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The diffusion and site occupation of hydrogen in the monohydride phase of V;_yMoyx-H (0 <x <0.1) were
studied by means of 'H nuclear magnetic resonance (NMR). Hydrogen atoms in VHggg occupied the
octahedral (O) sites in a body centered tetragonal (BCT) structure. The addition of Mo to V reduced the
activation energy for hydrogen diffusion, Ey, for the O sites. In Vo9Mog.1Hogs hydrogen atoms occupied
both the O and tetrahedral (T) sites, which was demonstrated by two components observed in the tem-
perature dependence of the 'H spin-lattice relaxation time. The value of Ey for the T sites was lower than
that for the O sites. Hydrogen atoms in Vo9Mog 1Hggg diffused faster than those in VHggg.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen storage vessels filled with hydrogen storage materi-
als are one of the most realistic onboard hydrogen storage systems
for fuel cell vehicles [1-4]. V based and Ti based alloys which have
abody centered cubic (BCC) structure are attractive hydrogen stor-
age materials because the hydrogen content in high pressure metal
hydride (MH) vessels using the BCC alloys is 2.5 times higher on a
volume basis than that of compressed gas vessels under a hydrogen
pressure of 35 MPa [4]. For more than 10 years, we have developed
BCC alloys for onboard hydrogen storage and the alloys consisted
of Ti, V, Cr and Mn have been synthesized from the concept ‘Laves
phase related BCC solid solution’ [5,6].

The high pressure MH vessels are required to supply hydrogen
to the fuel cells even in cold climates. The heat of formation of the
hydride phase has a linear relation with the equilibrium hydrogen
pressures for formation and dissociation of the hydride phase. The
dissociation pressure should be at least 0.1 MPa for the supply of
hydrogen. The reductionin the heat of formation corresponds to the
increase in the dissociation pressure at a given temperature. This
leads to a smaller heat exchange between MH and a heat exchanger
in the high pressure MH vessel during hydrogen absorption and
desorption, which is preferable for heat management of the system
[7,8]. One of the methods to reduce the heat of formation of the
hydride phase is addition of some metal elements to the alloys. It
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has been reported that addition of Mo to the BCC alloys is effective
to increase the dissociation pressure of their hydride phases at a
given temperature [7-12]. Mo addition increased unit cell volume
of the BCC lattice but decreased the radius of the interstitial site for
hydrogen atoms in the lattice [11]. In consequence the stability of
the hydride phase was lowered by addition of Mo.

In the phase equilibrium of the V-H; system at ambient temper-
atures [13], V metal with a BCC structure forms the hydrogen solid
solution phase with a BCC structure (o« phase), the monohydride
phase with a body centered tetragonal (BCT) structure (3 phase)
and the dihydride phase with a face centered cubic (FCC) structure
(v phase) by hydrogenation. Hydrogen atoms occupy tetrahedral
(T) sites in the o and y phases and octahedral (O) sites in the 3
phase [13]. It is known that a majority of hydrogen atoms in the 3
phase occupies the O sites between V atoms along the c-axis (O,
sites) [13]. Hydrogen diffusion is an important step in Kinetics of
hydrogenation and dehydrogenation. The diffusion of hydrogen in
V has been investigated by means of Gorsky effect [14-17], elec-
tric resistivity [18,19], gas absorption [20] and permeation [21,22]
methods. Those methods were applied to bulk specimens of the
o phase but powder specimens of the 3 and y phases were not
suitable. Nuclear magnetic resonance (NMR) can measure the sig-
nal from hydrogen in metal powders. Hydrogen diffusion in the 3
phase of V-H by means of '"H NMR has been reported [23-27].

In the present work, the effect of Mo addition to V on diffusion
of hydrogen in the B phase has been studied using 'H NMR. Mo
addition possibly affects not only diffusion but also site occupa-
tion of hydrogen in the metal lattice because the stability of the
hydride phase lowered [7-12]. The site occupation of hydrogen
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in the 3 phase has been discussed by analyzing the temperature
dependence of the spin-lattice relaxation time, T;.

