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Abstract

:

Due to the poor activation performance and kinetics of Ti50V25Cr25 alloys, the element Zr was added to improve the phase structure of the alloy and achieve a high-performance hydrogen storage alloy. The Ti50−xV25Cr25Zrx (x = 0, 5, 7, and 9) system alloys were prepared by arc melting. The alloys were analyzed using an X-ray diffractometer (XRD), scanning electron microscope (SEM), and differential scanning calorimeter (DSC). The hydrogen storage capabilities of the alloys were also obtained by the Sievert volumetric method. The results indicated that the alloy with Zr added had a combination of the C15 Laves phase and the BCC phase, whereas the Zr-free alloy had a BCC single phase. The partial replacement of Zr with Ti resulted in an increase in the lattice parameters of the main phase. The hydrogen storage kinetic performance and activation of the alloys both significantly improved with an increasing Zr concentration. The time to reach 90% of the maximum hydrogen storage capacity decreased to 2946 s, 230 s, and 120 s, respectively, with the increases in Zr concentration. The initial hydrogen absorption content of the alloys increased and then decreased after the addition of the element Zr. The second phase expanded with an increasing Zr concentration, which in turn decreased the abundance of the BCC main phase. The Ti43V25Cr25Zr7 alloy showed good cycle stability and hydrogen-desorption performance, and it could absorb 90% of the maximum hydrogen storage capacity in around 230 s. The maximum hydrogen-absorption capacity of the alloy was 2.7 wt%. The diffusion activation energy of hydrogen desorption dropped from 102.67 kJ/mol to 92.62 kJ/mol.
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1. Introduction


With depleting fossil energy reserves, renewable energy sources have become critical. Hydrogen energy has received extensive attention as a sustainable energy source due to its great efficiency and environmental friendliness [1]. The utilization of hydrogen energy involves its preparation, storage, and transportation. The storage and distribution of hydrogen is a critical aspect of the industrialization of hydrogen energy [2,3,4,5]. Owing to their ability to store hydrogen safely, their comparatively large hydrogen storage capacity, and their relatively low hydrogen pressure, hydrogen storage alloys have the potential to displace existing hydrogen storage systems such as high-pressure gas storage and cryogenic liquid storage [2,6,7,8,9]. The Ti-V solid solution has a potential hydrogen storage content of 3.7 wt%, which is higher than that of AB5 and AB2 alloys, and it has milder hydrogen-absorption conditions than Mg-based alloys [10,11,12]. Therefore, Ti-V-Cr system alloys have been widely studied as third-generation hydrogen storage alloys [13,14,15,16]. The Ti-V-Cr alloys in the Ti-V system have a lower hysteresis on the pressure composition isotherm (PCT) plateau than Ti-V-Mn alloys, which are promising candidates [17]. However, the use of Ti-V-Cr alloys is limited due to their poor activation, low PCT plateau, and low dehydrogenation pressure plateau for monohydride [18,19,20]. Studies have shown that alloying is one of the most effective methodologies to improve the properties of Ti-V-Cr alloys [21,22].



In recent years, research on the poor activation of pure body-center cubic (BCC) phase alloys has increasingly focused on the introduction of transition metals to produce Laves phases to improve their properties. Kamble et al. [23,24] investigated the effect of 4 wt% Zr on 52Ti-12V-36Cr alloys. They reported that the incubation time depended on the average particle size rather than the particle size distribution. When the average particle size was less than 0.5 mm, it took only 1 min to reach 95% of the maximum hydrogen-absorption capacity, which greatly reduced the activation time of the alloy. In contrast, the first hydrogen absorption of the alloy without Zr takes about 5 min. Feng Zhenyu et al. [25] found that the addition of Zr improved the hydrogen-absorption capacities and activation properties of the alloy to about 1.8 wt% at room temperature, but decreased the hydrogen-desorption properties. Studies by Salma Sleiman et al. [7] involved the addition of different proportions of Zr to the Ti1V0.9Cr1.1 alloy, and the results showed that the alloy had a rapid kinetic performance and high hydrogen storage capacity when Zr = 4 wt%. Hangzhou Ming et al. [26] published a paper in which they studied the effect of Zr substitution on the Ti20−xZrxCr24Mn8V40Fe8 (x = 0, 1, 2, 3, and 4) alloys and found that the addition of Zr resulted in alloys composed of the BCC and C14 Laves phases. After adding 4 wt% of Zr, the hydrogen absorption reached a maximum content of 2.38 wt%, with excellent kinetic performance. In another experiment [27], they studied the substitution of Zr for V in Ti10V84Fe6 and found that the second phase abundance increased with an increasing Zr content. The activation performance improved, but the hydrogen absorption and desorption amount decreased by adding only 1 at% of Zr. K. Shashikala et al. [28] found that, by substituting Zr for Ti in TiVCr alloys, the alloy with 5 at% of Zr had the highest hydrogen storage of 3.53 wt%, with a small plateau hysteresis and improved cycling performance. According to Daniela Bellon Monsalve et al. [29], the alloy had a maximum hydrogen uptake of 4.2 wt% and was able to absorb it completely within 10 min at x = 6 wt%. However, increasing the amount of x resulted in a decrease in the hydrogen absorption of the alloy, which was related to the amount of Zr3Fe added. At x = 8 wt%, the crystallite size decreased. Asheesh Kumar et al. [30] investigated the effect of Al on Ti50Cr25V25 by synthesizing Ti2−x CrVAlx (x = 0.05, 0.1) alloys, and found that the PCT plateau pressure increased gradually with increasing Al content, and the alloys had a maximum hydrogen uptake of 3.9 wt% for x = 0.05.



