to 300 °C. Absorption/desorption cycling 

performance of the Zr28Ti7Mn30Fe25Mo10 alloy: (c) PCT curves after the first and the 

7th cycle at 70, 100 , and 130 °C and (d) Change in hydrogen storage capacity as 

function of the number of cycles. 

3.3.4. Hydrogenation Cycling Properties 

To study the Zr28Ti7Mn30Fe25Mo10 alloy’s hydrogen absorption/desorption reversibility 

and the temperature-dependent cycling behavior, 7 PCT cycles of 

absorption/desorption at 70, 100, and 130 °C were evaluated. The hydrogen 

absorption was conducted at all temperatures under a maximum hydrogen pressure 

of 10 MPa and the hydrogen desorption process was carried out at 200 °C under a 

dynamic vacuum for few minutes. Figs. 7c and 7d depict the maximum hydrogen 
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uptake and absorption capacity retention for the different cycles. At 70 °C, the 

hydrogen absorption capacity decreases slightly from 1.56 wt% in the 1st cycle to 

1.51 wt% in the 2nd cycle, and 1.45 wt% in the 3rd cycle, then maintained fixed until 

the 7th cycle as shown in Fig. 7c. The same behavior is observed for the cycling at 

100 °C. However, at 130 °C, the hydrogen capacity drops from 1.43 wt% (1st cycle) to 

1.38 wt% (2nd cycle), remains stable in the 3rd cycle, then gradually declines to 1.34 

wt% by the 5th cycle and stabilizes thereafter, indicating the effect on temperature on 

the cycling performance. From Fig. 7d, it can be seen that, for all temperatures, the 

alloy showed a capacity retention after 7 cycles of more than 94%, which highlights 

the good reversibility of the alloy at all temperatures. Nevertheless, the small drop in 

the hydrogen storage capacity retention ratio might be attributed to the applied 

moderate temperature during the dehydrogenation process (200 °C).20 Chen et al.19 

reported that their alloy TiZrFeMnCrV can reversibly store up to 97% of its initial 

capacity after 50 cycles when conducting the desorption process at 350 °C under 

dynamic vacuum for 30 min. Similar behavior was reported for other C14-Laves 

alloys.20’63 In addition, upon cycling many crystal defects are created which also 

contribute to a fraction of the hydrogen to be trapped in the alloy.33 Besides, we 

believe that applying a higher desorption temperature (i.e.; above 400 °C) can lead to 

zero loss of absorption capacity. Furthermore, Pan et al.54 reported in their study that 

besides the above mentioned effects, the hydrogen purity (99.999% in the present 

study) can also affect the capacity of the alloy, especially if it contains small amounts 

of impurities such as nitrogen which might react and lead to a reduction of the 

hydrogen overall capacity. It should be noted that hydrogen storage reversibility at 

low temperatures is also related to the VEC of HEAs. Edalati et al.26 reported that a 

VEC of 6.40 promotes the reversibility at RT of the alloy during cycling without the 

need for heating. In the present study, the developed alloy has a VEC value of 6.10; 

its lower value may contribute to the incomplete hydrogen reversibility. A comparison 

of the hydrogen storage performance of the investigated alloy with other C14-Laves 

HEAs is given in Table 1. Moreover, it is worth mentioning that the seven 

hydrogenation/dehydrogenation cycles in the present work were intended to provide 

a preliminary assessment of the alloy’s cycling performance at different temperatures 

and its structural stability, rather than a comprehensive evaluation of its long-term 

durability. Overall, the non-equiatomic Zr28Ti7Mn30Fe25Mo10 alloy has demonstrated 

a hydrogen storage capacity of 1.56 wt% at 70 °C with minor decrease in its cycling 
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performance, indicating its good cycling stability after 7 PCT cycles under the applied 

moderate temperatures compared to other HEAs that exhibits such stability only at 

30°C.20’21’53’57 These results highlight the potential of the Zr28Ti7Mn30Fe25Mo10 alloy 

as a promising candidate for low pressure hydrogen storage applications.  

