
28 April 2024

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

High pressure hydrogen compression exploiting Ti1.1(Cr,Mn,V)2 and Ti1.1(Cr,Mn,V,Fe)2 alloys

Published version:

DOI:10.1016/j.jallcom.2023.169497

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is a pre print version of the following article:

This version is available http://hdl.handle.net/2318/1945891 since 2023-12-04T15:12:13Z



Journal of Alloys and Compounds 947 (2023) 169497 

https://doi.org/10.1016/j.jallcom.2023.169497 
 

 

 
 
 
 
 
 

 

 
 

 
High pressure hydrogen compression exploiting Ti1.1(Cr,Mn,V)2 and 

Ti1.1(Cr,Mn,V,Fe)2 alloys 

Jussara Barale a,1, Jose Ramón Ares b,⁎, Paola Rizzi a, Marcello Baricco a, 
Jose Francisco Fernandez Rios b 

a Department of Chemistry and NIS - INSTM, University of Turin, Via Pietro Giuria 7, 
10125 Torino, Italy 
b MIRE-Group, Department Fìsica de Materiales, Facultad de Ciencias, Universidad 
Autonoma de Madrid, 28049 Madrid, Spain 

 
 

ABSTRACT  

For metal hydride compressors to be used in substitution to the mechanical ones in the hydrogen infra- structures, it is mandatory to develop new 

compositions that can satisfy the desired goal of a pressure of 700 bar. To achieve the goal, Laves (C14) intermetallic compounds Ti(Cr,Mn)2-based are very 

promising. New Ti1.1(Cr,Mn,V)2 and Ti1.1(Cr,Mn,V,Fe)2 compositions were synthetized and characterized in this work. The influence of the substitution of Cr 

with Mn and Fe on the crystal structure, and its correlation with the hydrogen sorption properties, was investigated, detecting an increment in the plateau 

pressure and the hysteresis gap. Thanks to suitable thermodynamics, developed alloys are good candidates for the high - pressure hydrogen compression. 

Moreover, they present an easy activation, that can be performed at room temperature, and a fast reaction rate, with few seconds required to absorb about 

90% of the hydrogen content in the alloy. The most promising composition is the Ti1.1Cr0.9Mn0.8V0.1Fe0.2, that is estimated to release hydrogen at about 700 bar 

at 150 °C. A possible integration of developed alloy in a metal hydride compressor is evaluated

. 

 

1. Introduction 

 
The usefulness of hydrogen as compressed gas requires the 

achievement of high pressures, even higher than 700 bar, and its 

main application is related to the automotive or, more generally, the 

mobility sector [1]. So far, only mechanical compressors are able to 

satisfy the market demand, but they require a frequent maintenance 

and imply a high energy consumption, resulting in high costs of 

running and in being the main investment in a hydrogen refuelling 

station [2–4]. The use of metal hydride (MH) compressors as alter- 

native to mechanical compressors was shown to be a promising 

technology. In fact, using MH, it is possible to compress hydrogen by 

a thermally driven mechanism of hydrogen sorption, resulting in an 

easy design, without requiring moving part, having low maintenance 

and limited costs of running [5,6]. 

 
 

Intermetallic compounds suitable for hydrogen sorption are 

based on an A metal, strongly interacting with hydrogen, and a B 

metal, not forming hydrides, that can be described as AB (TiFe-type), 

AB2 (Ti(Cr,Mn)2-type) and AB5 (LaNi5-type). After hydrogen absorp- 

tion, by heating the formed MH, hydrogen is released at a higher 

pressure. The working temperatures, as named Tlow for absorption 

and Thigh for desorption, and pressures in absorption and desorption 

are defined by the equilibrium of the reversible reactions between 

the intermetallic compound and the hydrogen in forming the metal 

hydride, that are described in the pcT-diagrams [5,6]. 

MH compressors available on the marked can release hydrogen up 

to 250 bar working up to 150 °C [6–10]. To move toward a partial or 

total replacement of mechanical compressors, an extensive research 

activity is taking place out to find new compositions for intermetallic 

compounds that present an equilibrium pressure above 250 bar, 

possibly achieving up to 700 bar, operating at temperatures below 

150 °C, or even lower than 100 °C, to allow the use of water for the 

heat management of the MH-reactors. Several new compositions of 

intermetallic compounds to be used in MH compressors at laboratory 

scale were developed in the past years, that can deliver H2 at pressure 

above 350 bar, expecting the achievement of even 700 bar [11–23]. 

The AB2 alloys with an hexagonal Laves phase (C14) are very 
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promising for hydrogen compression purposes [24]. Both A and B 

elements can be easily substituted and an over- or under-stoichio- 

metry can be also introduced, giving rise to a large number of com- 

pounds with a wide range of properties [24]. In particular, compounds 

based on Ti, Cr and Mn, such as TiCr2, TiMn2 and Ti(Cr,Mn)2, are very 

promising [6,8]. Depending on the relative amount of Cr and Mn, and 

on the substitution with other elements like V and/or Fe, compounds 

can display high plateau pressures at temperature even below 100 °C, 

making these alloys excellent candidates for applications in high 

pressure compressors [8,22,25–27]. However, small variations on the 

composition could have a great impact on the sorption properties. 

Properties that need to be taken into account when developing new 

compounds are also the activation and the occurrence of hysteresis. 

Indeed, activation is a pre-treatment necessary to facilitate the first H2 

absorption, that might be hindered by the presence of an oxide sur- 

face layer. The activation involves the processing of the material in 

temperatures and/or in pressures, promoting the cracking of the 

powder, and in turn the creation of new fresh surfaces to react, ne- 

cessary to achieve a fast kinetics [28]. The conditions required for 

activation can changes for different hydrides and also for the same 

compound, depending on its processing [29]. The occurrence of hys- 

teresis implies that in isothermal conditions the absorption equili- 

brium pressure is higher than the desorption one. This is a complex 

phenomenon, that can depend on sample history (e.g. preparation 

conditions, microstructure) [30] and it is usually linked to a higher 

energy required by the hydrogen to overcome constrains generated by 

the increment of the volume of the hydride, compared to the parent 

intermetallic compound [31]. Finally, especially considering applica- 

tions of hydrides in the market, important parameters are also the 

resistance to gas impurities and the stability over cycling, since they 

can cause a loss in hydrogen sorption properties, e.g. reducing kinetic 

properties and/or the storage capacity [28,32]. 

