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ABSTRACT: Nanometer-sized Mg hydride clusters may form in a self-organized way by the 

hydrogenation of a non-equilibrium Mg-Ti alloy. Here the Mg hydride is destabilized by the 

interface energy between the two metal hydrides. To obtain an even more destabilized Mg 

hydride, we increased the interface energy by the addition of Cr which is immiscible with Mg as 

Ti. Indeed, Mg layers surrounded by Ti-Cr layers show hydrogen plateau pressures higher than 

when Mg is surrounded by Ti. Destabilization of Mg hydride is also observed in hydrogenated 

Mg-Ti-Cr thin film alloys resulting in hydrogenation plateaus flatter and at higher pressures than 

in hydrogenated Mg-Ti thin film alloys. Our results suggest that by screening alloys on the basis 

of their immiscibility with Mg, we can tune the thermodynamics and kinetics of hydrogen 
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absorption and desorption in Mg-H. This concept paves the way for the development of 

lightweight and cheap Mg-based functional materials in the metal-hydrogen system. 

 

INTRODUCTION 

Metal hydrides have a number of properties that may be utilized to promote the use of 

hydrogen as an energy carrier. Metal hydrides with a high hydrogen permeability can be applied 

as membranes for hydrogen separation, while the optical changes occurring in metal thin films 

upon hydrogenation can be used for hydrogen sensing. Even better known is the fact that the 

high volumetric density of hydrogen makes metal hydrides an attractive option to store energy. 

The applicability of metal hydrides for storage applications depends on its affinity to hydrogen 

which determines the equilibrium pressure for (de-)hydrogenation. One of the most attractive 

hydride forming metals is Mg because of its light weight and low material costs. However, the 

Mg-H system has thermodynamic and kinetic limitations associated with hydrogen absorption 

and desorption processes: the high stability of the MgH2 phase, the slow diffusion of hydrogen in 

Mg and MgH2 and the poor dissociation kinetics of the hydrogen molecule on the Mg surface at 

moderate temperatures and pressures. 

A possible way to destabilize MgH2 and shorten the hydrogen diffusion length is to reduce the 

size of the Mg units. A multilayer stack of immiscible Mg/Ti with a typical layer thickness 

below 10 nm revealed that MgH2 is destabilized by the effect of the interface energy difference 

Δγ between Mg/TiH2 and MgH2/TiH2 upon hydrogenation.1 We have also demonstrated that 

nanometer-sized MgH2 clusters embedded in a TiH2 matrix are formed by hydrogenation of Ti-

rich MgxTi1-x (x < 0.4) thin films, again resulting in an interface energy induced destabilization of 
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MgH2.2 In these experiments the surface of Mg is covered by a Pd catalyst layer to promote 

hydrogen dissociation and protect the films against oxidation.3 To prevent the reaction between 

Mg and Pd a Ti interface layer is used. 

In the present work, we show that the destabilization of MgH2 can be drastically improved by 

the addition of Cr. Cr is immiscible with Mg and miscible with Ti.4 The enthalpy for mixing and 

interface formation with Mg are 24 and 107 kJ mol-1 for Cr, which is higher than for Ti (16 and 

67 kJ mol-1,5 respectively). Hence, Cr will  selectively mix with the Ti domain. Indeed Ti-Cr is 

dispersed in Mg matrix in Mg-rich Mg-Ti-Cr thin films.6 Cr is also a non-hydride forming 

element under moderate conditions while Mg and Ti are hydride forming ones. We suggest that 

the Δγ upon hydrogenation of Mg is changed by the addition of Cr. In case of increasing Δγ, 

nanometer-sized MgH2 will be more destabilized. Moreover, we expect Cr to catalyze the 

hydrogen absorption since TiCr2-based intermetallic compounds with a Laves-type structure and 

Ti-V-Cr solid solutions with a body centered cubic structure readily absorb hydrogen at 

moderate temperatures.7 This would enable the Mg-Ti-Cr system to become a bulk hydrogen 

storage system with attractive thermodynamic and kinetic properties. 

