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High-pressure metal hydride (MH) tank is a possible hydrogen storage system for fuel cell

vehicles. The merit of the high-pressure MH tank system is improved by the use of a metal

hydride with high dissociation pressure. In this study, TiCrV and TiCrVMo alloys with BCC

structure has been developed for the high-pressure MH tank system. The developed

TiCrVMo alloy shows 2.4 mass% of effective hydrogen capacity between 0.1 MPa and

33 MPa at 298 K, which has a dissociation pressure of 2.3 MPa at 298 K. By investigating the

dissociation pressures of the synthesized metal hydrides, it is found that Mo has a special

effect to increase dissociation pressure of the metal hydrides. This effect is probably

attributed to the large bulk modulus of Mo compared to other elements.

1. Introduction

Metal hydride is one of the most promising candidates for

hydrogen storage materials for fuel cell vehicle because of its

high gravimetric density [1]. Recently, high-pressure metal

hydride (MH) tank has been reported as a possible hydrogen

storage system for fuel cell vehicles [2–4]. Fig. 1 shows

a schematic view of a high-pressure MH tank. In many cases,

as hydrogen storage materials are in powder forms, the

packing densities of thematerials are limited. Therefore,more

than 50% of the inner volume of the tank remains empty even

when the tank is filledwith themaximumamount of the alloy.

At that time, by filling this empty space with high-pressure

hydrogen gas, volumetric hydrogen storage density as awhole

tank system can be improved considerably. Mori et al. have

reported that 35 MPa of high pressure compressed gas tank

combined with heat exchanger and metal hydride (TiCrMn:

effective H2 capacity:1.9 mass% [5]) can store more than twice

the amount of hydrogen as compared to a normal 35 MPa

compressed gas tank at the same volume [3]. However, due to

the heavy weight of metal hydride, high-pressure metal

hydride tank is so heavy that further improvement of gravi-

metric hydrogen storage capacity is expected.

The merit of a high-pressure MH tank system is improved

by the use of a metal hydride with high dissociation pressure.

It is important for a hydrogen storage tank of a fuel cell vehicle

to supply hydrogen even at low temperatures. Using a metal

hydride with high dissociation pressure, hydrogen can be

easily supplied even at low temperatures. Moreover, there is

anothermerit for using ametal hydridewith high dissociation

pressure from the viewpoint of heat exchange. By increasing

the dissociation pressure of a metal hydride, reaction heat
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during hydrogen desorption (DH ) is decreased, which makes

heat exchange easier in charging and discharging of hydrogen

[3,4]. Therefore, besides the hydrogen storage capacity, the

dissociation pressure of a metal hydride is also one of the

most important factors to apply for a metal hydride tank

system.

TiCrV alloy with BCC structure has been studied for years

as a promising hydrogen storage material [6–15]. It has two

plateau pressures, where only the upper plateau pressure area

can be used for reversible hydrogen storage in normal condi-

tion. Arashima et al. have reported the alloy with 2.8 mass% of

reversible hydrogen capacity [8]. However, as most of the

previous works on these alloys have been aimed for low

pressure (less than 1 MPa) system, dissociation pressures of

these materials are often not enough to be applied for the

high-pressure MH tank system. In this study, TiCrV and

TiCrVMo alloys with BCC structure are developed in order to

apply for high-pressure MH tank system. For this purpose,

dissociation pressure of the metal hydrides is one of the most

important parameters of the material. Therefore, by investi-

gating the dissociation pressure of each metal hydride, major

factors which influence on those dissociation pressures will

be also discussed.

2. Experimental

Several compositions of TiCrV and TiCrVMo alloys were

prepared by arc melting from pure Ti, Cr, V and Mo elements.

The compositions of the alloys are TiaCrbVcMod (a¼ 14–45,

b¼ 14–55, c¼ 0–50, d¼ 0–30 [mol%], aþ bþ cþ d¼ 100).

Subsequently, the alloys were kept at 1473 K for 2 h in Argon

gas. After heat treatment, the alloys were cooled down slowly

to room temperature and then crushed into particles whose

diameters were around 0.5–1.0 mm.