The AB2 Ti-based binary alloys display two hydrides, i.e. TiX2H∼3 

and TiX2H∼4 (X corresponding to a B-type metal), leading to two 

distinct plateaux in pcT-diagrams, but only for temperatures below 

0 °C [33]. In ternary systems, by increasing the Mn content in 

TiCr2−xMnx with 0 ≤x ≤ 1, for x > 0.75, the absence of the TiX2H∼4 

was observed [33]. In Ti(Cr,Mn)2 compounds, results from the lit- 

erature suggest that increasing the Mn content, the hysteresis gap in 

pcT-diagrams is higher. On the other hand, the addition of V and Fe 

in substitution to Mn is beneficial in reducing it [22,34]. Hysteresis 

gap decreases also for compositions richer in Ti with respect to the 

stoichiometric compounds [35]. Compounds with over stoichio- 

metry and/or substituted with V and/or Fe need milder activation 

conditions, if compared to the stoichiometric binary and ternary 

alloys [22,34,36]. The beneficial effect may be linked to surface and 

structural effects. In fact, the oxidation of the surface of the material 

due to the high affinity of Ti with oxygen might have a beneficial 

effect in hydrogenation, with the oxide phases acting as hydrogen 

channel promoting the activation of the matrix in mild conditions, as 

it was discussed for the TiFe0.85Mn0.05 in ref. [37]. 

Concerning the influence on the crystal structure, the over stoi- 

chiometry in Ti promotes an increase in cell parameters, thanks to 

the presence of Ti atoms also in Cr/Mn sites. The enlargement of the 

cell is due to the larger atomic radius of Ti compared to that of Cr/ 

Mn. The rise in cell dimension causes a lowering in the equilibrium 

pressure [31]. The activation is enhanced also by the creation of 

vacancies in the Cr/Mn sublattice, which are promoted by the sub- 

stitution in Cr/Mn site by Ti, that may act as a diffusion path for 

hydrogen atoms [38]. The change of the stoichiometry affects also 

the working conditions of pressure and temperature. Indeed, the 

enlargement of the cell occurs also with V that occupies both Cr/Mn 

and Ti site, while Fe, being slightly smaller than Cr, decreases cell 

dimensions [38]. The decreasing of the cell occurs also by increasing 

the Mn content, but not affecting the activation conditions [35]. The 

enlargement of the cell promoted by the increase of the Ti content 

was observed to be beneficial also in the storage capacity, with a 

value of 1.6 H2 wt% observed for TiCrMn, to be compared with a 

value of 1.8 H2 wt% for Ti1.1CrMn [35]. The increment in storage 

capacity and the decrease of the hydrogen equilibrium pressure is 

strictly linked to the dimension of the interstitial sites. The larger are 

their dimensions, the lower is the energy required for hydrogen al- 

location, decreasing the pressure and increasing the storage capacity 

of the material [39,40]. Finally, the substitution of Cr and Mn with 

elements like V and Fe, affects the mechanical properties of the 

compounds, in terms of hardness, compared to the binary alloys 

[38], enhancing the cracking of the material during the activation, 

improving the hydrogenation. 

Therefore, literature showed how minimal changes in the com- 

position in the Ti(Cr,Mn,V,Fe)2 system can imply significant changes in 

the temperature and pressure working ranges and in activation con- 

ditions. Wang et al. [22] by preparing and studying a series of 

Ti1+xCr2−y(Mn,V)y alloys with x = 0–0.2 and y = 0.4–0.8, selected the 

Ti1.2Cr1.5Mn0.4V0.1 as second stage of a MH compressor, delivering H2 at 

450 bar at 170 °C, with an easy activation (conditions not given). In ref. 

[34], by studying TiCrMn1–3xFe2xVx, with x = 0, 0.05, 0.1, 0.15 and 0.2, 

all the alloys, except the TiCrMn, were activated at about 150 bar and 

20 °C. The TiCrMn0.4Fe0.4V0.2 showed nearly no hysteresis, however the 

increase in Fe and V content promoted a significant decrease of the 

storage capacity by increasing the equilibrium temperature above 

60 °C, leading to results that are not suitable for practical applications 

[34]. The optimal composition was suggested as TiCrMn0.55Fe0.30V0.15 

[34], that, integrated as 3rd stage in an MH compressor, was able to 

compress H2 at 60 °C at 200 bar [41]. Finally, Boghilla and Niyas, in 

modelling a MH compressor to be integrated in a hydrogen refuelling 

station, investigated the use of Ti1.1Cr1.5Mn0.4V0.1, predicting an equi- 

librium of 350 bar at 150 °C [42]. In the light of previous works re- 

ported in the literature, it can be concluded that a promising 

composition based on these elements should contain an excess in Ti 

and a limited content of V and Fe, in order to have an easy activation, 

to maintain the high storage capacity of TiMn2 and TiCr2, i.e. about 

2.0 H2 wt%, and to avoid a sensitive decrease of the operative tem- 

peratures. The Cr/Mn ratio has to be optimized, because it plays a 

crucial role on the hysteresis and equilibrium pressures. 

