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Abstract
Powder x-ray diffraction and the electrical resistivity of
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx with different hydrogen concentrations
have been investigated and the results have been discussed. An experimen-
tal facility has been developed to measure the in situ electrical resistivity of
alloys during the hydrogen absorption process. Variation in in situ electri-
cal resistivity with hydrogen concentration in (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5

has been explained using the phase transformation during hydrogen absorp-
tion. Differential scanning calorimetry (DSC) studies have been performed
in (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx with different hydrogen concentra-
tions in the temperature range 50–250 ◦C under argon atmosphere. The DSC
studies show that the desorption of hydrogen is from the 24l (A2B2) tetra-
hedral sites. The activation energies and diffusion coefficients of hydro-
gen in (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5 have been determined in the range
30–100 ◦C from the hydrogen absorption kinetics measurements. The diffu-
sion coefficient of hydrogen in (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx at 30 ◦C is
1.1 × 10−10 cm2 s−1.

1. Introduction

Metal hydrides are of considerable interest for safe and practical hydrogen storage. Among
the different types of metal hydrides, Zr-based AB2 Laves phases are regarded as promising
hydrogen storage materials for vehicular applications due to their high storage capacity, fast
kinetics and easy activation [1–3]. From our previous study, we identified the presence
of different phases in Zr-based AB2 Laves phase hydrides from the kinetics of hydrogen
absorption, x-ray diffraction with different hydrogen concentration [4]. However, the
measurements of electrical resistivity during hydrogen absorption in alloys are difficult because
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of the decrepitation of alloys into fine particles during hydrogen absorption. Previous reports
show that this problem can be overcome by using compressed powder [5] and thin films [6, 7].
However, Ishikawa et al [8] developed a new method to measure the in situ electrical resistivity
of unstable LaNi5Hx and LaCo5Hx . In order to restrain rapid volume expansion and prevent
the sample from fracturing, the sample was allowed to react with hydrogen under the influence
of mechanical stress. Moreover, differential scanning calorimetry has been used to study
the various reactions taking place in alloy hydrides during heating [9, 10]. Fernandez et al
have studied the hydrogen desorption and heat of formation simultaneously in Zr-based C15
Laves phase alloys using differential scanning calorimetry–mass spectrometry [11]. Aoki et al
identified the preferential occupancy of hydrogen atoms in C15 Laves phase GdFe2 alloy
hydrides (A2B2 and AB3) from the DSC studies of its hydrides [12].

Our earlier hydrogen absorption studies of stoichiometry and non-stoichiometry Zr-
based AB2 alloys revealed that the (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5 forms stable hydride
at room temperature [4]. In this paper, we present the systematic study of the growth
of different phases using powder x-ray diffraction of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx

with different hydrogen concentrations. The dependence of electrical resistivity
of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx on the hydrogen concentration and in situ
electrical resistivity of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5 have been studied using the
linear four-probe method and the results have been discussed. DSC studies of
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx have been performed in order to determine the nature
of the desorption reaction and the hydrogen site occupancy. In addition, we present the results
obtained from the kinetics of hydrogen absorption studies of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5

in the temperature range 30–100 ◦C.

2. Experimental details

(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5 has been prepared by arc melting the high purity constituent
elements with stoichiometric proportions in an arc furnace (∼0.80 bar Ar atmosphere). Since
the vapour pressure of Mn is very high, 6 wt% of excess Mn is added to the total mixture
following the normal procedure. The alloy button was then remelted six times by turning it
upside down, after each solidification, to ensure homogeneity. The percentage weight loss
of the alloy during the preparation was less than 0.2%. The alloy powders were activated
towards hydrogen by exposing them to a hydrogen atmosphere of 20 bar at room temperature.
Degassing was performed by heating the alloy hydride particles at 200 ◦C in vacuum. Alloy
hydrides with different hydrogen concentrations for XRD, resistivity and DSC measurements
were obtained, after six absorption/desorption cycles, by allowing different initial hydrogen gas
pressures inside the sample chamber.

Room temperature powder x-ray diffraction patterns have been obtained for
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx using Cu Kα radiation. Resistivity measurements of
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx have been carried out using the linear four-probe method
on pellets (8 mm × 2 mm) at room temperature. An experimental facility has been developed
to measure the in situ resistivity of alloys during hydrogen absorption. The samples for in situ
resistivity measurements have been obtained by completely degassing the alloy hydrides after
six hydrogen absorption/desorption cycles. These alloy particles were then compressed in the
form of pellets with dimensions of 8 mm diameter and 2 mm thickness. A block diagram of
the experimental facility (sample holder) developed is shown in figure 1, where the pellet was
tightly packed with silica powder. This compression can prevent further fracturing of alloy
particles during hydrogen absorption. Moreover, silica powders easily allow the hydrogen gas
molecules to pass through because of the small size of hydrogen molecules. The sample holder
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was then placed in a closed chamber and the sample was allowed to react with hydrogen.
Electrical resistivity was then measured by the linear four-probe method during the hydrogen
absorption process. The differential scanning calorimetry analyses have been performed with
10 mg of alloy hydride powder with a heating rate of 10 ◦C min−1 under an argon flow rate of
100 ml min−1.