2. Experimental

Buttons of V,_yMoy (x=0.03, 0.05, 0.1) alloys were prepared by arc melting pel-
lets of V with the purity of 99.9 mass% and Mo with the purity of 99.95 mass% under
an argon atmosphere. The buttons were treated at 1673 K for 70 h under an argon
atmosphere for homogenization. Chemical analysis using an EDAX Genesis2000
energy dispersive X-ray spectrometer (EDX) attached to a Hitachi S-3400N scanning
electron microscope (SEM) showed that the alloys were in the nominal composi-
tions. The oxygen contents of pure V and Vo9Mog; prepared were determined to
be 110 mass ppm and 900 mass ppm by a LECO TCH-600 oxygen determinator,
respectively. Rigaku 2500V diffractometer with Cu Ka radiation was used for mea-
surement of powder X-ray diffraction (XRD) patterns. The lattice parameters of the
alloys and hydrides were calculated from the XRD peak positions.

Vi_xMoy (x=0,0.03, 0.05, 0.1) were set into the stainless steel tube and the tube
was evacuated for 1 h at 423 K. Hydrogen absorption at room temperature and des-
orption at 1073 K were repeated 3 times under a hydrogen pressure of 5-8 MPa.
Hydrogen gas of 7N purity was used. Afterward, the tube was evacuated for 3h at
773 K. The P (pressure)-C (composition) isotherms at 243 and 303 K were measured
using the volumetric method. Hydride specimens, V;_xMoyHggs (x=0, 0.03, 0.05,
0.1), were obtained by fixing the hydrogen pressure after the P-C isotherm mea-
surements. Powders of those hydrides were sealed into glass tubes under an argon
atmosphere for the NMR measurements.

THNMR measurements were performed by Bruker mq20 and ASX200 spectrom-
eters in the temperature range of 138-420 K. Larmor frequencies were 19.65 MHz for
mq20 and 200.13 MHz for ASX200. The NMR spectra were measured with the solid
echo pulse sequence (90,-71-90;-7,~echo) at 200.13 MHz. The 90° pulse width was
1.9 ws. The values of 77 and 7, were set at 8.0 and 8.8 s, respectively. The frequency
scale of spectra, v, was expressed with respect to neat tetramethylsilane (TMS) by
adjusting the signal of water to 4.877 ppm. 'H spin-lattice relaxation time, Ty, was
determined using the inversion recovery pulse sequence (180°-7-90°) at 19.65 MHz
and using the inversion recovery pulse sequence followed by the solid echo pulse
sequence (180°-7-90;-71-90;-7>~echo) at 200.13 MHz. The 7 value denotes the
variable delay time. Those of 71 and 7, are the fixed delay times.

3. Analysis of 1H spin-lattice relaxation time, T;

The 'H spin-lattice relaxation time, T;, determined in the
present work was analyzed by the Bloembergen, Purcell and Pound
(BPP) equation [28] modified as follows. The detailed procedure for
this analysis has been described in the previous reports [29,30].

The T; is expressed by Eq. (1):

(M) =(Tha) " +(Tre) ", (1)

