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A B S T R A C T   

In this work, the hydrogen storage behavior of Ti2CrV + X wt.% Zr3Fe, where X = 2, 4, 6, 8 and 10 
was investigated. The synthesis of all samples was carried out through arc-melting, followed by 
comprehensive characterization using X-ray diffraction, scanning electron microscopy, and 
energy-dispersive spectroscopy. The pure-Ti2CrV as-cast sample presented a single-phase micro-
structure. However, the addition of the Zr3Fe led to a remarkable transformation, resulting in the 
appearance of a Zr-rich secondary phase. It was found that the first hydrogenation is improved 
with the addition of at least 6 wt% of Zr3Fe, avoiding any preheating of the sample. These samples 
achieved their maximum capacity in approximately 10 min at room temperature. The maximum 
capacity recorded was 4.2 wt% H for the sample with X = 6 wt% Zr3Fe, while for X = 8 and 10 wt 
% Zr3Fe, the capacity recorded was 4.1 wt% and 4.0 wt%, respectively.   

1. Introduction 

In the last decade, there has been a growing interest towards the hydrogen economy as a promising option to decarbonize a wide 
range of sectors, as well as to diversify the energy matrix and to strengthen countries’ energy security [1–3]. However, its storage 
remains the main barrier to its wide utilization. Several approaches to store hydrogen safely and with acceptable rates of absorption 
and desorption have been investigated, among which physical storage and chemical storage stand out [4–6]. 

Metal hydrides are considered appealing materials for hydrogen storage owing to their high volumetric density, safety, no toxicity 
emission, along with their effective uptake and release capacities [7–9]. However, some of the most common barriers to their 
application are related to low gravimetric hydrogen density, limited cyclability, non-reversibility, high cost, and complex activation 
processes. Several alloys have been studied, and different methods have been developed to overcome those drawbacks, such as 
microstructural lattice defects creation [10,11], alloying substitution [12,13], or use of additives [14–16]. 

Ti–V-based system forms body-centered cubic solid solution alloys, which show great potential for real-world hydrogen storage 
applications due to their relatively good hydrogen storage capacity as well as a remarkably rapid reactivity with hydrogen [17]. Both 
Ti and V have the individual ability to readily absorb significant amounts of hydrogen. Titanium can attain its highest hydrogen 
content of 3.78 wt%, while vanadium can uptake as much as 5.94 wt% H [18]. It is widely recognized that Ti and V are capable of 
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forming solid solutions at various ratios, and these solutions exhibit hydrogen-reactive behavior without undergoing disproportion-
ation [18]. However, these alloys have been associated with certain noticeable limitations, including a limited release capacity and a 
complex first-hydrogenation process. To enhance the effectiveness of these alloys, researchers have investigated the impact of 
incorporating another element such as Cr, Mn, and Fe [19]. In this regard, Ti–V compounds form the basis of alloys such as Ti–V–Fe, 
Ti–V–Mn, and Ti–V–Cr, which have a body-centered cubic structure and typically exhibit a high gravimetric hydrogen storage capacity 
(3.8 wt%) [20–23]. 

Ti–V–Cr alloys are a specific subset within the Ti–V-X system, where chromium is the third alloying element. Extensive research has 
been conducted on the TiVCr-based system [24–27], and is regarded as extremely favorable for hydrogen storage because of its crystal 
structure (BCC), which enables hydrogen diffusion at relatively modest operational conditions (temperature and pressure) [28]. 
Additionally, it offers a superior storage capacity in comparison to conventional systems such as ABx (X = 1, 2, 5) [29]. This makes the 
alloys of this system interesting candidates for hydrogen storage applications [16,30]. However, their ability to reversibly store 

Fig. 1. Backscattered electrons image of (a) Ti2CrV, (b) Ti2CrV + 2 % Zr3Fe, (c) Ti2CrV + 4 % Zr3Fe, (c) Ti2CrV + 6 % Zr3Fe, (e) Ti2CrV + 8 % Zr3Fe, 
(f) Ti2CrV + 10 % Zr3Fe. 
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hydrogen is diminished, primarily as a result of the monohydride’s low plateau pressure. Additionally, long incubation times have 
been reported during their first hydrogenation [31–33]. 