 

EXPERIMENTAL 

In order to prove our concept we prepared three series of Mg-Ti-Cr ternary thin films: (1) to 

prove the increase in Δγ and the resulting destabilization of MgH2 we deposited multilayer stacks 

of Mg/Ti0.33Cr0.67 with various Mg thicknesses; (2) to investigate the destabilization of 

nanometer-sized MgH2 clusters in Ti-Cr-based matrix we prepared compositional gradient 

Mgx(Ti1-yCry)1-x (x = 0.35 and 0.50, while 0.55 ≤ y ≤ 0.75) thin films; (3) to verify the catalytic 
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effect of Cr we deposited homogeneous Mg0.35(Ti0.33Cr0.67)0.65 ternary thin films without the Pd 

cap-layer. All thin films and multilayers were deposited at room temperature on quartz substrates 

under an argon atmosphere in an ultrahigh vacuum RF/DC magnetron co-sputtering system with 

off-centered sources. The hydrogenation and dehydrogenation properties of our thin films were 

evaluated by means of an optical technique called hydrogenography which allows to measure the 

P (pressure)-T (optical transmission) isotherms.8-10 According to Lambert-Beer the relation 

ln(T/T0) is proportional to CHd, where T0 is the initial transmission, CH is the hydrogen content in 

the film, and d is the film thickness.11 The detailed procedures were described in previous 

reports.1,2 

 

RESULTS AND DISCUSSION 

Effect of addition of Cr to Ti on destabilization of Mg hydride 

The multilayer stacks consist of three Mg layers with a thickness of 10, 5 and 2 nm. Every Mg 

layer is surrounded by two 5 nm layers of Ti0.33Cr0.67 or Ti. Both types of stacks are covered by 

10 nm layer of Pd, as shown in Figure 1a. The P-T isotherms of the multilayer stacks measured 

at 423 K are shown in Figure 1b. Before the actual measurements three hydrogen absorption and 

desorption cycles were applied to obtain a stabilized structure and reproducible response. At the 

applied conditions (P = 1 – 105 Pa and T (temperature) = 423 K) Ti forms a hydride phase, while 

Pd and Cr form a hydrogen solid solution phase. The optical change of ln(T/T0) is mainly due to 

the hydrogenation and dehydrogenation of the Mg layers, corresponding to the transformation 

between the metallic Mg and transparent MgH2 phases. The absorption plateau pressure is higher 

than the desorption one because of the effect of plastic deformation by hydrogenation as reported 
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by Mooij et al.1 Clearly, we observe steps in the absorption and desorption plateau regions which 

are attributed to the coexistence of the two phases. Mooij et al. have shown that the plateau 

pressure increases with a decreasing Mg thickness of d from 10 down to 1.5 nm in the Mg/Ti 

multilayer stack.1 In the present work, as shown in Figure 1b, the plateau pressure similarly 

increases with decreasing d from 10 down to 2 nm. The highest plateau pressure for d = 2 nm in 

the Mg/Ti0.33Cr0.67 multilayer stack looks slightly higher than that of Mg/Ti in both absorption 

and desorption processes. The increase in the plateau pressure of the Mg layers as function of d 

in the Mg/Ti multilayer stack is described by eq 1.1 

RTd
V

P
P

thick

nano γ∆
=







 2ln   (1) 

Here, the change in interface energy between Mg and TiH2 upon hydrogenation is Δγ. The 

symbols of Pnano and Pthick are the plateau pressures of Mg for a nanometer-sized thin film, and a 

thick film of at least 50 nm, respectively. The symbol V is the molar volume of Mg, R the gas 

constant and T the temperature. By plotting Pnano versus the inverse of d, the slope gives the 

value of Δγ when the plot shows a linear dependence. The calculated value of Δγ for the Mg/Ti 

multilayer stack is Δγab = 0.44 J m-2 for the absorption process and Δγde = 0.17 J m-2 for the 

desorption process (Figure 1c). These values have a probability of errors because the present plot 

consists of only three points but agree very well with the ones as reported by Mooij et al.1 The 

value of Δγ for the Mg/Ti0.33Cr0.67 multilayer stack is calculated to be Δγab = 0.54 J m-2 and Δγde 

= 0.20 J m-2, which are ~20% higher than those for the Mg/Ti multilayer stack. These results 

suggest that the addition of Cr to Ti is effective to destabilize MgH2 by increasing Δγ. 
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Figure 1. (a) A schematic representation of Mg/Ti0.33Cr0.67 (red A) and Mg/Ti (blue B) 

multilayer geometry. (b) P-T isotherms measured at 423 K where the transition between 

Mg and MgH2 as a function of the thicknesses of 10, 5 and 2 nm. (c) Plateau pressures 

versus inverse layer thickness and Δγ for the absorption and desorption processes 

calculated from the slope of the linear fit. The errors are smaller than the symbols. 