where T;4 is the contribution from modulation of nuclear dipolar
interaction and Ti. arises from fluctuation of hyperfine inter-
action between the nuclear spin and conduction electrons. The
temperature dependence of Ty, is given by Korringa relation, i.e.,
T1eT=constant. The value of the Korringa constant was estimated
by the fitting of T{. The T;4 value in Eq. (1) is described using the BPP
equation on the assumption that the residence time describing the
fluctuation of the 'H-"H dipolar interaction, Ty, has a log-normal
distribution:
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where F(S) is a distribution function of correlation times.
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Stable NMR active nuclei of V and Mo are 5'V, %Mo and 9’ Mo,
respectively. The natural abundance of 51V is 99.8%. Contribution
of Mo to 'H Ty in Vi_yMoxHgeg (x=0.03, 0.05, 0.1) is considered
to be negligible because the natural abundances of ®*Mo and %’ Mo
are 15.7% and 9.5%, respectively, and their nuclear dipole moments
are around 25% of >1V. The symbols of yy and yy are the gyromag-
netic ratios of 'H and >!V spins, respectively. The symbol of wy is
the angular resonance frequency of 'H, Ey is the activation energy
for the hydrogen diffusion, and R is the gas constant. The symbol
of Tyy is the mean residence time and tgy is the mean residence
time at the infinite temperature or the inverse of a frequency fac-
tor. The value of Ty was assumed to be 9 x 10~14s for the O sites
and 3 x 101 s for the T sites [29,30]. The symbols of B¢ and B are
parameters defining the magnitude of the distributions of 7oy and
Ey, respectively. If 8o =0, only Ey has a distribution. The symbol
of B is the total distribution parameter. The symbol of f; is a cor-
rection factor which reduces only the effective Myy. The symbols
of Myy and Myy are the second moments between 'H spins and
between 'H and >1V spins, respectively:
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The symbol of # is Plank constant. The symbols of r; and r; are the
distances between 'H spins and between 'H and 'V spins, respec-
tively, and those values were calculated from the BCT lattice whose
lattice parameter were determined by XRD. The symbols of Iy and
Iy are the nuclear spin quantum numbers of 'H and >1V, which are
1/2 and 7/2, respectively.

4. Results and discussion

The XRD measurements showed that V;_yMoy (x=0.03, 0.05,
0.1) before hydrogenation had a BCC structure. Their lattice param-
eters were calculated from the peak positions. Fig. 1(a) and (b)
shows lattice parameters and unit cell volume of V;_yMoy (x=0.03,
0.05,0.1) in comparison with pure V [31]. The BCC lattice expanded
with increase in the Mo content, x, because Mo has a larger atomic
radius than V [31].

Fig. 2 shows the P-C isotherms of the V{_yMox-H, (x=0, 0.03,
0.05, 0.1) systems. The absorption and desorption isotherms of the
V-H, system showed plateau regions under hydrogen pressures
of 0.6 and 0.3 MPa at 303 K, respectively. The plateau regions are
attributed to coexistence of the [3 and y phases. The hydrogen con-
tent, H/V, under 7 MPa was 1.95. The equilibrium pressure of the
plateauregion increased with increase in x from 0 to 0.05. For x=0.1
the plateau region was not found below the hydrogen pressure of
9MPa at 303K, but it was observed at 243K as shown in Fig. 2.
The hydrogen content, H/Vg9Mog 1, under 5 MPa at 243 K was 1.74
which was 11% below that for x=0 at 303 K.

The XRD patterns of Vi_yMoxHggg (x=0, 0.03, 0.05, 0.1) indi-
cated that all the hydrides were the [3 phase with a BCT structure.
The lattice parameter, a increased and c decreased with increase
in x, as shown in Fig. 1(a). The unit cell volume was around
0.0308 nm? in the region of 0 < x < 0.05 shown in Fig. 1(b), but that



K. Asano et al. / Journal of Alloys and Compounds 507 (2010) 399-404 401

11.20
£ ]
=]
= 115
ts‘ 4
5 1o =
5 {110 <
[}
E 4
g ]
8 11.05
% V[31] ]
| @.A WV, Mo,Hoes ]
029 ==+ Lo L1100
0.00 0.05 0.10
Mo content, x
0.032—~———————————
L (b)
E 0‘0311M :
g ]
£ 0.030f :
,_,Z B O: VyxMoy
r ®: V. Mo,Hoss |
Z 0.020} reT
8
S EV[31] ]
£ 0.028%_,@/43/‘3 -
0027
0.00 0.05 0.10

Mo content, x

Fig. 1. (a) Lattice parameters and (b) unit cell volume of V [31], V;_yMox and
Vi_xMoyHogs (x=0, 0.03, 0.05, 0.1).

was increased to 0.0312 nm?3 by increase in x from 0.05 to 0.1. The
BCC lattice of V expands along the c-axis by the phase transforma-
tion from the o phase to the 3 phase [13]. It is known that hydrogen
occupation of the O, sites leads to this anisotropic expansion [13].
The value of c/a decreased with increase in x, which indicates that
addition of Mo reduces the anisotropy of the lattice expansion from
the a phase to the 3 phase. This suggests that Mo addition affects
hydrogen sites in the (3 phase of V-H.