In this work, starting from literature considerations, five A1.1B2 

Laves (C14) new compositions based on Ti, Cr, Mn, V and Fe were 

synthesized, without performing any thermal treatment after the 

synthesis: Ti1.1Cr1.5Mn0.4V0.1 and Ti1.1Cr1.2Mn0.7V0.1; Ti1.1Cr1.3Mn0.4 

V0.1Fe0.2, Ti1.1Cr0.9Mn0.8V0.1Fe0.2 and Ti1.1Cr0.7Mn1.0V0.1Fe0.2. The goal 
is to investigate the effect of the ratio between Mn and Cr, com- 

paring results obtained for Ti1.1(Cr,Mn,V)2 and Ti1.1(Cr,Mn,V,Fe)2 at a 

fixed composition of Fe and V (Fe0.2 and V0.1, according to the work 

of Hagström et al. [34]). The relationship between the chemical and 

structural properties of the alloys and the hydrogen sorption were 

investigated. The use of composition in over stoichiometry was 

evaluated, based on the work of Wang et al., on the composition 

Ti1.2Cr1.5Mn0.4V0.1 [22]. It was decided to consider the same com- 

position in the B elements of ref. [22], decreasing the Ti content, to 

investigate a possible decrease of the temperature necessary to 

reach an equilibrium of 450 bar (i.e. < 170 °C). Among new compo- 

sitions developed in this work, the goal is to identify a possible alloy 

to be used as 3rd stage in a MH compressor [43], in order to increase 

the actual delivery pressure of 250 bar at 150 °C. So, the target 

composition should release H2 at pressure ≥ 250 bar, with a Thigh 

150 °C, evaluating if it is possible to even decrease the working 

temperature of the plant below 150 °C, to improve the plant thermal 

management and safety. 

 
2. Experimental 

 
Alloys were synthesized with arc melting starting from the 

parent elements commercialized by Alfa Aesar, with a purity of 



3 

 

 

 

Table 1 

Sample labels and the corresponding nominal chemical compositions. 
 

Sample label Chemical composition 

Mn0.4 Ti1.1Cr1.5Mn0.4V0.1 

Mn0.7 Ti1.1Cr1.2Mn0.7V0.1 

FeMn0.4 Ti1.1Cr1.3Mn0.4V0.1Fe0.2 

FeMn0.8 Ti1.1Cr0.9Mn0.8V0.1Fe0.2 

FeMn1.0 Ti1.1Cr0.7Mn1.0V0.1Fe0.2 

 
 

 

metals of Ti = 99.99%, Cr = 99.99%, Mn = 99.9%, V = 99.5% and Fe 

= 99.99%. The instrument by Edmund Bühler GmbH was used, 

working in Argon atmosphere (gas purity 5.5). Residual traces of 

oxygen in the chamber were removed by melting Ti and Zr getters. 

Compared to the nominal composition, synthesis involved a 5% and 

2% weight excess of Mn and V, respectively, since they can evaporate 

during the melting process. About 13 g of alloy was prepared, by 

turning and melting the ingot about 5–7 times to homogenize the 

composition. Table 1 reports sample labels and the corresponding 

nominal compositions. 

In the literature, Ti-Cr-Mn-based alloys are usually annealed at 

about 1000–1200 °C for a couples of days after the synthesis 

[34,36,44–46]. As mentioned in the introduction, in this work it was 

chosen to avoid any annealing. In fact, considering a possible large- 

scale production of developed alloys, thermal treatments cannot be 

easily performed at industrial level. In any case, some discrepancies 

between the prepared compositions at laboratory level and com- 

positions prepared at industrial level can occur, due to a different 

purity of the starting elements [37]. Ingots were firstly manually 

broken in air and then manually grinded in Ar atmosphere inside a 

glovebox. The Ti1.1Cr1.5Mn0.4V0.1 ingot, after being cooled with liquid 

nitrogen, was primary manually broken and then milled using a 

SPEX miller model 8000 M for 5 min, since it was too hard to be 

manually grinded. 

The particle size of the obtained powder was evaluated with a 

SEM instrument Hitachi S300 in Secondary Electron (SE) condition. 

A slice of the prepared ingots was embedded in a conductive resin 

and polished to investigate the microstructure and chemical com- 

position by Scanning Electron Microscopy (SEM) in Back Scattered 

Electron (BSE) condition, coupled with Energy Dispersive X-ray 

(EDX), using the instrument Tescan Vega. 

The structural study, aimed to define the phase fraction, were 
performed by acquiring Powder X-Ray Diffraction (PXD) patterns 

with the diffractometer X′Pert Pro in Bragg-Brentano geometry, 

equipped with a X′celerator detector and Cu-Kα radiation. Analyses 

were performed on powdered sample before hydrogenation, ac- 

quiring patterns between 15° and 100° in 2θ, step of 0.017° and time 

per scan of 400 s. A Rietveld refinement of diffraction patterns has 
been performed with the Maudsoftware [47]. 

Hydrogen sorption properties were investigated in a homemade 

volumetric apparatus built at the Universidad Autonoma de Madrid, 

equipped with a 3 stages metal hydride compressor [20]. Hydrogen 

(purity 6.0) was supplied up to 60 bar from a cylinder. When high 

pressure was required, it was compressed up to 140 bar by using the 

3rd stage of the MH compressor at 140 °C [20]. About 0.80 g of 

sample were located in a stainless-steel reactor. Volumes have been 

calibrated, temperature and pressure at the sample were monitored 

as a function of time thanks to sensors, allowing the calculation of 

the amount of H2 processed, the registration of absorption and 

desorption curves and the evaluation of the pcT-curves. Therefore, 

each point of the pcT-curves was taken evaluating a reasonable 

amount of H2 to absorb/desorb to have a sufficient number of points. 

For pcT values in absorption, an error bar of 5% in H2 wt% has been 

estimated, since the volumetric apparatus used is an homemade 

system and an instrumental error can occur, affecting in particular 

the last value due to the cumulative nature of the error. Temperature 

 

 
 

Fig. 1. SEM-BSE image acquired for sample FeMn0.8. White arrows highlight various 

greyscale zone compared to the matrix. 

 

was controlled by an electric resistance and the sample can be 

cooled at temperatures lower than the room one, thanks to a water 

bath regulated by a chiller. 

 

 
3. Results and discussion 

 
3.1. Microstructure, composition, structure and morphology of the 

alloys 

 
As an example, Fig. 1 shows the SEM-BSE image acquired for the 

sample FeMn0.8. Similar images for all other samples are shown in 

Fig. S1. 