 

Table 1. Comparative hydrogen storage properties of some other Zr/Ti-based HEAs. 

All these alloys are majorly single C14-Laves phase and are synthesized via the arc 

melting method. 

HEA composition VEC 
Temperature 

(°C) 

𝑃𝑒𝑞𝑎𝑏𝑠
 

(MPa) at 

0.50 H/M 

𝐻/

𝑀𝑚𝑎𝑥 

(wt%) 

Reference 

(Ti0.33Zr0.33Nb0.33)1(Mn0.5Cr0.5)2 6.40 70 2.62 1.35 
21 

(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 6.00 60 1.30 1.66 
22 

Ti0.84Zr0.16Mn0.9Cr0.7Fe0.1 6.55 25 0.92 1.83 
54 

Ti0.29Zr0.05Al0.05Cr0.26Mn0.35 6.40 35 0.86 1.76 
15 

Ti20Zr20Mn20Fe20Co20 6.40 30 0.20 1.60 
64 

TiZrCrFeMnNi 6.40 32 0.90 1.70 
26 

Zr28Ti7Mn30Fe25Mo10 6.10 70 0.07 1.56 
Present 

study 

In order to check the structural stability of the Zr28Ti7Mn30Fe25Mo10 alloy after 7 

hydrogenation cycles at 70 °C, the samples at the hydrogenated and 

dehydrogenated states were examined by XRD analysis, as shown in Fig. 8 and Fig. 

S6 (Supporting Information), respectively. Similar to the metallic Zr28Ti7Mn30Fe25Mo10 

alloy, the hydride maintained its original phase composition after cycling, indicating 

good structural stability of the investigated alloy, as seen in Fig. 8a. However, the 

XRD pattern shows wider peaks with decreased intensity, which is likely due to 

increased lattice stress or grain refinement.21’54 Interestingly, the Rietveld refinement 

reveals that the hydrogenated alloy exhibits two distinct C14-Laves phases (𝑃63/

𝑚𝑚𝑐), hereafter named C14#1(α-phase) and C14#2 (β-phase), corresponding to the 

hydride formed at the first stage of hydrogenation through solid-solution with low 

concentration of hydrogen and the hydride phase formed during equilibrium with high 

H concentration (main hydride), respectively, Fig. 8c. The lattice parameters and 

phase fractions are listed in Table S5 (Supporting information file). The C14#1(α-

phase) structure accounts for 72 wt% with slightly higher lattice parameters (𝑎 =
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0.508 nm, 𝑐 = 0.832 nm) compared to the as-cast state, resulting in the AB2H0.24 

hydride (H/M ≈ 0.08), as shown in Fig. 8b, which corresponds to the slight peak shift 

towards lower angles. Meanwhile, the C14#2 (β-phase) contributes with 28 wt% in 

the C14-Laves phase, but with larger parameters (𝑎 = 0.535 nm, 𝑐 = 0.874 nm), 

corresponding to a volume expansion of 20% of the formed AB2H2.83 hydride (Fig. 

8b). This volume expansion corresponds to a hydrogen uptake of 0.94 H/M (≈

1.36 wt%), by taking into account 2.9 Å3/𝐻 as a volume increment.21 Furthermore, 

the reason behind having higher fraction of the AB2H0.24 hydride, with a small change 

in the lattice volume, is the fact that the alloy rapidly releases hydrogen upon 

exposure to atmospheric pressure, even though the XRD analysis was done 

immediately after hydrogenation. Such observations were reported in Andrade et al.24 

and Aranda et al.20 studies. 