Hydrogen storage properties of the materials were inves-

tigated using a specially designed Sievelt’s type apparatus

(maximum pressure: 33 MPa). 10 g of the samples were used

for each measurement. Before hydrogen absorption

measurement, the samples were heated up to 573 K in

vacuum and then cooled down to room temperature. After

this pretreatment, hydrogen gas was charged up to 33 MPa at

298 K. Effective hydrogen capacity was measured as the des-

orbed hydrogen amount at the 1st cycle in the pressure range

of 0.1–33 MPa. PC isotherm of each material was measured at

298 K by the 2nd absorption–desorption cycle. Dissociation

pressure of each hydride is decided as the pressure at the

center of the plateau of hydrogen desorption.

Table 1 – Compositions and lattice constants of the
synthesized ternary TiCrV alloys.

Sample no. Composition [mol%] Lattice constant
[Angstrom]

Ti Cr V

1 15 40 45 2.995

2 17 48 35 2.997

3 17 43 40 3.001

4 20 45 35 3.006

5 25 50 25 3.010

6 25 40 35 3.026

Metal hydride and heat exchanger

Cooling
water H2

CFRPSeperated aluminum liner

Tubes

Fig. 1 – A schematic view of a high-pressure MH tank.
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Fig. 2 – PC isotherms of TiCrV alloys at 298 K. The numbers

(1–6) correspond to the same sample numbers in Table 1.
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Fig. 3 – Correlation of lattice constants and dissociation

pressures in TiCrV and TiCrMo.
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Crystal structures and lattice constants of the alloys after

the heat treatment were examined by powder X-ray diffrac-

tion analysis with Cu Ka radiation using a Rigaku RINT2500V

diffractometer.

3. Results and discussion

3.1. TiCrV alloy

Six compositions of TiCrV ternary alloys were synthesized as

is shown in Table 1. After the heat treatment, all of the alloys

were found to be BCC single phase by X-ray diffraction anal-

ysis. The lattice constants of them are shown in Table 1. PC

isotherms at 298 K of the alloys are shown in Fig. 2. Dissoci-

ation pressure of the alloy increases with the decrease of the

lattice constant. This trend is consistent with a general one

often observed for other metal hydride systems. However, the

effective hydrogen capacity decreases with the increase of the

lattice constant. Themaximum effective hydrogen capacity is

obtained with Ti25Cr50V25, which shows 2.4 mass% with the

dissociation pressure of 0.4 MPa at 298 K. As a result, in the

synthesized TiCrV ternary alloys, both high effective

hydrogen capacity and high dissociation pressure (more than

1 MPa) are not satisfied simultaneously.

3.2. TiCrVMo alloy

Fig. 3 shows a correlation of dissociation pressures and lattice

constants for TiCrV in this study and for TiCrMo fromRef. [16].

Both of TiCrV and TiCrMo are solid solutions consisting of BCC

phase. However, in TiCrMo, the correlation of dissociation

pressure and lattice constant has a different trend from TiCrV

[16]. Kubo et al. have also reported the same trend for TiCrMo

alloys [13]. These studies imply that Mo has an effect to

increase the dissociation pressure of the metal hydride. In

order to confirm this assumption, the alloys which 5 mol% of

Mo was substituted for V from the TiCrV alloys were synthe-

sized. After the heat treatment, all the alloys were found to be

BCC single phase just like TiCrV ternary alloys. For example,

X-ray diffraction data of Ti25Cr50V25 and Ti25Cr50V20Mo5 are

shown in Fig. 4. PC isotherms of Ti25Cr50V25 and Ti25Cr50V20Mo5
at 298 K are shown in Fig. 5. By substituting 5 mol% ofMo for V,

the dissociation pressure increased from 0.4 MPa to 2.3 MPa.

Note that at that time effective hydrogen capacity did not

decrease (2.4 mass%).

To examine the reason for this result, the lattice constants

of the Mo substituted alloys were investigated as is shown in

Table 2. Fig. 6 shows a correlation of dissociation pressures
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Fig. 4 – XRD profiles of Ti25Cr50V25 and Ti25Cr50V20Mo5.
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Fig. 5 – PC isotherms of TiCrV and TiCrVMo.