For all samples, together with the matrix, various zones with 

different greyscale are visible (white arrows), highlighting a non- 

homogeneous sample, as can be also deduced by results of the EDX 

elemental analysis, reported for each sample in Table S1. The latter 

reports the values of the matrix and of the various zones observed 

with the different greyscale. Numbers associated to the various zone 

indicate the progressive increase of the scale of grey, from the 

lightest to the darkest one, compared to the matrix, as it is shown in 

Fig. 1. In Table S1, it is also reported the stoichiometry calculated 

from the atomic elemental amount detected in the matrix, from 

which it is possible to see that the calculated stoichiometries are 

comparable to the nominal compositions reported in Table 1. From 

the chemical composition observed in different zones, in some cases 

oxygen was detected, suggesting the presence of some oxide phases 

(Table S1), visible in the SEM-BSE images as inclusions in the matrix 

or inside grain boundaries. The oxygen might be introduced during 

the synthesis from the raw materials and/or from alloy’s processing. 

Zones detected without oxygen are mostly distributed among grain 

boundaries. These zones maintained an atomic ratio Ti1.1B2, as the 

matrix, but detecting a slightly different elemental amount com- 

pared to the matrix itself, e.g. in zone 2 and 3 of sample FeMn0.8 

(Table S1). Only in sample Mn0.4, this phenomenon was not ob- 

served, and the zones 1 and 2 (Table S1) have an atomic ratio Ti:B- 

elements close to 1:1. The latter atomic ratio was also detected in 

samples FeMn0.4 (zone 1 and 2) and FeMn1.0 (zone 4). Summar- 

izing, the synthesis led to the formation of inhomogeneous samples 

and variations in the chemical compositions of the A1.1B2 were ob- 

served among grain boundaries, except in sample Mn0.4. An oxide 

phase was also detected in some samples, likely linked to the im- 

purities in the raw materials or formed during sample preparation. 

Finally, zones with an atomic ratio close to AB∼1 were also observed. 

Nevertheless, the oxides and the AB∼1 zones were not detected in 

sample Mn0.7. 

The crystal phases present in the synthetized samples were in- 

vestigated by acquiring the PXD patterns, that are reported in Fig. 2. 
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Fig. 2. Experimental and calculated from the Rietveld refinement PXD patterns, together with their differences, of samples: (a) Mn0.4 ; (b) Mn0.7; (c) FeMn0.4; (d) FeMn0.8; (e) 

FeMn1.0 in which the present of a secondary phase is highlight with a green cycle; (f) zoom of the patterns for sample Mn0.4 and FeMn0.8 between 42° and 46° in 2θ, with red 

arrows to highlights the shoulders. Peak positions of the Laves phase C14 are reported as small bars. 

 

PXD diffraction peaks related to the Laves (C14) phase are 

asymmetric and rather broad in all samples, except in sample Mn0.4. 

This phenomenon can be better visualized thanks to the use of red 

arrows in Fig. 2-f, comparing the diffraction peaks between 42° and 

46° for sample FeMn0.8 (reported as an example of the others) and 

Mn0.4. As previously reported from EDX results, only in Mn0.4 

sample it was not detected the variation of the chemical composi- 

tion from A1.1B2. Indeed, only one A1.1B2 composition was detected, 

and from the PXD pattern it has been linked to the Laves phase (C14). 

On the contrary, in all other samples (i.e. Mn0.7, FeMn0.4, FeMn0.8 

and FeMn1.0), a chemical variation from the A1.1B2 stoichiometry 

was detected and diffraction peaks related to the Laves phase (C14) 

are broader with shoulders, if compared to those related to Mn0.4 

sample. This observation suggests that, as it was already reported in 

ref. [48], the structure Laves phase (C14) is maintained for all the 

observed inhomogeneity of the composition of the A1.1B2. In the PXD 

pattern of sample FeMn1.0 reported in Fig. 2-e, the peak highlighted 

with a green circle is related to a secondary phase, likely corre- 

sponding to a Ti4(Cr,Mn,V,Fe)4O oxide or to a TiMn-based phase, as 

observed in the EDX analysis. The exact stoichiometry of the ob- 

served secondary phase is difficult to be assigned. On the other hand, 

in other patterns, no peaks due to secondary phases are visible. This 

results suggests that possible phases with stoichiometry AB∼1 

(FeMn0.4, Mn0.4) and the oxide (FeMn0.4, FeMn0.8) detected with 

the EDX are present in small amount, not being visible in the PXD 

patterns and, in turns, their role in the sorption properties could be 

neglected [48]. The Rietveld refinement was performed for all pat- 

terns considering only the Laves (C14) A1.1B2 phase, with the 
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Table 2 

Cell parameters a and c obtained from the Rietveld refinement of PXD patterns for all  

samples, together with the calculated volume of the cell. 
 

Sample Cell parameters / Å  Volume of the cell /Å3 

  

Mn0.4 4.908(6) 7.992(6) 166.722(9) 

Mn0.7 4.875(7) 7.993(1) 164.509(0) 

FeMn0.4 4.885(8) 8.003(9) 165.391(3) 

FeMn0.8 4.869(2) 7.984(9) 163.919(5) 

FeMn1.0 4.866(3) 7.977(9) 163.574(1) 

 

 

stoichiometry detected for the matrix. Finally, in sample FeMn1.0, 

the secondary phase was also excluded, due to the uncertainty on its 

structure. Table 2 reports the obtained cell parameters a and c for the 

Laves (C14) phase, together with the corresponding volume of 

the cell. 

As expected, Mn and Fe substitutions to Cr promote a decrease in 

cell parameters [38]. Comparing sample Mn0.4 with Mn0.7, the in- 

crease in the Mn content promotes the decrease in a cell parameter, 

while c values remain almost unaffected. Moreover, thanks to the 

substitution of Cr with Fe, the decrease is more remarkable, and it is 

evident also in c cell parameter, as can be seen comparing results 

obtained for sample Mn0.4 with FeMn0.4, i.e. compositions with the 

same amount of Mn. Afterwards, in the three samples containing Fe, 

the increase in Mn content promotes a decrease in cell dimension in 

both cell parameters a and c. In conclusion, as can be observed from 

Table 2, the cell volume decreases with the substitution of Cr with 

Mn and Fe, but it is not properly linked to a decrease of both cell 

parameters, as observed for the c and a cell parameters, comparing 

obtained values of samples Mn0.4 and FeMn0.4. 