Fig. 3 shows 'H NMR spectra of V;_,MoxHggs (x=0, 0.03, 0.05,
0.1) measured at 200.13 MHz and 138 K. The line width of the spec-
tra is affected mainly by dipole-dipole interactions between 'H
spins and between 'H and 5!V spins because the contents of Mo
and 97Mo are significantly lower than those of 'H and °'V. The
line width of Vg gMog 1Hg g was smaller than the others. The tem-
perature dependence of the 'H NMR spectra of VHg g measured
at 200.13 MHz is shown in Fig. 4. The line width decreased with
increase in temperature from 138 to 240 K. This is due to motional
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Fig. 2. Pressure-composition isotherms of the V;_yMo,-H, systems; x=0, 0.03 and
0.05 at 303K and x=0.1 at 243 K.
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Vo.9sMoo.osHo 68

Vo.91Moo.03Ho 68

Fig. 3. 'H NMR spectra of V;_yMoyHoes (x=0, 0.03, 0.05, 0.1) measured at
200.13 MHz and 138K.

narrowing by increasing hydrogen mobility on the O sites. The
reduction in the line width with increase in temperature was also
observed for x=0.03, 0.05 and 0.1. The temperature dependence of
the full-width at half maximum (FWHM) of the signal of the four
hydrides measured at 200.13 MHz is plotted in Fig. 5. The FWHM
was almost constant above room temperature. The motional nar-
rowing was observed below 240K other than for Vo9Mog 1Hggs.
The FWHM of VygMog1Hpgs remained small even below 240K.
This indicates that hydrogen mobility in Vgg9Mog 1Hggg is higher
than that in the others in the lower temperature range.
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Fig. 4. Temperature dependence of 'H NMR spectra of VHoes measured at
200.13 MHz.
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TH Korringa constants and parameters for hydrogen diffusion in Vi_yMoyHges (x=0, 0.03, 0.05, 0.1).
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Fig. 5. Full-width at half maximum of "H NMR signal of V;_yMoyxHges (x=0, 0.03,
0.05, 0.1) measured at 200.13 MHz.

Fig. 6(a)-(d) shows the temperature dependence of 'H spin-
lattice relaxation time, Ty, in V{_xMoxHgeg (x=0, 0.03, 0.05, 0.1)
measured at 19.65 and 200.13 MHz. The value of T; at 19.65 MHz
had a minimum at 250-310K. The temperature for the minimum
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of T; shifted to a higher temperature with increase in the mea-
surement frequency from 19.65 to 200.13 MHz. This is due to
increase in hydrogen mobility at a higher temperature because
the measurement frequency corresponds to the jump frequency
of hydrogen atoms at the temperature for the minimum of Tj.
The minimum value of T; was proportional to the measurement
frequency because of wyty~1 in Eq. (2). With increase in x the
temperature for the minimum of Ty shifted to a lower temperature.
This indicates that addition of Mo makes hydrogen mobility higher.
In addition, for x=0.1 shown in Fig. 6(d), the second component of
T; appeared on the lower temperature side.

The temperature dependence of T; was fitted by Egs. (1) and
(2) and the fitting curves were shown in Fig. 6(a)-(d). For x=0,
0.03 and 0.05 the temperature dependence of T; was described
by a single component in Fig. 6(a)-(c). This component was due
to the contribution of hydrogen on the O sites because hydrogen
atoms occupy the O sites in the 3 phase of V-H [13]. For x=0.1 the
temperature dependence of T; showed the second component on
the lower temperature side in Fig. 6(d), which is due to the con-
tribution of hydrogen mobility between the T sites. Hayashi et al.
have reported that the component of T; for the T sites was found
on the lower temperature side compared to that for the O sites
[27,30]. The component for the O sites on the higher temperature