This work focuses on the Ti50V25Cr25 alloy in the Ti-V-Cr alloy series, which shows higher hydrogen storage capacities, hydrogen absorption and desorption under moderate conditions, and low plateau hysteresis. However, the low plateau pressure, high hydrogen release temperature, and poor activation behavior of the alloy hinder its applications [31,32,33,34]. Based on the Ti50V25Cr25 alloy formulation, the goals of the present work are to improve its activation performance and reduce the hydrogen release temperature by adding varied Zr contents, and to find the optimal amount to add.




2. Materials and Methods


The experimental materials included Ti, V, Cr, and Zr (except for Zr, which has a purity of 99.95%, the others have purities of 99.99%), and these materials were all supplied by ZhongNuo Advanced Material (Beijing) Technology Co., Ltd. (Beijing, China). The raw materials were weighed according to the stoichiometric ratio by a non-consumable vacuum arc melting furnace with water cooling under the protection of argon gas. In order to ensure the homogeneity of the ingots, the ingots were turned over and remelted four times after water cooling, and then the ingots were taken out after the ingots cooled. The experimental ingots were prepared in the air by mechanical crushing. It is worth noting that the ingots for XRD testing needed to be sieved through a 400-mesh sieve, while the remaining ingots were milled to approximately a 200-mesh size.



The crystal structure was determined by an X-ray diffractometer X’Pert-PROX (Bruker, Karlsruhe, Germany, Cu Kα source, step size 0.02°, scanning range 20°~90°), supported by JADE 9 for analysis, and refined by GSASII. The microstructures and morphologies of the specimens were analyzed by scanning electron microscopy (SEM, Quanta 450 FEG, FEI, Hillsboro, OR, USA). The dehydrogenation temperature of the alloy was observed using a TASDT-Q600 synchronous DSC-TGA analyzer (Netzsch, Selb, Germany) under argon flow. The experiment was heated from room temperature to 823 K with ramp rates of 5, 10, 15, and 20 K/min. The hydrogen storage performance was evaluated by a homemade Sievert-type hydrogen storage device (model FINESORB-3110, Zhejiang Finetec Instruments Co., Ltd., Hangzhou, China). Approximately 0.3 g of sample was wrapped into a stainless-steel reactor cell, and then argon was purged through the device for leak detection and gas calibration. Hydrogen absorption tests were conducted at 3 MPa of high-purity H2 following dynamic vacuum processing for 2 h at 673 K and subsequent cooling to room temperature. The alloy sample was saturated with hydrogen, after which it was desorbed from the sample at 673 K for 2 h. PCT tests were performed after activation at 303 K, 333 K, and 363 K.




3. Results and Discussion


3.1. Structural Characterizations


The alloy was removed by arc melting, then milled in an agate mortar, and finally filtered through a 400-mesh sieve, and the alloy powder that met this requirement was used for XRD investigation. Figure 1a shows the XRD pattern of the Ti50−xV25Cr25Zrx (x = 0, 5, 7, and 9) alloy system, where it is observed that only the BCC single phase exists when x = 0. After adding the Zr element, the alloy is composed of the BCC primary phase and the C15 Laves phase. The proportion of the secondary phase increases with Zr addition, which is consistent with slight left shifts, and the lattice parameter of the BCC phase main peak increases, due to the atomic radius of Zr (160 pm) which is larger than that of Ti (147 pm). The XRD pattern after hydrogen absorption is shown in Figure 1b. At 303 K, the Ti50V25Cr25 alloy, after saturation hydrogen absorption, shows monohydride with a body-centered tetragonal (BCT) structure (V2H, JCPDS#97-065-3722) and dihydride with a face-centered cubic (FCC) structure (VH2, JCPDS#97-016-4603). The addition of the Zr element results in the alloy being composed of a base-centered monoclinic (BCM) phase (ZrVH1.18, JCPDS#97-008-8252) and an FCC phase (Ti0.35V0.65H1.95, JCPDS#04-007-8401) after saturation hydrogen absorption. The Ti43V25Cr25Zr7 alloy is composed of three phases. The substitution of Zr for Ti creates different types of interstitial space, resulting in distinct hydride phases due to the different surrounding environments [35].



Taking the Ti50−xV25Cr25Zrx (x = 0 and 7) alloys as an example, they were refined using GSASII [36]. The refined patterns and results of the Ti50−xV25Cr25Zrx (x = 0 and 7) alloys are shown in Figure 2 and Table 1, respectively. It is observed that the lattice constant of the BCC phase increases from the initial 3.128 Å to 3.133 Å due to the larger metallic radius of Zr than that of Ti. In addition, the phase abundance of the BCC phase was decreased from 100% to 85.9%, with the Laves phase accounting for 14.1% at this point.