Fig. S6 (Supporting Information) compares the XRD patterns of the 

Zr28Ti7Mn30Fe25Mo10 alloy in the as-cast, hydrogenated, and dehydrogenated states, 

together with the corresponding lattice parameters of the C14-Laves phase obtained 

by Rietveld refinement, see Table S5 (Supporting Information). After seven 

hydrogenation cycles, the fully dehydrogenated sample retained its single C14-Laves 

phase, with no detectable changes in the lattice parameters. These results 

demonstrate further the alloy’s good structural stability and support its reversibility 

under the investigated conditions. Furthermore, the small amount of residual 

hydrogen, corresponding to a capacity retention ratio of 94% in Fig. 7d, was released 

during evacuation prior to XRD characterization, allowing the lattice parameters to 

return to their initial values. 
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Fig. 8. (a-b) XRD pattern of the Zr28Ti7Mn30Fe25Mo10 alloy in the hydrogenated state 

after 7 absorption/desorption cycles at 70 °C and (c) Typical PCT curve showing the 

three stages of hydrogenation with schematic illustrations of the two C14-Laves 

hydrides (C14#1(α-phase) and C14#2 (β-phase)) extracted from the Rietveld 

refinement. 

Fig. 9 shows the microstructural investigations of the Zr28Ti7Mn30Fe25Mo10 alloy 

particles before and after hydrogenation cycles. Before charged into the Sievert’s 

cell, the as-cast ingot was crushed easily into powder as shown in Fig. 9a, due to its 

intrinsic brittleness. The particles show an average particle size of around 166 μm 

(Fig. 9c) with irregular shapes, sharp edges, and no visible cracks on the surface as 

can be seen in Fig. 9b. Fig. 9d shows the alloy powder after seven PCT cycles of 

hydrogen absorption and desorption. The particle size obviously decreased 

dramatically to approximately 16 μm (Fig. 9f), and cracks and fragmentations are 

more pronounced on the surface of the particles as shown in Fig. 9e. This 

phenomenon is the main consequence of the volume expansion that generates 

severe lattice strain during hydrogen uptake and release leading to a repeated 
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expansion/contraction within the host alloy. Upon cycling the lattice stress induces 

cracks that nucleate and propagate leading to embrittlement. Such behavior is well 

known for the C14-Laves HEAs.21’22’23’54 It is worth mentioning that the presence of 

chemical segregation (Fig. 5) in the microstructure facilitates crack initiation due to 

local stress and hydrogen-induced lattice expansion between two different regions. 

Nevertheless, cracks can have a positive impact on the activation properties as they 

shorten the diffusion distance, increase the contact area between the fine particles 

and H molecules, and thereby fasten the absorption kinetics.23’59 As mentioned 

earlier, hydrogenation cycling induces grain refinement and increases crystal defects, 

which promotes rapid hydrogen kinetics and activation, however, it also leads to a 

slight reduction in the overall capacity due to irreversible hydrogen trapping at these 

defects as shown in Fig. 7c.  

 

Fig. 9. SEM-SE images of the Zr28Ti7Mn30Fe25Mo10 alloy particles: (a-b) prior to 

hydrogenation and (d-e) after 7 hydrogenation/dehydrogenation cycles. Average 

particle size of the Zr28Ti7Mn30Fe25Mo10 alloy: (c) before hydrogenation and (f) after 

the 7th absorption/desorption cycle. 

 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

33 
 

3.3.5. Comparison of experimental and modeled PCT curves 

The initially calculated PCT curves at 70, 100, and 130 °C shown in Fig. 2d are 

compared with experimentally measured hydrogen absorption PCT diagrams. Fig. 

10a shows the results for the Zr28Ti7Mn30Fe25Mo10 multicomponent alloy. Clear 

differences can be observed between the curves with respect to their shape, 

maximum hydrogen capacity, and the equilibrium pressure at H/M =  0.5. Such 

discrepancies are reasonable and can be attributed to the set of simplifying 

assumptions underlying the first thermodynamic model (Section 3.1.3.). The absence 

of a distinct plateau pressure in the calculated PCT curves arises primarily from the 

hydrogen partial molar enthalpy (ℎ𝐶14), which was assumed to be constant and 

temperature independent as described in the work of Ponsoni et al.16 Therefore, the 

initial thermodynamic model cannot adequately reproduce the behavior of the PCT 

curve seen experimentally. Thus, there is a need to refine the initial description to 

account for the observed hydrogenation behavior. Accordingly, the model was further 

refined using the experimental data, resulting in a more improved reproduction of the 

experimental PCT isotherms. In fact, in their work, Marques et al.15 found that ℎ𝐶14 

has a linear behavior and it depends on temperature. Which was the case in the 

current study, it was found that the hydrogen partial molar enthalpy (ℎ𝐶14) is not a 

constant as can be seen in Fig. S7a (Supporting Information). Instead, it could be 

better approximated to a linear behavior as described by the following Equation (2):15 