T/IK
500 300 200 150
E (b) Vg97Mog.03Ho s
1
- [
£ el
o 10 E
107 ¢ ;
E 0: 19.65 MHz ]
r 01 200.13 MHz 1
10-3 L L L L 1 L 1
2 4 6 8
T1/103K!
T/K
10 500 300 200 150
) Vy9Moy, Hos
1 )
< 10" :
10
107 ¢
E 0: 19.65 MHz ]
r (:200.13 MHz {
]0-3 1 L 1 1 1 1
2 4 6 8
T1/103 K

Fig. 6. 'H spin-lattice relaxation times in V;_yMoyHogs (x=(a) 0, (b) 0.03, (c) 0.05, (d) 0.1) at 19.65 and 200.13 MHz and their simulated results indicated by the solid lines.
The dotted lines indicate the contribution of conduction electrons. The chain lines in (d) indicate the components for the O and T sites.
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Fig. 7. Activation energy for hydrogen diffusion in V;_yMoxHogs (x=0, 0.03, 0.05,
0.1 ), VHg_gz [30] and VHO_50D0_20 [30]

side is due to the contribution of hydrogen mobility on the T and O
sites. The activation energy for the hydrogen diffusion, Ey, in each
hydride was evaluated. Table 1 lists the parameters obtained from
the fitting of T;. The value of f; for the O and T sites for x=0.1
was smaller than that for the O sites for the other three chemi-
cal compositions because the temperature dependence of T; for
x=0.1 was divided into the two components for the O and T sites.
The value of Eyj in VHg g Was 25.7 k] mol~!, which agreed well with
that of 27.0 k] mol~! reported in VHg g, [30]. Fukai and Kazama have
reported the dependence of Ey on the hydrogen content in the 3
phase of V-H [23]. The value of Ey for the O sites was not changed
by the hydrogen content above H/V ~ 0.68 [23]. It is reasonable that
obvious difference in Ey between VHygg prepared in the present
work and VHy g, [30] is not found.

Fig. 7 shows the dependence of Ey on the Mo content, x. The
value of Ey for the O sites was 25.7kJmol~! for x=0. The Ey
was almost constant between x =0 and 0.05 but that decreased to
23.2kJmol~! by increase in x from 0.05 to 0.1. The Ey was evalu-
ated not only for the O sites but also for the T sites for x=0.1. The
value of Ey for the T sites was 17 k] mol~!, which was lower than
that for the O sites. To our knowledge, neither hydrogen occupa-
tion of the T sites nor Ey for the T sites in the 3 phase of V-H has
not been reported. Hayashi et al. have reported that hydrogen and
deuterium atoms occupy both the O and T sites in VHg goDg 20 With
a BCT structure and those on the T sites diffuse faster than those
on the O sites [27,30]. The values of Ey in VHgggDg20 have been
estimated to be 25.0k] mol~! for the O sites and 19.0 k] mol-! for
the Tsites [30]. On the other hand, Fukai and Kazama have reported
the diffusion paths of a hydrogen atom in the (3 phase of V-H [23].
Fig. 8 shows the schematic drawing of the diffusion paths modified
from their report [23]. A hydrogen atom occupying one of the O,
sites migrates to another O; site through three T sites in succession.
It is suggested that the residence time of hydrogen on the O sites is
significantly longer than that on the T sites with decrease in tem-
perature because the Ey for the O sites is higher than that for the T
sites.

The mean residence time of hydrogen, Ty, can be calculated
using Eq. (6) with Ey for each site. The temperature dependence of
Tmu ON the O sites in VHggg, on the T sites in VHg ggDg 20 [30] and
on the O and T sites in Vg gMog 1Hgeg is shown in Fig. 9. The value of
Tmu increased with decrease in temperature. The increase in Ty
corresponds to decreasing hydrogen mobility. The T,y on the O
sites was longer than that on the T sites. This indicates that hydro-
gen atoms on the T sites diffuse faster than those on the O sites. The
Tmu on the O and T sites in Vg9Mog 1Hggs wWas shorter than that
on the O sites in VHg gg and that on the T sites in VHg goDg 20 [30],

H on O, sites

H on T sites

—~V

Od OZ.