The microstructures of the Ti50−xV25Cr25Zrx (x = 0, 5, 7, and 9) alloys are shown in Figure 3. The Ti50V25Cr25 hydrogen storage alloy displays a single-phase BCC structure, while the Zr-containing samples contain two phases, consistent with the XRD analysis results. In general, elements with relatively large atomic numbers appear lighter in SEM images [6]. After Zr addition, the Ti50−xV25Cr25Zrx (x = 5, 7, and 9) alloys exhibit a striking, gray second phase. According to Table 2, an increasing trend in the presence of the elements V and Zr can be observed in the BCC phase. The V and Zr content reach a maximum of 30.14 at% and 3.3 at% for x = 9 at%, respectively. Furthermore, the content of Zr gradually increases in the BCC phase and C15 Laves phase, with a peak of 20.61 at% in the secondary phase. The substitution of Zr for Ti partially has the potential to amplify the cell volume and lattice parameter of the BCC phase. The BCC phase of the alloy changes from dendritic to columnar and gradually refines, which is attributed to the increase in Zr, as evident from Figure 3c,d. In addition, the light gray phase increases as we go from Zr to Ti substitution, which indicates that the Zr element is a promoter of secondary phase formation. The secondary phase, which allows hydrogen atoms to penetrate the matrix, tends to generate new cracks at the boundaries of the BCC phase in the early stages, increasing the hydrogen-absorbing surface area and accelerating the hydrogen-absorption rate [27,37].



Two samples of the Ti50−xV25Cr25Zrx (x = 0 and 7) alloys were subjected to surface scans, and the results are shown in Figure 4. The Ti50V25Cr25 alloy demonstrates a BCC single phase with a uniform distribution of Ti, V, and Cr elements. A second phase occurs in the Ti43V25Cr25Zr7 alloy in which the element Cr is uniformly distributed and the Ti and V contents of the main phase are higher than those of the second phase. Almost all the Zr is concentrated in the C15 Laves phase, which is consistent with the EDS results (EDS diagrams for Zr = 5 are in the Supplementary Materials).




3.2. Absorption and Desorption Properties


The kinetic properties of hydrogen storage alloys are a crucial criterion for their practical application. When an alloy is milled, it is exposed to air, and an oxide film forms on its surface, which affects its activation performance. Approximately 0.5 g of the alloy sample was milled to a 200-mesh size. Then, 0.3 g of the alloy powder was weighed and wrapped with a nickel mesh before being placed in a stainless-steel reactor for testing. The alloy was pretreated and tested for hydrogen absorption at 3 MPa H2 and 303 K. The image displaying the results is shown in Figure 5. The figure shows that the Ti50V25Cr25 alloy cannot absorb hydrogen after pretreatment and the substitution of Zr elements decreases the incubation time of the alloy. In the first hydrogen absorption tests, the maximum hydrogen absorptions of the Ti50−xV25Cr25Zrx (x = 0, 5, 7, and 9) alloys were 0 wt%, 2.04 wt%, 2.7 wt%, and 2.27 wt%, respectively. It is evident that the inclusion of Zr effectively improves the hydrogen-absorption kinetics of the alloy, while the maximum hydrogen absorption capacity shows an increasing and then decreasing trend. The analysis aims to identify an increase in the abundance of the C15 Laves phase and a decrease in the abundance of the primary hydrogen-absorbing phase. Additionally, the decrease in hydrogen storage capacity is attributed to the partial replacement of Ti by Zr in the BCC phase, which reduces the number of Ti-rich tetrahedral interstitials. After 3000 s, the Ti45V25Cr25Zr5 alloy has absorbed 2.04 wt% of hydrogen, which indicates an improved kinetic performance compared to the ternary alloy. However, the hydrogen-absorption capacity in the first test did not reach full activation, as judged by the trend in hydrogen absorption. As the Zr content increases, the time taken for the alloy to reach 90% of the total hydrogen absorption decreases to 2946 s, 230 s, and 120 s, respectively. This phenomenon can be attributed to changes in the composition or thickness of the alloy oxide film after the addition of Zr [26]. Zirconium (Zr) has a higher affinity for oxygen than other elements in the alloy. Therefore, the addition of Zr changes the composition of the oxide layer on the surface of the alloy, reducing the oxygen concentration and the thickness of the oxide layer. This change facilitates the entry of hydrogen atoms into the interior of the alloy. As a result, hydrogen atoms can pass more easily through the oxide film on the metal surface and into the matrix [38]. Furthermore, a greater abundance of the second phase and an increase in channels for hydrogen atoms to penetrate the alloy interior contributed to an increase in the Zr content. The higher the Zr content, the faster the rate of hydrogen diffusion into the alloy. Based on the amount and rate of hydrogen absorption, the Ti43V25Cr25Zr7 alloy demonstrates the best hydrogen storage properties.