Table 2 – Lattice constants changed by substituting
5 mol% of Mo for V.

Sample no. Composition [mol%] Lattice constant
[Angstrom]

Ti Cr V Mo

1 25 50 25 3.010

2 25 50 20 5 3.012

3 25 40 35 3.026

4 25 40 30 5 3.026
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Fig. 6 – Correlation of lattice constant and dissociation

pressure of TiCrV and TiCrVMo.
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and lattice constants in TiCrV and TiCrVMo alloys synthesized

in this study. By substituting 5 mol% of Mo for V, lattice

constant does not change. This is probably because the atomic

radius of Mo is similar to that of V (the atomic radius of V is

1.32 Å, where that of Mo is 1.36 Å). However, at that time,

dissociation pressure increases drastically. Fig. 7 shows the

correlation of dissociation pressures and lattice constants for

various Mo contents (Mo¼ 0, 5, 10, 15 [mol%]). When Mo

content is constant, the dissociation pressures seem to have

a good correlation with the lattice constants of the alloys. In

addition, it can be mentioned that the dissociation pressure

also changes according to Mo content of the alloys. This result

indicates that Mo has a special effect on increasing the

dissociation pressure of the metal hydride.

3.3. An explanation for Mo effect

In order to clarify the reason for theMo effect, the relationship

of the dissociation pressures with bulk moduli of the alloys

were investigated. Nagasako et al. have confirmed by first-

principles calculation that the dissociation pressure of ametal

hydride consisting of transition metals is highly influenced by

its bulk modulus [17]. This trend has been also experimentally

confirmed by Kojima et al. for TiCrMn alloys with Laves phase

[5]. According to the results reported by Nagasako et al., there

is a linear correlation between the reaction heat (DH ) for the

hydrogen desorption of a metal hydride and B/V, where B and

V are the bulk modulus and the equilibrium volume of the

host alloy, respectively. Under the condition that temperature

and entropy change of the reaction are constant, the dissoci-

ation pressure (P) can be described as follows.

lnPf
B
V

(1)

Fig. 8 shows a correlation of ln P and B/V for TiCrVMo alloys

synthesized in this study for various Mo contents. One good

linear correlation can be observed between these two

parameters for all the compositions. This result indicates that

the Equation (1) can be also applied for TiCrVMo alloys with

BCC structure. Therefore, the reason for the Mo effect on the

dissociation pressure is probably due to the higher bulk

Modulus of Mo compared to other consisting elements

(Ti¼ 105.1, Cr¼ 190.1, V¼ 161.9, Mo¼ 272.5 [GPa]) [18].

Tungsten has a larger bulk modulus compared to Molyb-

denum (W¼ 323.2 [GPa]), which implies that Tungsten has

a larger effect to increase the dissociation pressure compared

to Molybdenum. Fig. 9 shows a correlation between lattice

constants and dissociation pressures for TiCrV, TiCrVMo

(Mo¼ 5 mol%) and TiCrVW (W¼ 5 mol%). It can be clearly

observed that Tungsten has a higher effect to increase disso-

ciation pressure. This result also supports the assumption

above.

4. Conclusions

TiCrV and TiCrVMo alloys with BCC structure have been

developed for high-pressure MH tank system. The developed

TiCrVMo alloy shows 2.4 mass% of effective hydrogen

capacity in the pressure range between 0.1 MPa and 33 MPa at

298 K. In TiCrV, the dissociation pressure of the alloy increases

with the decrease of the lattice size. This trend is consistent

with a general one often observed for other metal hydride

systems.However, for TiCrVMoalloy, the dissociation pressure
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Fig. 8 – Dissociation pressure and B/V for TiCrVMo alloys

synthesized in this study for various Mo contents

(Mo[ 0–15).
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is sensitive not only to the lattice size but also to the content of

Mo. This indicates that Mo has a special effect to increase the

dissociation pressure of the hydride. As a result, it turned out

that this effect is probably attributed to the large bulk

modulus of Mo compared to other elements. Using this

correlation, the dissociation pressure of a metal hydride can

be estimated, which will help designing a new material with

moderate stability.
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