Fig. 8. Schematic drawing of diffusion paths of a hydrogen atom in the (3 phase of
V-H and the potential energy along the paths [23].

respectively. For x=0, 0.03 and 0.05 the temperature dependence
of T; was described by the component of the O sites in Fig. 6(a)-(c).
The component of the T sites was not clearly observed for them but
the value of T; especially at 19.65 MHz was slightly smaller than
each fitting curve below 200 K, where the component of the T sites
was found for x=0.1 in Fig. 6(d). This suggests that a small amount
of hydrogen atoms occupy the Tsites for x=0, 0.03 and 0.05 and the
hydrogen occupancy of the T sites for x=0.1 is significantly higher
than the other three chemical compositions.

The anisotropic lattice expansion from the o phase to the 3
phase is accompanied by change in site occupation of hydrogen
[13].Hydrogen atoms on the T'sites shift to the O, sites with increase
in c/a and those on the O, sites are the most stable at c/a~ 1.1
[32]. The value of c/a obtained for the 3 phase of V{_yMoxHg eg was
1.10-1.11 for x=0, 0.03 and 0.05, and 1.07 for x=0.1. The difference
in c/a is attributed to increase in hydrogen occupancy of the T sites.
Mo addition promoted the shift in hydrogen occupation from the
0, sites to the T sites by reducing the size of the O, site. Kamegawa
etal. have reported that Mo added Ti-Cr alloys with a BCC structure
formed the monohydride phase with a BCC structure [9]. It seems
that this isotropic lattice expansion by hydrogenation is also due to
low hydrogen occupancy of the O, site compared to pure V.

It has been reported that addition of Mo to BCC metals affects the
site occupation of hydrogen in the hydrogen solid solution phase
(o phase). The hydrogen diffusion was affected by change in the
site occupation. Nb metal forms the o phase with a BCC structure
and hydrogen atoms occupy the T sites [13], which is similar to

T/K
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2 10°
=
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10 ' ' '
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T/ 103K

Fig. 9. Mean residence times on the O sites in VHggg, on the T sites in VHg goDo.20
[30] and on the O and T sites in Vo9Mog.1Hogs.
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the V-H, system. Yagi et al. have reported that hydrogen atoms
shift to Mo atoms below x=0.1 in the o phase of Nb;_xMox-H and
that those occupy not only the T sites but also the O sites above
x=0.2 [33,34]. On the other hand, Tanaka and Kimura have deter-
mined the diffusion coefficient of hydrogen, Dy, in the o phase of
V-H and Vg g9Mog g1 —H by means of the electric resistivity method
[18]. The value of Dy at 273K was slightly reduced by addition
of Mo. Mazzolai has determined the Dy and Ey in the o phase of
TixCrg.975_xMo0g 025-H (x=0.515, 0.545) by means of the absorption
method [35]. The value of Ey was increased by addition of Mo. He
explained that it was due to attractive interaction between hydro-
gen and Mo atoms. On the contrary, for the 8 phase of V;_yMox-H
in the present work, Mo addition affects the site occupation of
hydrogen, i.e., hydrogen atoms shift from the O, sites to the T sites
in VggMog 1Hges. Hydrogen atoms in VggMog1Hgeg can diffuse
faster than those in VHgygg because the T,y on the O and T sites
in VggMog 1Hggg was shorter than that on the O sites in VHg gg.

5. Conclusions

Hydrogen atoms occupied mainly the O sites in the 3 phase
of Vi_xMoxHggs from x=0 to 0.05. The activation energy for the
hydrogen diffusion for the O sites decreased from x=0.05 to 0.1.
Hydrogen atoms occupy not only the O sites but also the T sites in
Vo.9Mog 1Hggs. Shift of hydrogen occupation from the O sites to the
T sites accompanied the reduction in the axis ratio of the BCT lat-
tice, c/a. The activation energy for the hydrogen diffusion for the T
sites was lower than that for the O sites. In conclusion, Mo addition
affected the site occupation of hydrogen and enhanced the diffusion
of hydrogen in the 3 phase of V-H.
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