The effect of the Zr element on the hydrogen storage performance of alloys is investigated in this study, and we tested the Ti50−xV25Cr25Zrx (x = 0 and 7) alloys. The alloys were thoroughly activated and were in a saturated hydrogen-absorption state. The hydrogen desorption testing was conducted in a closed sample chamber, with a heating-up rate of 10 K/min from the room temperature to 627 K. Figure 6 displays the results. The dehydrogenation equilibrium of the Ti50V25Cr25 alloy was reached in about 1200 s, while the Ti43V25Cr25Zr7 alloy was in about 1000 s. For Ti45V25Cr25Zr5 alloy and Ti41V25Cr25Zr9 alloy, the time to reach dehydrogenation equilibrium was 940 s and 920 s, respectively. The figure shows that the time for the alloy to reach hydrogen release equilibrium decreases with increasing Zr content. This is consistent with hydrogen-absorption kinetics, indicating that the presence of a second phase can increase channels for hydrogen atom diffusion and improve hydrogen-release kinetics. Calculations revealed that the hydrogen-desorption ratio of the Ti43V25Cr25Zr7 alloy was 47%, while that of the Ti50V25Cr25 alloy was only 43%. The data indicate that the hydrogen-desorption ratio improved in the alloy with Zr addition. It can be observed from the figure that, as the reaction progresses, the hydrogen pressure in the sample chamber increases, allowing hydrogen atoms to enter the interior of the alloy to generate a solid solution. The de-/hydriding processes in the alloy eventually reach a dynamic equilibrium, resulting in incomplete hydrogen desorption.




3.3. PCT Curve Analyze


In order to investigate the effect of the Zr element addition on the thermodynamic properties of the alloy samples, hydrogen absorption PCT curves of the excellent kinetics Ti43V25Cr25Zr7 alloy were conducted at 303 K, 333 K, and 363 K (Figure 7). The resulting curves can be used to plot the Van’t Hoff curve and calculate the enthalpy and entropy of hydrogen absorption, providing a valuable tool for evaluating the thermodynamic characteristics of the alloy. Figure 7a illustrates that both the alloy α-phase (TiV) and β-phase (V2H) mutual solubility and the alloy plateau pressure increase with temperature increase. As a result, the slopes of the curves increase while their width and reversible hydrogen storage decrease, which suggests an increase in the critical pressure required for the transition of Zr to the metal hydride phase. The distance between the metal and hydrogen atoms increases, leading to a reduced binding energy between them [38]. Therefore, Zr-added alloys demonstrate greater plateau pressures owing to the existence of more unstable hydrides.



According to the Van’t Hoff equation:


    ln  ⁡      P   e q       P   θ       =   ∆ H   R T   −   ∆ S   R    



(1)







In the equation, Peq represents the equilibrium pressure at various temperatures, while Pθ is the atmospheric pressure, and R, T, ΔH, and ΔS are the universal gas constant, thermodynamic temperature, enthalpy change of metal hydrides, and entropy change, respectively. The enthalpy and entropy change of the alloy are calculated by fitting the Van’t Hoff curve with the slope (ΔH/R) and the intercept (ΔS/R), respectively. Figure 7b shows the Van’t Hoff curve of the Ti43V25Cr25Zr7 alloy, and the fitting effect is good. It can be seen from the figure that the Ti43V25Cr25Zr7 alloy has an ΔH of −43.45 kJ/mol H2 and an ΔS of −129.78 J/K/mol H2. The absolute value of enthalpy of the Ti43V25Cr25Zr7 alloy is lower than that of the Ti50V25Cr25 alloy by −64.4 kJ/mol H2 [39]. The Zr substitution alloys reduce the stability of the metal hydride and lower the hydrogen release temperature, and the enthalpy value of these alloys is within the range of the actual application limits of 20~50 kJ/mol H2.




3.4. DSC


As shown in Figure 8a,b, the DSC curves of Ti50V25Cr25 alloy and Ti43V25Cr25Zr7 alloy were investigated at heating rates of 5 K/min, 10 K/min, 15 K/min, and 20 K/min. Both alloys exhibited two hydrogen desorption peaks, with the peak temperature and position drifting significantly with increasing heating rates. Taking 10 K/min as an example, the dehydrogenation temperature of the Ti50V25Cr25 alloy was 568 K, while the Ti43V25Cr25Zr7 alloy dehydrogenated at 537 K. Thus, it can be inferred that the addition of Zr decreases the onset temperature, which can be attributed to the destabilization of the hydride [40]. The alloy with added Zr showed a lowered starting temperature, indicating that the Ti43V25Cr25Zr7 alloy is more conducive to the hydrogen release reaction than the Ti50V25Cr25 alloy. It has been reported that the transformation of the monohydride compound occurs between 500 and 600 K, indicating that the endothermic peak around 550 K corresponds to the phase transition temperature of the monohydride compound. The second endothermic peak occurring at 670 K represents the transition from the hydrogen-containing BCC phase to the hydrogen-free BCC phase [41]. Since the literature indicates that the decomposition temperatures of the ZrV2Hx and ZrH1.66 phases are between 550 and 670 K, it is suggested that the endothermic peak at 650 K corresponds to the ZrVH1.18 phase [42].



The dehydrogenation activation energy of an alloy can be determined using the Kissinger equation by analyzing the differential scanning calorimetry curves at various heating rates:


    ln (  ⁡    β     T   m a x   2     ) =   −   E     R T   m a x     +   ln  ⁡      k   0        



(2)




where β, Tmax, and k0 represent the heating rate of the alloy, the peak temperature of the alloy at different temperatures, and a constant, respectively. The fitting is performed with     ln (  ⁡    β     T   m a x   2     )     as the ordinate, and 1/Tmax as the abscissa. The dehydrogenation activation energy of the alloy can be obtained by calculating the slope, as seen in Figure 8c. The value of the dehydrogenation activation energy of the Ti43V25Cr25Zr7 alloy is computed to be 92.62 kJ/mol, lower than the 102.67 kJ/mol activation energy of the Ti50V25Cr25 alloy, which can contribute to the increased presence of hydrogen atom diffusion pathways in the presence of the second phase [35].