Fig. S2-a shows the SEM-SE image acquired for FeMn0.8 after the 

manual grinding, used as an example for all samples, while Fig. S2-b 

reports the image for Mn0.4 after milling. Powder’s dimension was 

evaluated by the SEM-SE images. Due to the manual grinding, 

samples present a coarse particle size, as reported in the SEM-SE 

image for FeMn0.8 in Fig. S2-a. For samples containing Fe, the 

powder size is lower than 0.7 mm for FeMn1.0 and FeMn0.4 and 

lower than 0.5 mm for FeMn0.8. A slightly lower powder size was 

detected for sample Mn0.7 with a dimension lower than 0.2 mm. For 

the milled Mn0.4, as can be seen from the SEM-SE image reported in 

Fig. S2-b, a smaller dimension was obtained, observing powder ag- 

glomeration (zoom in Fig. S2-b) with a dimension of agglomerates 

lower than 0.3 mm. 

 

 
3.2. Hydrogen sorption properties 

 
3.2.1. Activation 

The activation of (Ti,Zr)-(Cr,Mn,V,Fe)2-based compounds is re- 

ported to occur at room temperature and in a pressure range lower 

than 150 bar [34,48]. Thus, for selected compounds, the activation in 

mild conditions, i.e. at room temperature and around 50 bar of H2, 

was investigated. 

The activation of all samples was reached at about 50 bar and 

room temperature (22 °C) in 2 cycles for Mn0.4, FeMn0.4 and 

FeMn1.0 compounds. The first cycle consisted of a hydrogen ab- 

sorption for 2 h, followed by a desorption for 1 h, which occurred in a 

dead volume until a hydrogen pressure of 0.2 bar was reached and 

then followed by dynamic vacuum. The temperature profile linked to 

the hydrogen sorption in the first cycle of activation is reported in 

Fig. 3 as a function of time, and the corresponding hydrogen pressure 

profiles are reported in Fig. S3. Because the increment in tempera- 

ture is linked to the exothermicity of the absorption of hydrogen by 

the sample, it is evident that as-prepared compounds are already 

reactive, easily absorbing H2. 

 

 
 

Fig. 3. Temperature profile of samples Mn0.4, FeMn0.4 and FeMn1.0 as a function of 

time acquired during the first cycle of activation during the absorption at room 

temperature under 50 bar of H2. 

 

Comparing the curve of sample Mn0.4 with sample FeMn0.4, the 

absorption of hydrogen starts immediately after the supply of H2 

(Fig. S3), not observing any influence on the activation due to the Fe 

substitution. Moreover, no remarkable influence of particle size is 

observed into the H-kinetics absorption as Fig.S3 shows. On the 

contrary, Mn plays a role in activation, as can be observed by com- 

paring the temperature profile in sample FeMn0.4 with sample 

FeMn1.0. In fact, in the latter, the hydrogenation is still fast, but it 

starts after a longer incubation time. This phenomenon was not 

observed in sample FeMn0.8, that, on the contrary, presents a tem- 

perature profile similar to that of sample FeMn0.4, and so it has not 

been not reported. 

For sample Mn0.7, after the first cycle at 50 bar, in which no 

absorption was observed, two cycles at a hydrogen pressure of 

120 bar were necessary to reach the activation. Higher temperature 

or pressure activation conditions by increasing the Mn content in 

AB2 compounds were reported in the literature [35], linked to a 

decrease of the cell dimension and of interstitial sites. However, this 

effect is less remarkable with respect to the decrease of the cell 

dimension promoted by Ti [35,36]. Nevertheless, sample FeMn1.0 

has still an easy activation, even if a higher content of Mn is present 

compared to sample Mn0.7, and also a lower cell volume (Table 2), so 

that 120 bar were necessary to succeed in the activation. From these 

observations, it seems that the higher pressure required for the ac- 

tivation is not strictly related to the Mn content in the composition. 

On the other hand, sample Mn0.7 is the only one in which secondary 

phases AB∼1 or oxides were not detected (Table S1), while a certain 
amount of these phases is present in sample FeMn1.0, as observed in 

the PXD pattern (Fig. 2-e). So, the presence of secondary phases 

among grain boundaries is likely acting as H2 diffusion path, pro- 

moting the cracking of the particles and, in turns, in enhancing the 

activation process. Thus, in sample FeMn1.0, the high fraction of 

secondary phase compensates the harder activation expected by the 

high Mn content in the composition. On the contrary, on sample 

Mn0.7, the absence of secondary phases required higher pressures 

compared to the other samples. Therefore, the secondary phases 

observed, even if present in a limited amount, can play a role in 

promoting the activation. 

 
3.2.2. Thermodynamic characterization 

For each sample, the pcT-curves were acquired for hydrogen 

absorption and desorption at 10 °C, 21 °C, 36 °C and 51 °C, and results 

are reported in Fig. S4. Expected plateaux are significantly sloped, 

likely due to samples inhomogeneity, as it was suggested in ref. [48]. 

The pcT-curves obtained for different samples are compared at 21 °C 

and 51 °C in Fig. 4. In detail, it shows the pcT-curves acquired for 

samples Mn0.4 and Mn0.7 at 21 °C (a) and 51 °C (b) and the pcT- 

curves of all the three samples containing Fe, i.e. FeMn04, FeMn0.8 
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Fig. 4. pcT-curves in absorption (full points) and desorption (empty points): (a) samples Mn0.4 and Mn0.7 at 21 °C; (b) samples Mn0.4 and Mn0.7 at 51 °C; (c) samples FeMn0.4, 

FeMn0.8 and Mn1.0 at 21 °C (d) samples FeMn0.4, FeMn0.8 and Mn1.0 at 51 °C. An error bar of the 5% in H2 wt% has been added to the last value in absorption. 
 

and FeMn1.0, at 21 °C (c) and 51 °C (d). Fig. S5 shows again the pcT- 

curves of samples Mn0.4 and FeMn0.4 at 21 °C, to allow a better 

visualisation of the results between two compositions having the 

same amount of Mn, but a different content of Cr due to its sub- 

stitution with Fe. In Fig. S4, Fig. S5 and Fig. 4, an error bar of the 5% in 

H2 wt% has been added to the last value of pcT in absorption. 