 

Enhancement of destabilization of Mg hydride in Mg-Ti-Cr 

Since both Ti and Cr are immiscible with Mg, both in the hydrogenated and dehydrogenated 

states, it is fascinating whether a similar destabilization would occur in a homogeneously mixed 

layer. Figure 2 shows schematically the structural change that might be induced by 

hydrogenation of Mg-Ti-Cr. We expect that Ti, Cr and Mg form a non-equilibrium solid solution 

when deposited by magnetron co-sputtering. As we have reported for the Ti-rich MgxTi1-x-H2 

systems,2 hydrogenation forms MgH2 domains which are coherently embedded in an immiscible 

TiH2 matrix with a face centered cubic (FCC) structure, while bulk MgH2 has a body centered 

tetragonal (BCT) structure. Hence, the hydrogenation of Mg-Ti-Cr leads to form Mg domains 

embedded in a Ti-Cr-based matrix which increases the value of Δγ. The structure of Mg-Ti-Cr 
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after hydrogenation is assumed to be an FCC structure in Figure 2. However, Mg domains might 

have a different structure rather than an FCC structure if a Ti-Cr based matrix has, for instance, a 

C15-type cubic Laves phase structure. Indeed, it has been reported that body centered cubic 

(BCC) Mg12 and orthorhombic MgH2 13,14 are formed in the Mg/Nb multilayer stack, resulting in 

a lower stability of Mg and MgH2. To prove this effect of the addition of Cr we measured the P-

T isotherms for Mgx(Ti1-yCry)1-x-H2 (x = 0.35 and 0.50, while 0.55 ≤ y ≤ 0.75) systems at 393 K 

(Figure 3a and b) in a 60 nm compositional gradient Mgx(Ti1-yCry)1-x thin film. The film is 

surrounded by two thin Ti layers to protect it against a reaction with the 10 nm Pd catalyst layer. 

For comparison we included Figure 3c which shows the isotherms for the MgxTi1-x-H2 (0.16 ≤ x 

≤ 0.53) system at the same temperature measured previously.2 In all cases, three hydrogen 

absorption and desorption cycles were performed before the actual measurements were done. 

 

Figure 2. A schematic structural change in the first hydrogenation of Mg-Ti-Cr. Mg, Ti 

and Cr form a non-equilibrium solid solution which is deposited by means of magnetron 

co-sputtering. Mg domains are self-organized by hydrogenation on the basis of the 

immiscibility of Mg-Ti and Mg-Cr and the miscibility of Ti-Cr. 

 7 



 

 

Figure 3. Schematic representations of multilayer geometry and P-T isotherms of the (a) 

Mg0.35(Ti1-yCry)0.65-H2, (b) Mg0.50(Ti1-yCry)0.50-H2 (0.55 ≤ y ≤ 0.75) and (c) MgxTi1-x-H2 (0.16 ≤ 

x ≤ 0.53) systems measured at 393 K. The dotted lines indicate the hydrogenation and 

dehydrogenation pressures for 60 nm of Mg. 

 

We find both for x = 0.35 and 0.50 absorption and desorption isotherms that show large 

plateau regions. Given the large optical contrast we attribute these plateaus to the coexistence of 

the metal and hydride phases of the Mg domains in Mgx(Ti1-yCry)1-x-H layer. The plateau 

pressures are slightly higher pressures than in 60 nm of Mg.2 For x = 0.35 shown in Figure 3a, 

the plateau pressures in the absorption and desorption processes at y = 0.55 are 4.5×103 and 

1.9×102 Pa, respectively. Those increase as function of increasing Cr content: 1.1×104 and 

3.2×102 Pa at y = 0.75. For x = 0.50 shown in Figure 3b, the absorption and desorption isotherms 

show two plateau regions (the lower region of ln(T/T0) < 0.7 and the upper one of ln(T/T0) > 1.0, 

respectively). The plateau pressure for the upper region is equivalent to that for x = 0.35. 
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Previously we explained the increase in the plateau pressure in the MgxTi1-x-H2 system shown 

in Figure 3c in terms of spherical Mg domains embedded in a TiH2 matrix as expressed by eq 2.2 

RTr
V

P
P

thick

nano γ∆
=







 3ln   (2) 