3.5. Cycling and Properties


The cyclic performance of alloys is one of the criteria for judging whether an alloy is suitable for application. Therefore, the cyclic performance of the alloy was evaluated by hydrogenation at 303 K and 3 MPa and dehydrogenation for 2 h at 673 K. The results are shown in Figure 9. It can be seen from Figure 9 that the Ti50V25Cr25 alloy reached a maximum hydrogen storage capacity of 3.6 wt% after six cycles. This is due to the fact that a nanoscale oxide coating on the surface of the Ti-V-Cr-based alloy is frequently developed which hinders hydrogen atoms from entering the interior of the alloy, thus requiring activation during cycling. The Ti50V25Cr25 alloy reaches its maximum hydrogen uptake after six activations. This is likely due to the alloy producing a clean surface at this point, which facilitates the dissociation of hydrogen molecules into hydrogen atoms on the alloy surface and increases the diffusion rate into the alloy, as suggested by Buzidi et al. [43]. After cycling, the hydrogen-absorption capacity decreased to 2.18 wt%, with a cycle retention rate of only 60% (four cycles). The Ti43V25Cr25Zr7 alloy demonstrated excellent cyclic stability, with a maximum hydrogen-absorption capacity of 2.7 wt% in the first cycle and a decrease to 1.95 wt% after ten cycles, with a cycle retention rate of ~72%. Priyanka Ruz [39] pointed out that the cyclic performance of Ti-V-Cr alloys is poor under oxygen, even at low oxygen conditions, as these alloys are susceptible to oxide formation. On the other hand, zirconium demonstrates a greater affinity for oxygen. In the Ti43V25Cr25Zr7 alloy, Zr reacts preferentially with oxygen, decreasing the impact of oxygen poisoning on the BCC phase. Hence, the cyclic performance of the Ti43V25Cr25Zr7 alloy is superior to that of the Ti50V25Cr25 alloy.



In addition to the presence of impurities, the cyclic performance of the alloy is also affected by the particle size of the powder. Figure 10 shows a comparison of the size before and after alloy cycling. It is evident that the powder of the Ti50V25Cr25 alloy exhibits distinct pulverization after cycling, whereas the Ti43V25Cr25Zr7 alloy is almost constant for successive cycles. This result indicates that the addition of Zr can stabilize the crystal structure after hydrogen absorption and desorption contraction and implies there is a certain relationship between cyclic performance and pulverization degree.





4. Conclusions


In this work, four alloys with different Zr contents were prepared by arc melting. The hydrogen storage capacity, kinetics, and activation performance of the alloys were studied. The results indicate that the Ti50−xV25Cr25Zrx (x = 0, 5, 7, and 9) alloys exhibit the C15 Laves phase and the abundance gradually increases with the increase in Zr content, while the abundance of the BCC phase decreases. The addition of the Zr element enhances the activation and kinetic performance of the alloy, and the hydrogen absorption initially increases and then decreases. The hydriding enthalpy with −43.45 kJ/mol H2, and the activation energy with 92.62 kJ/mol, of the Ti43V25Cr25Zr7 alloy are lower than those of the Ti50Cr25V25 alloy. The Ti43V25Cr25Zr7 alloy has a better cycle stability than that of the Ti50Cr25V25 alloy. After ten cycles, the hydrogen absorption decreases from the initial 2.7 wt% to 1.95 wt%, with a retention rate of ~72%. This study provides information on the influence of different Zr contents on the microstructure and hydrogen storage properties of Ti50Cr25V25. In the future, we can further investigate the influencing factors of Zr doping, as well as the influencing mechanism of the BCC phase and Laves phase on the hydrogen storage performance, which can provide better guidance for the design of hydrogen storage compositions.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma17061366/s1. Figure S1. Element mapping of as-cast Ti45V25Cr25Zr5 alloy.





Author Contributions


Conceptualization, F.W. and Q.Z.; Methodology, Validation, Q.Z. and Z.L.; Formal Analysis, F.W. and Q.Z.; Writing—original draft preparation, Q.Z.; Writing—review and editing, F.W.; Supervision, J.W. and Z.W.; Funding Acquisition, M.R. and J.W.; Project Administration, Z.W. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (grant numbers 52261003 and 52361037), the Guangxi Key Laboratory of Information Materials, and the Guilin University of Electronic Technology, China (221009-K).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Faisal, M.; Kim, J.-H.; Cho, Y.W.; Jang, J.; Suh, J.-Y.; Shim, J.-H.; Lee, Y.-S. Design of V-Substituted TiFe-Based Alloy for Target Pressure Range and Easy Activation. Materials 2021, 14, 4829. [Google Scholar] [CrossRef] [PubMed]

	



Dixit, V.; Huot, J. Investigation of the Microstructure, Crystal Structure and Hydrogenation Kinetics of Ti-V-Cr Alloy with Zr Addition. J. Alloys Compd. 2019, 785, 1115–1120. [Google Scholar] [CrossRef]

	