As already mentioned, curves have sloping plateaux, and the 

slope increases with temperature, especially in samples containing 

Fe, as can be observed comparing pcT-curves at 21 °C and 51 °C 

(Fig. 4-c and d). By increasing the Mn content in samples 

Ti1.1(Cr,Mn,V)2 (Fig. 4-a, b), the equilibrium pressures in both ab- 

sorption and desorption increase. While in samples 

Ti1.1(Cr,Mn,V,Fe)2 (Fig. 4-c, d), the absorption pressures increase with 

the Mn content, on the contrary of the desorption ones, registering 

comparable equilibrium pressures in desorption for sample FeMn0.8 

and sample FeMn1.0. This is due to a substantial hysteresis gap in 

sample FeMn1.0, as can be seen from Fig. 4-c, d and Fig. S4. The 

hysteresis effect was quantified, from the observed absorption and 

desorption pressures (pa, pd) at 1.2 H2 wt% at each temperature (T), 

as R·T·ln(pa/pd) [30]. It was detected that increasing the Mn content 

in the sample, the hysteresis increases from 21 J/mol for sample 

Mn0.4 up to about 116 J/mol for sample FeMn1.0. Finally, evaluating 

the substitution of Cr with Fe for a given content of Mn, comparing 

the pcT-curves of samples Mn0.4 and FeMn0.4 (Fig. S5), the equili- 

brium pressure in both absorption and desorption increases, linked 

to the decrease of the cell volume (Table 2). Finally, the H2 storage 

capacity is maintained high, i.e. between 1.6 and 2.4 H2 wt%. 

Thermodynamic data for hydrogen absorption and desorption 

were evaluated between 1.0 and 1.6 H2 wt%, depending on the 

sample. Corresponding Van’t Hoff plots, with obtained values of 

enthalpy (ΔH) and entropy (ΔS), are reported in Fig. S6, together 

with the standard error of the linear fit obtained for a confidence 

level of 95%. The average values of the ΔH and ΔS in absorption and 

desorption are reported in Table 3, together with the corresponding 

error (Err.), evaluated as the propagation of the errors resulted from 

each linear fit, and the standard deviation of the average (Std. Dev.). 

The propagated error on the average of the values reported in Table 3 

as Err. was evaluated as the square root of the sum of the individual 

errors (Ei) squared and the whole divided for the number of the 

gravimetric capacities (N) considered for the average (Err.): E 2 /N . 

In the series of Ti1.1(Cr,Mn,V,Fe)2 samples, since at least three 

samples can be considered, a linear fit was performed. Indeed, this 

linear correlation of the thermodynamic values states the presence 

of a compensation effect [49–51]. When this compensation effect 

occurs, ΔS and ΔH can be correlated according to Eq. (1): 

 
ΔH = βΔS + const (1) 

where β is the isoequilibrium temperature. This term represents the 

temperature at which all the systems considered react at the same 

rate [50]. This effect was observed in various reactions of different 

systems [51]. In our case, by plotting the obtained thermodynamic 

values, it can be observed that, in absorption, the linear correlation is 

associated with the rise in the Mn content in the compounds, while 

in desorption it does not. The evaluated isoequilibrium temperature, 

resulting by the linear fitting of the observed values, are 398 K in 

absorption and 239 K in desorption. Nevertheless, this thermo- 

dynamic and kinetic relation still lack for a full physical explanation 

[50]. In the literature, in case of reaction that involves the diffusion 

of atoms into metals (like in this case the diffusion of H atoms in the 
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Table 3 

Values of enthalpy (ΔH) and entropy (ΔS), for hydrogen absorption and desorption, obtained from the Van’T Hoff plots for each  sample. The values are reported as the average of 

the values evaluated at different H2 wt% together with the error obtained as propagation of the standards errors detected on each linear fit (Fig. S4) and the standard deviation of 

the average. 

 

 

. . . 
 
 
 
 
 
 
 

Values of ΔH are reported as a function of ΔS one in Fig. 5, considering the average values reported in Table 3. A certain linearity can be observed in both absorption and 

desorption. 
 

crystal structure), it has been suggested a linkage among the oc- 

currence of the compensation effect, the presence of vacancies, the 

energy of the interstitial sites and, in turns, of the diffusion path [51]. 

Summarising, the decrease in cell volume due to the substitution 

of Cr with Mn and Fe promotes the increase of the equilibrium 

pressure for hydrogen absorption and desorption. However, in 

sample FeMn1.0, the hysteresis gap is large, resulting in minimal 

advantage for compression purposes, for which the desorption 

thermodynamic properties determine the delivery pressure of the 

MH compressor. The desorption equilibrium pressure for all con- 

sidered compounds was estimated from obtained thermodynamic 

data (Table 3) by extrapolation of the Van’t Hoff relationship [5,42], 

considering as Thigh, 100 °C, 120 °C and 150 °C, in order to estimate 

their individual performance as a potential 3rd stage for the MH 

compressor, as suggested in ref. [43]. A range of pressure is given in 

Table 3, since it has been taken into account the error on the values 

of ΔH and ΔS related to the linear fit of the Van’t Hoff plot. Thus, this 

range of pressure includes the possible releasing hydrogen pressure 

from the MH compressor, linked to the uncertainty on the values of 

the thermodynamic data obtained from different values of gravi- 

metric capacity in high slopped plateaux. The goal is to reach a de- 

livery pressure ≥ 250 bar, i.e. higher than the delivery pressure of 

most of the MH compressor available in the market [6–10] and also 

higher than that reported in ref. [43]. The temperature of 100 °C was 

considered to evaluate the possibility to use water as thermal fluid. 