Within the Ti–Cr–V alloy series, Ti2CrV has the highest hydrogen absorption capacity [34]. Kumar et al., and more recently 
Huazhou et al. reported the maximum absorption capacity of Ti2CrV of more than 4.1 wt% at room temperature [27,35]. Nevertheless, 
the capacity for reversible storage remains limited. Also, the activation process requires temperatures of 400 ◦C [35]. Other studies 
have analyzed the cyclability of the alloy and reported enhancements in hydrogen storage behavior through the addition of elements 
like Mo, Fe, Co, and Ni [16–18]. 

Zr–Fe intermetallic compounds have been shown to improve the hydrogen storage properties such as kinetics and hydrogen storage 
capacity, when added to the main alloy [28]. As a result, this system is the focus of comprehensive research [36–40]. In the case of 
Zr3Fe, it has an absorption capacity of 2.0 wt% at room temperature and low pressure, it could be considered a suitable option for 
stationary hydrogen-based applications [36]. 

In the present work, the effect on the crystal structure, microstructure and first hydrogenation behavior of the addition of Zr3Fe to 
the Ti2CrV alloy was studied. Specifically, compositions Ti2CrV + X wt.% Zr3Fe (X = 0, 2, 4, 6, 8 and 10) were investigated. 

2. Experimental details 

All the elements Ti (99.95 %), Cr (99 %), V (99.7 %), Zr (99.5 %), and Fe (99.99 %) were purchased from Alpha Aesar®. All 
materials were mixed in the specified quantities and subsequently synthesized through arc-melting in an argon atmosphere to prevent 
oxidation. During the melting process, each pellet underwent four consecutive turnovers and remelting to achieve homogeneity. 

The material characterization was carried out using different techniques. To study the morphology of the samples, Scanning 
Electron Microscope (SEM) was carried out in a Hitachi VP-SEM SU1510 in the backscattering mode (BSE). To probe the chemical 
composition of the samples the Energy Dispersive Spectroscopy (EDS) was used (Oxford Instrument X-Max 20 mm2 column). To 
investigate the sample’s crystal structure, X-ray diffraction (XRD) measurements were conducted using a D8 Focus Bruker X-ray 
powder diffractometer with Cu Ka radiation. The XRD patterns were then subjected to analysis through the Rietveld method, 
employing TOPAS software to identify phase composition, lattice parameters, microstrain, and crystallite size of the alloys [41]. 

The hydrogen sorption and desorption behavior were studied using a homemade Sievert-type apparatus. The synthesized samples 
were manually crushed within an argon-filled glove box, employing a hardened mortar and pestle. It should be noted that there was no 
specific control over the particle size after the crushing step. The first hydrogenation (activation) procedure for all samples was done 
under 2000 kPa of hydrogen pressure at room temperature (RT). Pure-Ti2CrV, that did not activate at room temperature, underwent an 
activation heat treatment at 400 ◦C under dynamic vacuum for 1 h. 

3. Results and discussion 

3.1. Morphology 

Fig. 1(a–f) shows the backscattered electron images obtained by SEM of the as-cast samples. Fig. 1(a) shows the pure-Ti2CrV alloy, 
the microstructure is uniform but there is some change of grey shade. Fig. 1(b–f) show the presence of regions with different shades of 
grey and also bright regions when Zr3Fe is added. As the amount of Zr3Fe rises, the relative surface area of the bright region increases as 
it can be observed for the x = 6, 8, and 10 wt% compositions. Table 1 shows the overall chemical composition of the samples measured 
by EDS and is compared to the nominal composition. The recorded values for most samples are close to the nominal compositions. 

Table 2 displays the chemical composition of each area as determined by EDS. The relative amount of each region was calculated by 
image analysis, The overall composition of the matrix region is essentially the same for all alloys. On the other hand, the composition of 
the bright region is Zr-rich and varies between samples. The bright region for X = 2 and 4 wt% has a similar composition ⁓25 at. % Zr, 
14 at. % Cr, 12 at. % V and 46 at. % Ti. Similarly, the compositions of the bright region for X = 6, 8, and 10 wt% samples are very close: 

Table 1 
Chemical composition, in at. %, of the samples EDS analysis (uncertainty is ±0.2 for all values).  