The symbol r is the radius of Mg domains. We derived a minimum radius of rmin = ~1 nm of Mg 

clusters in Ti-rich MgxTi1-x-H for compositions with x < 0.4.2 The sloping nature of the plateaus 

was explained to be due to the various tetrahedral MgjTi4-j (0 ≤ j ≤ 4) coordinations of hydrogen, 

where hydrogen is stabilized by the Ti coordination.15 

The isotherms in the Mg0.35(Ti1-yCry)0.65-H2 system shown in Figure 3a have flatter absorption 

and desorption plateau regions with higher plateau pressures than in the MgxTi1-x-H2 system 

(Figure 3c). This suggests that the addition of Cr, which is a non-hydride forming element, 

lowers the thermodynamic effect of the tetrahedral sites by the higher Ti coordination of MgjTi4-

j, resulting in the flatter and higher plateau. The addition of Cr also contributes to the increase in 

Δγ, which increases the plateau pressure, assuming that the r is hardly changed by Cr. The 

enthalpy for hydride dissociation of MgH2 in Mg0.35(Ti0.25Cr0.75)0.65-H is estimated to be –68 – –

71 kJ mol-1-H2 (–74.3 kJ mol-1-H2 for bulk MgH2
16). When we increase the Mg fraction we 

observe a double plateau (Figure 3b). We attribute the upper plateau region in the Mg0.50(Ti1-

yCry)0.50-H2 system to the hydrogenation and dehydrogenation of nanometer-sized Mg domains, 

which are observed also in the Mg0.35(Ti1-yCry)0.65-H2 system. The approximate volume fractions 

of Mg in Mg0.35(Ti0.35Cr0.65)0.65 and Mg0.50(Ti0.35Cr0.65)0.50 are estimated to be ~48% and ~63% 

from the atomic weight and density of Mg, Ti and Cr, respectively. Thus, a part of the Mg in 

Mg0.50(Ti1-yCry)0.50-H layer is no longer present in the form of destabilized nanometer-sized 
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clusters, but rather in the form of MgH2, corresponding to the lower plateau region which has 

close plateau pressures for 60 nm of Mg as dotted lines. 

 

Catalytic effect of Cr 

To investigate the catalytic effect of Cr the hydrogen absorption curves of three homogeneous 

Mg0.35(Ti0.33Cr0.67)0.65 thin films were measured under a hydrogen pressure of 1 MPa at 423 K. 

The three films are 60 nm layer of Mg0.35(Ti0.33Cr0.67)0.65 deposited on 3 nm layer of Ti. One of 

the films is covered by 8 nm layer of Ti and 10 nm layer of Pd and another by 8 nm layer of Cr, 

as shown in Figure 4a. The absorption curves shown in Figure 4b correspond to the first 

hydrogenation after exposing the deposited thin films to air. The film covered by Pd layer is 

hydrogenated within 200 s (Figure 4c), which indicates the catalytic effect of Pd for hydrogen 

absorption. Hydrogenation of the other two films takes much longer time (~2×105 s). 

Nevertheless, this result indicates that Cr catalyzes the hydrogen absorption because thin films 

consisting only of Mg and Ti do not react with hydrogen under the same condition. 
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Figure 4. (a) A schematic representation of multilayer geometry for Mg0.35(Ti0.33Cr0.67)0.65 

covered by Ti and Pd layers (blue A), that covered by Cr layer (green B) and that without 

covered layer (red C). (b) Optical transmission versus time corresponding to hydrogen 

absorption curves measured under 1 MPa-H2 at 423 K ((c) in the region of t ≤ 400 s). 

 

CONCLUSION 

We have shown the possibility that nanometer-sized metal hydride clusters embedded in an 

immiscible matrix form by self-organization during hydrogenation. By changing the nature of 

the matrix we are able to tailor the thermodynamics of the hydride through the interface energy. 

The addition of Cr, which is immiscible with Mg as Ti, is effective to destabilize MgH2 clusters 

more than Ti alone. In the previous study we have successfully destabilized MgH2 clusters in Ti-

rich MgxTi1-x-H but those samples needed a Pd cap-layer to catalyze the hydrogen absorption. 

Here, we have confirmed the catalytic effect of Cr for the hydrogen absorption. The application 

of Pd-free destabilized MgH2 embedded in an immiscible matrix can be extended to a bulk scale; 

membranes for hydrogen separation and powders for hydrogen storage, etc. Synthesizing bulk of 

non-equilibrium Mg-based alloys and self-organizing MgH2 clusters by hydrogenation are in 

progress, which offers attractive new possibilities on the metal-hydrogen system. 
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