Then, 150 °C is considered because it is the actual working Thigh of 

 

 
Fig. 5. ΔH values as a function of the ΔS ones for samples Ti1.1(Cr,Mn,V,Fe)2 in ab- 

sorption (full black square points) and in desorption (empty black square points) are 

reported, together with the values of samples Ti1.1(Cr, Mn, V)2 in absorption (full blue 

circle points) and in desorption (empty blue circle points). The red line is the fitting 

line of the values linked to samples Ti1.1(Cr,Mn,V,Fe)2 Pearson’s coefficient for the 

fitting in absorption is 0.99967, while in desorption is 0.99964. The connecting dashed 

lines for samples Ti1.1(Cr, Mn, V)2 are not linked to a linear fit, since only two values 

are available. 

the MH compressor in ref. [43] and it is the working temperature of 

the commercially available MH compressors [6–10]. Finally, 120 °C 

was also evaluated as an intermediate temperature. Fig. 6 reports the 

obtained range of values of equilibrium pressure in desorption at the 

investigated Thigh as a function of the volume of the cell evaluated 

for each sample (Table 2). 

From Fig. 6, it can be observed that in samples FeMn1.0, FeMn0.8 

and Mn0.7, i.e. in samples in which a large hysteresis and/or sloped 

plateaux have been detected in the pcT-curves (Fig. S4), a large range 

in the equilibrium pressure is obtained, compared to sample Mn0.4 

and FeMn0.4. Thus, the lower is the hysteresis and the slope of the 

plateau, the limited is the error on the prediction of the equilibrium 

pressure, i.e. the error on the thermodynamic data obtained by ex- 

trapolation of the Van’t Hoff plot. 

Afterwards, sample Mn0.4 has a low range of peq (Fig. 6), even 

lower than 250 bar in all three investigated temperatures, so it 

would not be promising for high pressure applications. For this 

composition, Ti1.1Cr1.5Mn0.4V0.1, the equilibrium pressure observed 

in this work is lower than that reported in ref. [22,42]. This dis- 

crepancy can be linked to the different synthesis method used, 

confirming the sensitivity of the H2 sorption properties on the ma- 

terial processing. Moreover, the comparison between the compound 

synthetised in this work and the one of ref. [22,42] is difficult, since 

only the performances observed by its integration in a MH com- 

pressor were reported, neglecting any chemical and structural 

characterisation. 

Concerning other samples, thanks to the chemical substitutions 

and, as a consequence, the decrease in the cell volume, the estimated 

delivering pressure increases. The substitution of Cr with Fe, i.e. for 

 

 
Fig. 6. Range of equilibrium pressures at different temperatures, obtained from 

thermodynamic data, as a function of the volume of the cell. Dashed lines are used as 

guidelines. 

Sample Absorption        Desorption  

 ΔH kJ/molH2 

Av. 

 
 
Err. 

 
 

Std. Dev 

 ΔS J/molH2K 

Av. 

 
 
Err. 

 
 

Std. Dev 

 ΔH kJ/molH2 

Av. 

 
 
Err. 

 
 

Std. Dev 

 ΔS J/molH2K 

Av. 

 
 
Err. 

 
 

Std. Dev. 

 

Mn0.4 14.14 0.40 0.68  75.71 1.33 2.07  13.34 0.21 0.63  71.81 0.71 3.17  

Mn0.7 18.45 0.23 0.13  95.89 0.78 0.95  20.10 0.70 1.13  99.94 2.36 4.52  

FeMn0.4 20.84 0.66 0.10  100.23 2.19 2.80  21.01 0.23 1.34  99.56 0.78 7.22  

FeMn0.8 17.35 0.40 0.56  91.73 1.31 1.07  23.76 0.54 0.64  110.95 1.78 3.68  

FeMn1.0 15.42 0.46 0.93  86.55 1.52 1.44  23.26 0.53 1.24  109.20 1.75 5.16  
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sample FeMn0.4, allows already a remarkable increase in pressure, 

estimating a pressure higher than 250 bar already at 120 °C and 

achieving a maximum of about 416 bar at 150 °C. It can be noticed 

that a remarkable increase in pressure is achieved for the smallest 

cell volumes, i.e. for samples Mn0.7, FeMn0.8 and FeMn1.0. In fact, 

sample Mn0.7 might release hydrogen at about 250 bar already at 

100 °C (range of 240 – 270 bar), estimating a pressure in the 331 – 

380 bar range and in the 504 – 597 bar range at 120 °C and 150 °C, 

respectively. The possibility to increase the delivery pressure even 

above 300 bar is important, thinking to a possible commercial use 

and scaling up of the MH compressor. Indeed, if these types of alloys 

will be commercially available, their use in MH compressor is pro- 

mising in hydrogen refuelling stations for the automotive sectors for 

buses or trains, where a pressure of 350 bar is required [1]. The 

highest values of pressure might be achieved in samples FeMn0.8 

and FeMn1.0. Indeed, a range from 283 to 307 bar at 100 °C is esti- 

mated FeMn0.8, similar to the 269 – 292 bar range obtained for 

sample FeMn1.0. While at 150 °C, sample FeMn1.0 presents a 640 – 

723 bar pressure range, close to the 686 – 776 bar estimated for 

sample FeMn0.8. Thus, due to the large hysteresis gap observed in 

FeMn1.0 from the pcT-curves (Fig. S4-e), might leads to a weak 

lowering of the equilibrium pressure in desorption compared to 

FeMn0.8. 

In conclusion, the best composition among the five investigated 

for hydrogen compression results to be FeMn0.8 

(Ti1.1Cr0.9Mn0.8V0.1Fe0.2), in which a fast activation is observed, and a 

high desorption equilibrium pressure can be achieved. 