Alloy  Chemical composition (at. %) 

Ti V Cr Zr Fe 

Ti2CrV Nominal value 50.0 25.0 25.0 – – 
Measured value 53.1 25.3 21.5 – – 

Ti2CrV +2 % Zr3Fe Nominal value 49.4 24.7 24.7 0.9 0.3 
Measured value 51.2 24.6 22.0 1.8 0.4 

Ti2CrV +4 % Zr3Fe Nominal value 48.8 24.4 24.4 1.8 0.6 
Measured value 50.6 23.3 23.1 2.1 0.8 

Ti2CrV +6 % Zr3Fe Nominal value 48.2 24.1 24.1 2.6 0.9 
Measured value 49.1 23.5 23.3 3.0 1.0 

Ti2CrV +8 % Zr3Fe Nominal value 47.7 23.8 23.8 3.5 1.2 
Measured value 47.7 24.1 22.4 4.4 1.3 

Ti2CrV +10 % Zr3Fe Nominal value 47.1 23.6 23.6 4.3 1.4 
Measured value 47.0 23.3 22.8 5.2 1.7  
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⁓14 at. % Zr, 25 at. % Cr, 17 at. % V, 41 at. % Ti and 2 at. % Fe. 

3.2. Effect of Zr3Fe on first hydrogenation 

Fig. 2(a) shows the activation curves at room temperature and 2000 kPa for the different samples from 0 to 10 wt% of Zr3Fe. After 
24 h, the X = 2 and 4 wt% samples did not absorb hydrogen while the 6, 8 and 10 wt% samples showed good first hydrogenation 
kinetics. The maximum capacity achieved was 4.2 wt% for X = 6, although this composition exhibits slower kinetics than X = 8 and 10, 
the full hydrogenation is still reached within 10 min. A hydrogen absorption capacity of 4.1 wt% and 4.0 wt% was registered for X = 8 
and 10, respectively. It can be correlated with how the absorption capacity slightly decreases as the amount of Zr3Fe increases. 
Nevertheless, we see that the addition of at least 6 % of Zr3Fe is required to improve the first hydrogenation kinetics and therefore 
avoid the heat treatment step at high temperature before activation. 

The activation curve of the composition with 10 wt% Zr3Fe has two distinct steps: one between 2.8 and 3 wt%, the other between 
3.65 and 3.85 wt%. A similar behaviour is seen for the 6 wt% Zr3Fe but at different capacities and is practically inexistent for 8 wt% 
Zr3Fe (see Fig. 2(b)). 

3.3. Effect of heat treatment 

As the sample without Zr3Fe could not activate at RT, we investigated the effect of a prior heat treatment. Fig. 3 shows the acti-
vation at room temperature of a Ti2CrV sample after a heat treatment at 400 ◦C for 1 h under vacuum. When the sample is heated 
before hydrogenation, the absorption is complete in less than 1 h. 

3.4. Crystal structure 

Fig. 4 shows the XRD patterns of as-cast samples. All as-cast samples present a single-phase BCC structure. However, the SEM/EDX 

Table 2 
Chemical composition, in at. % of the matrix and bright region from EDS analysis (uncertainty is ±0.2 for all values).  

Alloy Region Area (%) Chemical composition (at. %) 

Ti V Cr Zr Fe 

Ti2CrV Matrix 100 53.1 25.3 21.5 – –  
– – – – – – 

Ti2CrV +2 % Zr3Fe Matrix 98 50.6 25.4 22.3 1.4 0.3 
Bright region 2 45.7 13.7 15.9 23.7 0.6 

Ti2CrV +4 % Zr3Fe Matrix 96 50.1 25.0 23.0 1.2 0.6 
Bright region 4 47.4 11.4 13.3 27.1 0.6 

Ti2CrV +6 % Zr3Fe Matrix 93 47.3 26.4 24.0 1.5 0.8 
Bright region 7 41.2 17.1 25.6 13.6 2.4 

Ti2CrV +8 % Zr3Fe Matrix 87 47.5 26.1 23.0 2.4 1.1 
Bright region 13 42.6 17.3 22.7 14.9 2.4 

Ti2CrV+10 % Zr3Fe Matrix 77 48.1 24.5 23.4 2.6 1.3 
Bright region 23 39.1 18.0 25.7 14.2 3.0  