Patel, A.K.; Tougas, B.; Sharma, P.; Huot, J. Effect of Cooling Rate on the Microstructure and Hydrogen Storage Properties of TiFe with 4 Wt% Zr as an Additive. J. Mater. Res. Technol. 2019, 8, 5623–5630. [Google Scholar] [CrossRef]

	



Jena, P. Materials for Hydrogen Storage: Past, Present, and Future. J. Phys. Chem. Lett. 2011, 2, 206–211. [Google Scholar] [CrossRef]

	



Garzón Baquero, J.E.; Bellon Monsalve, D. From Fossil Fuel Energy to Hydrogen Energy: Transformation of Fossil Fuel Energy Economies into Hydrogen Economies through Social Entrepreneurship. Int. J. Hydrogen Energy 2024, 54, 574–585. [Google Scholar] [CrossRef]

	



Yong, H.; Ji, Y.; Hu, J.; Zhao, D.; Wang, S. Absorption and Desorption Hydrogen Kinetic of Mg-Y-Ni Based Hydrogen Storage Alloy. Chin. J. Rare Met. 2022, 46, 1021–1030. [Google Scholar] [CrossRef]

	



Sleiman, S.; Huot, J. Microstructure and Hydrogen Storage Properties of Ti1V0.9Cr1.1 Alloy with Addition of × Wt % Zr (x = 0, 2, 4, 8, and 12). Inorganics 2017, 5, 86. [Google Scholar] [CrossRef]

	



Martínez, A.; dos Santos, D.S. Hydrogen Absorption/Desorption Properties in the TiCrV Based Alloys. Mat. Res. 2012, 15, 809–812. [Google Scholar] [CrossRef]

	



Aranda, V.; Leiva, D.R.; Huot, J.; Botta, W.J.; Zepon, G. Hydrogen Storage Properties of the TiVFeZr Multicomponent Alloy with C14-Type Laves Phase Structure. Intermetallics 2023, 162, 108020. [Google Scholar] [CrossRef]

	



Gao, M.; Miao, H.; Zhao, Y.; Liu, Y.; Pan, H. Effects of Rare Earth Elements Substitution for Ti on the Structure and Electrochemical Properties of a Fe-Doped Ti–V-Based Hydrogen Storage Alloy. J. Alloys Compd. 2009, 484, 249–255. [Google Scholar] [CrossRef]

	



Mazzolai, G.; Coluzzi, B.; Biscarini, A.; Mazzolai, F.M.; Tuissi, A.; Agresti, F.; Lo Russo, S.; Maddalena, A.; Palade, P.; Principi, G. Hydrogen-Storage Capacities and H Diffusion in Bcc TiVCr Alloys. J. Alloys Compd. 2008, 466, 133–139. [Google Scholar] [CrossRef]

	



Serrano, L.; Moussa, M.; Yao, J.-Y.; Silva, G.; Bobet, J.-L.; Santos, S.F.; Cardoso, K.R. Development of Ti-V-Nb-Cr-Mn High Entropy Alloys for Hydrogen Storage. J. Alloys Compd. 2023, 945, 169289. [Google Scholar] [CrossRef]

	



Dixit, V.; van Eijck, L.; Huot, J. Investigation of Dehydrogenation of Ti–V–Cr Alloy by Using in-Situ Neutron Diffraction. J. Alloys Compd. 2020, 844, 156130. [Google Scholar] [CrossRef]

	



Fuda, T.; Matsumoto, K.; Tominaga, Y.; Tamura, T.; Kuriiwa, T.; Kamegawa, A.; Okada, M. Effects of Additions of BCC Former Elements on Protium Absorbing Properties of Cr–Ti–V Alloys. Mater. Trans. JIM 2000, 41, 577–580. [Google Scholar] [CrossRef]

	



Young, K.-H.; Ouchi, T.; Nei, J.; Moghe, D. The Importance of Rare-Earth Additions in Zr-Based AB2 Metal Hydride Alloys. Batteries 2016, 2, 25. [Google Scholar] [CrossRef]

	



Kumar, A.; Banerjee, S.; Bharadwaj, S.R. Hydrogen Storage Properties of Ti0.32Cr0.43V0.25 Alloy and Its Composite with TiMn2. J. Alloys Compd. 2015, 649, 801–808. [Google Scholar] [CrossRef]

	



Liu, J. A Study on the Microstructures and Hydrogen Storage Characteristics of Ti-Cr-V Based Hydrogen Storage Alloys. Master’s Thesis, Zhejiang University, Hangzhou, China, 2005. [Google Scholar]

	



Abdul, J.M.; Kolawole, S.K.; Salawu, G.A. Microstructure and Hydrogen Storage Characteristics of Rhodium Substituted Ti-V-Cr Alloys. JOM 2021, 73, 4112–4118. [Google Scholar] [CrossRef]

	



Sakaki, K.; Kim, H.; Majzoub, E.H.; Machida, A.; Watanuki, T.; Ikeda, K.; Otomo, T.; Mizuno, M.; Matsumura, D.; Nakamura, Y. Displacement of Hydrogen Position in Di-Hydride of V-Ti-Cr Solid Solution Alloys. Acta Mater. 2022, 234, 118055. [Google Scholar] [CrossRef]

	