 ℎ𝐶14 = ℎ0.5 + ℎ1(𝑐𝐻 − 0.5)                                                   (2) 

where ℎ0.5 is the value of ℎ𝐶14 at a hydrogen uptake (𝑐𝐻(𝐻/𝑀) of 0.5 and  ℎ1 is the 

factor that will account for the change in the shape of the PCT curves that the initial 

model from Ponsoni et al.16 could not reproduced. Such improvement in the model is 

with great importance to validate the calculation for our present work. Being said, the 

main part now is to determine the values of the parameters ℎ0.5 and ℎ1. For this 

raison, we used the method of least squares (Equation (11) in S3, Supporting 

Information) in first stage to estimate the values of ℎ𝐶14 from Equation (1). Unlike the 

work of Marques et al.15, where they extracted the values of ℎ𝐶14 only from 

experimental PCT curves at 35 °C assuming that the ℎ𝐶14 in independent of 

temperature. Here, however, we have estimated the values of this later at each 

temperature (70, 100, 130 °C) as we observed that the factors ℎ0.5 and ℎ1 are not 

constant with temperature, see Fig. S7b (Supporting Information). After obtaining the 
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first estimations of these parameters, the method of direct least squares (DLS) is 

used again in the case of equilibrium pressure (𝑃𝐻2
) to estimate the optimized values 

of the parameters ℎ0.5 and ℎ1 that minimize the difference between the values of ℎ𝐶14 

obtained from the fitting of the experimental PCT curves at each temperature and the 

calculated values from Equation (2). For more details about the calculations and 

equations, readers are referred to the work of Marques et al.15 It should be 

mentioned that in the later study, the authors used the method of least squares to 

calculate ℎ0.5 and ℎ1 for each elements (A-type and B-type) as their study include a 

series of stoichiometries, whereas in this work we have only one composition. 

Based on the obtained parameters and Equations (1 and 2), the PCT diagrams were 

calculated at 70, 100, 130°C and were compared with the experimental ones as 

shown in Fig. 10b. For all temperatures, the PCT models reproduce the experimental 

ones more accurately thanks to the proposed linear behavior of ℎ𝐶14 as a function of 

the hydrogen content and the dependency of this latter on temperature, resulting in 

achieving, with good precision, similar shape, appearance of the plateau-like region, 

and the equilibrium plateau pressures. This simplified approach has a crucial role to 

investigate the hydrogen storage applicability of C14-Laves alloys through the 

estimation of the range of equilibrium pressures at different moderate temperatures. 

Nevertheless, one of the limitations of this approach is the fact that  ℎ𝐶14 does not 

preserve its linear behavior at low/or high hydrogen contents (Fig. S7a, Supporting 

Information). Although, in the current study, the deviation of the model from the 

experience was not present that much, suggesting that the refined model’s 

assumptions can be valid for other C14-laves stoichiometries within the Zr-Ti-Mn-Fe-

Mo system. Overall, the enhanced approach provides a useful framework for 

investigating hydrogen storage behavior of related C14-Laves alloys with promising 

potential for hydrogen storage applications. 
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Fig. 10. Comparison between experimental and calculated PCT diagrams of the 

Zr28Ti7Mn30Fe25Mo10 alloy at 70, 100, and 130 °C. (a) based on the initial predictive 

model and (b) based on the refined model using the least-squares method. In the 

calculated PCT curves (Fig. 10b), the partial molar enthalpy (hC14) is considered 

temperature dependent which shows the good agreement of the model with the 

experiments at all temperatures. 