 

 
3.2.3. Evaluation of selected alloy for a third stage of a MH compressor 

According to results reported in Fig. 6 about the range of equi- 

librium pressure in desorption of Ti1.1Cr0.9Mn0.8Fe0.2V0.1, working 

with a Thigh between 100 °C and 150 °C, hydrogen can be released up 

to more than 700 bar. The MH compressor presented in ref. [43] 

involved the use of a La0.9Ce0.1Ni5 alloy and the commercial Hy- 

dralloy-C5 as first and second stage, respectively. The Tlow absorption 

temperature in the MH-beds was around 40 °C. Table 4 reports the 

estimated absorption and desorption equilibrium pressures involved 

in a possible three-stage MH compressor, based on the La0.9Ce0.1Ni5, 

the Hydralloy-C5 and the Ti1.1Cr0.9Mn0.8V0.1Fe0.2 working at a Tlow of 

40 °C and a Thigh of 100 °C, 120 °C and 150 °C. Reported pressures and 

temperatures take into account the working conditions registered 

during the tests performed on the MH compressor in ref. [43], and 

only an average value for output pressure is considered for 

Ti1.1Cr0.9Mn0.8V0.1Fe0.2 (Table 3). 

For the considered values of Thigh, the third stage might absorb H2 

from the Hydralloy-C5 only at 120 °C and 150 °C. In fact, at 100 °C the 

delivery pressure of the Hydralloy-C5 is equal to the absorption one 

of Ti1.1Cr0.9Mn0.8V0.1Fe0.2. Thus, the results show that the three 

stages MH compressor might compress hydrogen from 16 to 436 or 

729 bar, working between room temperature and 120 °C or 150 °C, 

resulting promising in real applications, if the Ti1.1Cr0.9Mn0.8V0.1Fe0.2 

would be commercially available. Finally, for Ti1.1Cr0.9Mn0.8Fe0.1V0.1, 

the transformed fraction, α, as a function of time, obtained absorbing 

H2 at 11 °C at a supply pressure of 68 bar, is reported in Fig. 7. 

 
Table 4 

Absorption and deposition equilibrium pressure evaluated for a three stage MH 

compressor working at 40 °C of Tlow and 100 °C, 120 °C and 150 °C of Thigh. 
 

 

La0.9Ce0.1Ni5 Hydralloy-C5 Ti1.1Cr0.9Mn0.8V0.1Fe0.2 

 

 
 

Fig. 7. The transformed fraction, α, for the hydrogenation at 11 °C and with a supply 

pressure of 68 bar of Ti1.1Cr0.9Mn0.8Fe0.1V0.1 compound as function of the reac- 

tion time. 

 

 

It can be observed that a high reaction rate of the selected alloy is 

noted, with about 90% of the capacity reached in 50 s, implying few 

minutes to reach the full capacity. Same consideration can be made 

for the desorption of hydrogen. So, this alloy is promising for real 

scale applications, thanks also to its fast reaction rate. 

 
4. Conclusions 

 
Main conclusions can be summarized as follow. 

 

• By investigating five AB2 Laves (C14) compounds based on Ti, Cr, 
Mn, it was observed their potential use in hydrogen compression 

for high pressures. It was evidenced a crucial role of the struc- 

tural and chemical composition on the sorption properties. 

• By comparing results obtained in Ti1.1Cr1.5Mn0.4V0.1 and 
Ti1.1Cr1.2Mn0.7V0.1 alloys, the decrease in cell dimension, pro- 

moted by the substitution of Mn with Cr, implies a significant 

increase in the equilibrium pressure for both absorption and 

desorption. In Ti1.1Cr1.2Mn0.7V0.1 compound, H2 can be com- 

pressed at about 331–597 bar working between 120 °C and 

150 °C, while a maximum of 130 bar could be reached with the 

sample Ti1.1Cr1.5Mn0.4V0.1 at 150 °C. In the latter composition, by 

substituting Cr with Fe in Ti1.1Cr1.3Mn0.4V0.1Fe0.2, a decrease in 

cell parameters was observed, resulting lower than that of 

Ti1.1Cr1.5Mn0.4V0.1 compound, allowing to achieve a desorption 

pressure in the 251–262 bar range at 120 °C and 394–416 bar 

range at 150 °C. This result highlights how small changes in the 

composition can already have a high impact in the absorption 

and deposition equilibrium pressure. 

• Maintaining the same Fe substitution, but changing the Cr/Mn 
ratio, in the Ti1.1Cr0.9Mn0.8V0.1Fe0.2 and in Ti1.1Cr0.7Mn1.0V0.1Fe0.2 
compounds it was observed an almost linear decrease in cell 

parameters, coupled with an increment in the absorption pres- 

sure. However, a large hysteresis occurs in sample 

Ti1.1Cr0.7Mn1.0V0.1Fe0.2 resulting in a desorption pressure com- 

parable to that observed in sample Ti1.1Cr0.9Mn0.8V0.1Fe0.2, pre- 

dicting a slightly higher delivery pressure in the latter sample. 

 

Tlow 

 

Peq absorption / bar • All the investigated samples can be activated easily in mild 
conditions with two hydrogen sorption cycles at 22 °C and 50 bar 

40 °C 16 21 79 
Thigh Peq desorption / bar   of hydrogen. The observed easy activation has been linked to the 
150 °C 130 200 729 presence of a small amount of secondary phases, like AB∼1 
120 °C 

100 °C 

77 

46 

127 

80 

436 

295 
compound or oxide among grain boundaries. Indeed, a higher 
pressure of 120 bar was required for the activation of sample 
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Ti1.1Cr1.2Mn0.7V0.1, in which no secondary phases were detected. 

Samples present also an inhomogeneity around the A1.1B2 com- 

position, resulting in sloping plateaux. 

• The Ti1.1Cr0.9Mn0.8V0.1Fe0.2 composition is very promising for real 
applications, thanks to high equilibrium pressure observed, im- 

plying the feasibility to achieve a pressure in the 283–307 bar 

range at about 100 °C moving up to a 686–776 bar range at about 

150 °C. In the studied conditions, the powder is already active and 

has a fast reaction rate. 

 
This work highlights the extraordinary wide range of application 

of the Ti-Cr-Mn-V-(Fe)-based compounds, in which slight variations 

in the chemical composition can imply wide changes in the pro- 

cessing of hydrogen. 

Finally, thanks to compounds properties and their potential in 

real life applications for the compression of hydrogen, future work 

should be devoted to investigate their stability over cycling and their 

resistance to gas impurities. 
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