Singh, B.K.; Shim, G.; Cho, S.-W. Effects of Mechanical Milling on Hydrogen Storage Properties of Ti0.32Cr0.43V0.25 Alloy. Int. J. Hydrogen Energy 2007, 32, 4961–4965. [Google Scholar] [CrossRef]

	



Pei, P.; Zhang, P.; Zhang, B.; Song, X. V Based Hydrogen Storage Alloys and Alloying Research. Mater. Rev. 2006, 20, 123–127. [Google Scholar] [CrossRef]

	



Santos, S.F.; Costa, A.L.M.; Castro, J.F.R.D.; Dos Santos, D.S.; Botta Filho, W.J.; Ishikawa, T.T. Mechanical and Reactive Milling of a TiCrV BCC Solid Solution. J. Metastable Nanocrystalline Mater. 2004, 20–21, 291–296. [Google Scholar] [CrossRef]

	



Kamble, A.; Sharma, P.; Huot, J. Effect of Addition of Zr, Ni, and Zr-Ni Alloy on the Hydrogen Absorption of Body Centred Cubic 52Ti-12V-36Cr Alloy. Int. J. Hydrogen Energy 2018, 43, 7424–7429. [Google Scholar] [CrossRef]

	



Kamble, A.; Sharma, P.; Huot, J. Effect of Doping and Particle Size on Hydrogen Absorption Properties of BCC Solid Solution 52Ti-12V-36Cr. Int. J. Hydrogen Energy 2017, 42, 11523–11527. [Google Scholar] [CrossRef]

	



Feng, Z.; Zhong, H.; Li, D.; Li, X.; Yang, B.; Li, S. Microstructure and Hydrogen Storage Properties of Ti–V–Mn Alloy with Zr, Ni, and Zr7Ni10 Addition. J. Mater. Res. 2022, 37, 1591–1601. [Google Scholar] [CrossRef]

	



Hang, Z.; Xiao, X.; Weng, W.; Bing, Z.; Huang, S.; Xu, H.; Chen, L. Microstructure and Hydrogen Storage Properties of Ti–V–Cr Based BCC-Type High Entropy Alloys. J. Mater. Sci. Eng. 2016, 34, 874–877+1003. [Google Scholar] [CrossRef]

	



Hang, Z.; Xiao, X.; Tan, D.; He, Z.; Li, W.; Li, S.; Chen, C.; Chen, L. Microstructure and Hydrogen Storage Properties of Ti10V84−xFe6Zrx (X=1–8) Alloys. Int. J. Hydrogen Energy 2010, 35, 3080–3086. [Google Scholar] [CrossRef]

	



Shashikala, K.; Banerjee, S.; Kumar, A.; Pai, M.R.; Pillai, C.G.S. Improvement of Hydrogen Storage Properties of TiCrV Alloy by Zr Substitution for Ti. Int. J. Hydrogen Energy 2009, 34, 6684–6689. [Google Scholar] [CrossRef]

	



Bellon Monsalve, D.; Ulate-Kolitsky, E.; Martínez-Amariz, A.-D.; Huot, J. Effect of Zr3Fe Addition on Hydrogen Storage Behaviour of Ti2CrV Alloys. Heliyon 2023, 9, e22537. [Google Scholar] [CrossRef]

	



Kumar, A.; Banerjee, S.; Ruz, P.; Sudarsan, V. Hydrogen Storage Properties of Al-Containing Ti2CrV Alloys. Bull. Mater. Sci. 2023, 47, 8. [Google Scholar] [CrossRef]

	



Hu, H.; Ma, C.; Chen, Q. Improved Hydrogen Storage Properties of Ti2CrV Alloy by Mo Substitutional Doping. Int. J. Hydrogen Energy 2022, 47, 11929–11937. [Google Scholar] [CrossRef]

	



Kumar, A.; Shashikala, K.; Banerjee, S.; Nuwad, J.; Das, P.; Pillai, C.G.S. Effect of Cycling on Hydrogen Storage Properties of Ti2CrV Alloy. Int. J. Hydrogen Energy 2012, 37, 3677–3682. [Google Scholar] [CrossRef]

	



Kumar, A.; Banerjee, S.; Pillai, C.G.S.; Bharadwaj, S.R. Hydrogen Storage Properties of Ti2−xCrVMx (M = Fe, Co, Ni) Alloys. Int. J. Hydrogen Energy 2013, 38, 13335–13342. [Google Scholar] [CrossRef]

	



Sleiman, S.; Aliouat, A.; Huot, J. Enhancement of First Hydrogenation of Ti1V0.9Cr1.1 BCC Alloy by Cold Rolling and Ball Milling. Materials 2020, 13, 3106. [Google Scholar] [CrossRef]

	



Chen, X. Microstructure and Hydrogen Absorption/Desorption Properties of Ti-V-Mn Multicomponent Alloys. Ph.D. Thesis, Harbin Institute of Technology, Harbin, China, 2019. [Google Scholar]

	



Toby, B.H.; Von Dreele, R.B. GSAS-II: The Genesis of a Modern Open-Source All Purpose Crystallography Software Package. J. Appl. Cryst. 2013, 46, 544–549. [Google Scholar] [CrossRef]

	



Mouri, T.; Iba, H. Hydrogen-Absorbing Alloys with a Large Capacity for a New Energy Carrier. Mater. Sci. Eng. A 2002, 329–331, 346–350. [Google Scholar] [CrossRef]