4. Concluding Remarks 

In this work, a combined design approach integrating computational and 

semiempirical parameters was successfully applied to develop the non-equiatomic 

Zr28Ti7Mn30Fe25Mo10 multicomponent alloy. The alloy was synthesized by arc 

melting and experimentally confirmed to crystallize predominantly as a single C14-

Laves phase, in good agreement with the design predictions. Microstructural 

analyses revealed a dendritic and nanostructured morphology with local chemical 

segregation, which contributes to lattice distortion and defect formation, both playing 

a key role in the hydrogen storage behavior.  

Volumetric hydrogen sorption measurements demonstrated that the alloy exhibits 

attractive storage performance under moderate temperature–pressure conditions. A 

maximum hydrogen capacity of 1.56 wt% (H/M = 1.08) was achieved at 70 °C under 

10 MPa, while equilibrium pressures increased from 0.07 MPa at 70 °C to 0.46 MPa 

at 130 °C (at H/M = 0.5). The presence of a plateau-like region in the PCT isotherms 

indicates a mixed hydrogenation mechanism involving both interstitial solid solution 

and hydride (α − β) formation 
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The alloy exhibits extremely fast hydrogenation kinetics, reaching nearly full capacity 

within seconds and showing no noticeable incubation time. This remarkable behavior 

is attributed to the prior activation procedure, which involved thermal treatment 

followed by one absorption/desorption PCT cycle at 130 °C, in addition to the 

microstructural features, including the severe lattice distortion (𝛿 ≈  10.51%), nano-

structuring, and microsegregation-induced defect network, which enhance hydrogen 

diffusion and provide favorable nucleation sites. Collectively, a significant hydrogen 

uptake (> 0.9 𝑤𝑡%) at near-ambient pressure was achieved, reflecting the important 

role of prior activation and the significant thermodynamic affinity of hydrogen for the 

Zr-rich C14-Laves phase lattice. 

Thermodynamic analysis using van’t Hoff relations revealed moderate hydride 

stability, with absorption and desorption enthalpies of approximately −36 kJ/mol H2 

and +34 kJ/mol H2, respectively. These values are consistent with reversible 

hydrogen storage at moderate temperatures, although complete desorption is limited 

at low temperatures due to the low equilibrium pressure. Complementary DSC/TGA 

analyses confirmed that hydrogen release occurs at around 200 − 220 °C, indicating 

that moderate heating is required to ensure full reversibility.  

The alloy also demonstrates good cycling and structural stabilities, retaining more 

than 94% of its initial capacity after seven absorption/desorption cycles. Despite 

hydrogen-induced lattice expansion (~20%) and particle pulverization, the C14-Laves 

phase is preserved in both hydrogenated and dehydrogenated states, confirming its 

structural robustness. The observed particle size reduction and crack formation 

during cycling further enhance hydrogen kinetics, although a small fraction of 

hydrogen may be irreversibly trapped at defects. 

Overall, the Zr28Ti7Mn30Fe25Mo10 alloy offers a favorable combination of low 

equilibrium pressure, fast kinetics, and good cycling performance, making it a 

promising candidate for hydrogen storage applications under moderate operating 

conditions. The discrepancies between initial modeled and experimental PCT curves 

have been solved with good precision from the refined model that accurately, 

captures the shape and plateau-like region consistent with a mixed absorption 

mechanism (α–β transition). Future work should focus on compositional tuning, 

adjustment of electronic parameters (e.g., VEC), and microstructural engineering, 
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including the introduction of secondary phases such as BCC phase to enhance the 

capacity and to shift the plateau pressure and enhance the reversibility.  
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 Non-equiatomic alloy was rationally designed by combining semiempirical 

parameters with computational thermodynamic tools. 

 Volumetric PCT measurements show a maximum hydrogen capacity of 1.56 

wt% (H/M = 1.08) at 70 °C under 10 MPa. 

 The alloy exhibits extremely fast kinetics with no incubation time and 

reversible storage at moderate temperatures. 