Fig. 2. Ti2CrV + X% Zr3Fe (X = 0, 2, 4, 6, 8, and 10) (a) activation at 2000 kPa H pressure and RT, without heating, (b) Detailed look at the change 
of slope in hydrogenated samples. 
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investigation shows the presence of two distinct regions: grey and bright. This is particularly troublesome for the 10 % Zr3Fe pattern 
which has 23 % of the bright phase by area. From the EDX analysis, it is evident that the bright phase is zirconium-rich. Zirconium has a 
much bigger atomic radius than the other atoms and thus, the formation of a Laves phase is possible. However, the amount of zir-
conium is too small to reach the AB2 stoichiometry. Therefore, a BCC structure is adopted instead. To confirm this, we computed the 
average atomic radius for the grey and bright regions for all compositions. The results are shown in Table 3. From this table it is 
possible to see that the average atomic radius for the grey region is almost the same, for all compositions. For the bright region, there is 
a general trend of decreasing average atomic radius with increasing Zr3Fe addition. The maximum difference of average atomic radius 
is about 4 %. Therefore, it could be expected that, if the bright region also has a BCC structure, then the lattice parameter will differ by 
only 4 % compared to the BCC of the grey region. However, such a difference in the lattice parameter means a difference of almost two 
degrees for the (1 1 0) peak at around 41◦ and a difference of almost 4◦ for the (2 2 0) peak at around 88◦. Clearly, this is not what is 
seen in the diffraction patterns of Fig. 4. Therefore, further analysis such as synchrotron diffraction is planned to provide deeper 
insights into the structural differences observed. 

The crystallographic parameters of the samples in their as-cast state are presented in Table 4. All samples have comparable “a” 
lattice parameter and microstrain. The crystallite size is roughly constant up to x = 6 wt%. When the proportion of Zr3Fe further 
increases the crystallite size decreases. 

Fig. 5 shows the XRD patterns of the samples after hydrogenation at room temperature. The samples with X = 0, 2, and 4 wt% that 
did not activate showed only a BCC structure. The 6, 8, and 10 wt% Zr3Fe samples all presented FCC structures after activation. It is a 
widely recognized fact that the hydrided form of a BCC alloy becomes FCC. Therefore, the emergence of the FCC phase can be directly 
attributed to the existence of the BCC phase in the as-cast condition. Table 5 shows the crystallographic parameters after activation. We 
see that, for the samples that did not absorb hydrogen, the BCC lattice parameters are practically the same as in the as-cast state. The 
microstrains are also the same. This means that hydrogen did not even enter in a solid solution for these compositions. For the alloys 
that did absorb hydrogen, we see that the crystallite size is slightly smaller, while there is an increase in the microstrain. 

4. Conclusions 

The effect of Zr3Fe addition on first hydrogenation kinetics (activation) of Ti2CrV alloy was investigated. Samples with less than 6 
wt% Zr3Fe did not activate at room temperature but, for higher proportion of Zr3Fe the alloys fully absorbed in less than 10 min. All 
samples were single-phase BCC despite showing regions with distinct chemical compositions mainly differing by the zirconium 
content. A fast first hydrogenation could also be achieved by heat treating the sample at high temperature under vacuum. 
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Fig. 4. XRD patterns of as-cast samples Ti2CrV + X% Zr3Fe (X = 0, 2, 4, 6, 8, 10). Diffraction peaks: black for Ti2CrV, pink for Zr3Fe. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Average atomic radii (in Å) of samples in as-cast state.  

Region X = 0 X = 2 X = 4 X = 6 X = 8 X = 10 

Grey region 1.404 1.406 1.404 1.400 1.403 1.403 
Bright region – 1.451 1.468 1.421 1.426 1.419  

Table 4 
Crystallographic parameters of the as-cast samples. The number in parentheses is the uncertainty on the last significant digit.  

Alloy Rwp a (Å) V (Å3) Crystallite size (nm) Microstrain (%) 

Ti2CrV 4.27 3.1190 (7) 30.34 (2) 17.4 (1) 0.27 (1) 
Ti2CrV + 2 % Zr3Fe 3.99 3.1216 (6) 30.42 (2) 16.4 (8) 0.21 (8) 
Ti2CrV + 4 % Zr3Fe 4.93 3.1190 (7) 30.34 (2) 18.8 (1) 0.23 (9) 
Ti2CrV + 6 % Zr3Fe 2.21 3.1236 (4) 30.48 (1) 16.0 (4) 0.25 (4) 
Ti2CrV + 8 % Zr3Fe 2.77 3.1286 (5) 30.62 (1) 10.4 (2) 0.24 (7) 
Ti2CrV + 10 % Zr3Fe 2.84 3.1246 (5) 30.51 (2) 8.0 (2) 0.12 (1)  

Fig. 5. XRD patterns of hydrogenated samples Ti2CrV + X% Zr3Fe (X = 0, 2, 4, 6, 8, 10).  
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