	



Wu, T.; Xue, X.; Zhang, T.; Hu, R.; Kou, H.; Li, J. Microstructures and Hydrogenation Properties of (ZrTi)(V1−xAlx)2 Laves Phase Intermetallic Compounds. J. Alloys Compd. 2015, 645, 358–368. [Google Scholar] [CrossRef]

	



Ruz, P.; Banerjee, S.; Halder, R.; Kumar, A.; Sudarsan, V. Thermodynamics, Kinetics and Microstructural Evolution of Ti0.43Zr0.07Cr0.25V0.25 Alloy upon Hydrogenation. Int. J. Hydrogen Energy 2017, 42, 11482–11492. [Google Scholar] [CrossRef]

	



Nygård, M.M.; Ek, G.; Karlsson, D.; Sørby, M.H.; Sahlberg, M.; Hauback, B.C. Counting Electrons—A New Approach to Tailor the Hydrogen Sorption Properties of High-Entropy Alloys. Acta Mater. 2019, 175, 121–129. [Google Scholar] [CrossRef]

	



Yukawa, H.; Takagi, M.; Teshima, A.; Morinaga, M. Alloying Effects on the Stability of Vanadium Hydrides. J. Alloys Compd. 2002, 330, 105–109. [Google Scholar] [CrossRef]

	



Peng, L.; Jiang, C.; Xu, Q.; Wu, X. Hydrogen-Induced Disproportionation Characteristics of Zr(1−x)Hf(x)Co(X=0, 0.1, 0.2 and 0.3) Alloys. Fusion Eng. Des. 2013, 88, 299–303. [Google Scholar] [CrossRef]

	



Bouzidi, A.; Laversenne, L.; Nassif, V.; Elkaim, E.; Zlotea, C. Hydrogen Storage Properties of a New Ti-V-Cr-Zr-Nb High Entropy Alloy. Hydrogen 2022, 3, 270–284. [Google Scholar] [CrossRef]








[image: Materials 17 01366 g001] 





Figure 1. XRD patterns of Ti50−xV25Cr25Zrx (x = 0, 5, 7, and 9) alloys before and after hydrogen absorption: (a) as-cast alloys; (b) after hydrogen absorption. 
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Figure 2. Rietveld refinement mapping of XRD of as-cast Ti50−xV25Cr25Zrx (x = 0 and 7) alloys. 
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Figure 3. SEM images of as-cast Ti50−xV25Cr25Zrx alloys: (a) x = 0; (b) x = 5; (c) x = 7; (d) x = 9. 
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Figure 4. Elements mapping of as-cast Ti50−xV25Cr25Zrx alloys: (a) x = 0; (b) x = 7. 
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Figure 5. First hydrogen absorption curves of Ti50−xV25Cr25Zrx (x = 0, 5, 7, and 9) alloys. 
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Figure 6. Kinetics curves of hydrogen desorption of Ti50−xV25Cr25Zrx (x = 0, 5, 7, and 9) alloys at 673 K. 
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Figure 7. (a) PCT curves of as-cast Ti43V25Cr25Zr7 alloy at different temperatures; (b) Van’t Hoff plots of Ti43V25Cr25Zr7 alloy. 
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Figure 8. (a,b) DSC curve of Ti50−xV25Cr25Zrx (x = 0 and 7): (a) x = 0, (b) x = 7, (c) dehydrogenation Kissinger curves for the as-cast Ti50−xV25Cr25Zrx alloys. 
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Figure 9. Hydrogen capacities of Ti50−xV25Cr25Zrx (x = 0 and 7) alloys over 10 cycles at 303 K. 
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Figure 10. Particle distribution before and after cycling of Ti50−xV25Cr25Zrx alloys: (a) as-cast (x = 0); (b) after 10 de-/hydrogenation cycles (x = 0). (c) as-cast (x = 7); (d) after 10 de-/hydrogenation cycles (x = 7). 
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Table 1. Rietveld refinement results of XRD of as-cast Ti50−xV25Cr25Zrx (x = 0 and 7) alloys.
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	X
	Rw
	Phase
	Lattice Parameter (Å)
	Phase Abundance (wt%)





	X = 0
	8.2
	BCC
	3.128 (0)
	100



	X = 7
	6.3
	BCC
	3.133 (8)
	85.9



	
	
	C15 Laves
	7.288 (8)
	14.1










 





Table 2. Summary of EDS as-cast Ti50−xV25Cr25Zrx alloys (at.%).
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Zr Content

	
Phase

	
Compositions (at%)




	

	

	
Ti

	
V

	
Cr

	
Zr






	
X = 0

	
BCC

	
50.93

	
24.7

	
24.36

	
-




	
X = 5

	
BCC

	
46.17

	
26.69

	
24.43

	
2.69




	
C15 Laves

	
38.67

	
17.5

	
25.68

	
18.13




	
X = 7

	
BCC

	
43.82

	
27.28

	
25.75

	
3.15




	
C15 Laves

	
39.17

	
17.08

	
24.72

	
19.42




	
x = 9

	
BCC

	
41.46

	
30.14

	
25.40

	
3.3




	
C15 Laves

	
34.75

	
17.96

	
26.69

	
20.61
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