3. Results and discussion

3.1. XRD studies

The room temperature powder x-ray diffraction patterns of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx
with different hydrogen concentrations are shown in figure 2. The XRD pattern of pure alloy
shows that this alloy crystallizes in the C14 hexagonal structure with space group P63/mmc
and the corresponding diffraction peaks are indexed. As the hydrogen concentration increases
up to x = 0.6, the diffraction peaks of the hydrides are identical to that of the parent al-
loy with small changes in the lattice parameters and the intensity of the diffraction peaks
decreases (α phase). As the hydrogen concentration increases beyond x = 0.6, a new set
of Bragg reflections starts appearing. These reflections grow as the amount of hydrogen
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Figure 2. Powder x-ray diffraction patterns of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx (x = 0, 0.2,
0.35, 0.6, 0.8, 1.0, 1.3, 1.6, 1.9, 2.2, 2.5, 2.7, 3.0 and 3.2).

concentration increases. The new set of Bragg reflections is identical to that of parent alloy
with a large shift towards the lower angle. These reflections are due to the formation of hydride
phase (β phase) with increase in hydrogen concentration. The intensity of these reflections
corresponding to the β phase increases and simultaneously the intensity of the reflections cor-
responding to the α phase decreases with hydrogen concentration. This may be due to the
growth of the hydride phase (β phase) at the expense of metal rich phase (α phase). When
the hydrogen concentration is around 2.7, Bragg reflections corresponding to the α phase dis-
appear, revealing the complete formation of the alloy hydride phase. The phase regions and
phase boundaries identified using the above XRD analysis are in good agreement with those
identified from the pressure–composition (P–C) isotherms at 30 ◦C (figure 3). Figure 4 shows
the intensity variation of the (112) peak with hydrogen concentration in the α and β phases in
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx . Lattice parameters and unit cell volumes of the α phase
and β phase have been obtained using the least square refinement technique and are given in
table 1. The volume expansion with maximum hydrogen concentration is found to be around
26%.

3.2. Resistivity of alloy hydrides

Electrical resistivities of alloy hydrides have been studied using the linear four-probe method.
Pellets of dimensions 8 mm × 2 mm were used for the measurements. The main factors
affecting the electrical resistivity are the particle size and density of the pellets. Previous
hydrogen absorption studies showed that the particle size becomes uniform after several
hydrogen absorption/desorption cycles [13]. The relation between the rate of hydrogen
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Figure 4. Variation of the intensity of (112) reflection in the α phase and β phase with hydrogen
concentration in (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx .

absorption and the number of cycles is that when the time required for two consecutive
absorption cycles is the same then the activation is complete. Thereafter, the particle size
remains uniform [14]. In the present study, the alloy hydrides for resistivity measurements have
been obtained after six hydrogen absorption/desorption cycles. Pellets of these alloy hydrides
have been obtained by applying uniform load (about 5 t) and the mean value of density of
the alloy hydride pellets is 6.53 g cm−3. Figure 5 shows the variation of electrical resistivity
of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx at room temperature with hydrogen concentration.
The variation shows an increase–decrease–increase behaviour of electrical resistivity. This
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Table 1. Lattice parameters and unit cell volumes of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx .

R = nH/nf.u. a (Å) c (Å) v (Å
3
) �v/v (%)

0 4.992 ± 0.002(α) 8.148 ± 0.002(α) 175.8 ± 0.1(α) 0
0.2 5.000 ± 0.002(α) 8.172 ± 0.004(α) 176.9 ± 0.2(α) 0.6
0.35 5.004 ± 0.001(α) 8.190 ± 0.004(α) 177.6 ± 0.1(α) 1.0
0.6 5.007 ± 0.003(α) 8.186 ± 0.006(α) 177.6 ± 0.3(α) 1.0

5.321 ± 0.007(β) 8.652 ± 0.009(β) 212.2 ± 0.6(β) 20.7
0.8 5.007 ± 0.001(α) 8.183 ± 0.002(α) 177.7 ± 0.1(α) 1.1

5.322 ± 0.006(β) 8.659 ± 0.009(β) 212.5 ± 0.6(β) 20.8
1.0 5.000 ± 0.002(α) 8.174 ± 0.002(α) 177.0 ± 0.1(α) 0.7

5.326 ± 0.006(β) 8.716 ± 0.008(β) 214.1 ± 0.5(β) 21.8
1.3 5.000 ± 0.001(α) 8.174 ± 0.002(α) 177.0 ± 0.1(α) 0.7

5.330 ± 0.008(β) 8.714 ± 0.009(β) 214.4 ± 0.8(β) 21.9
1.6 5.002 ± 0.001(α) 8.178 ± 0.001(α) 177.2 ± 0.1(α) 0.8

5.333 ± 0.009(β) 8.720 ± 0.009(β) 214.8 ± 0.8(β) 22.2
1.9 5.008 ± 0.003(α) 8.181 ± 0.005(α) 177.7 ± 0.3(α) 1.1

5.345 ± 0.006(β) 8.701 ± 0.008(β) 215.3 ± 0.5(β) 22.4
2.2 5.008 ± 0.002(α) 8.181 ± 0.004(α) 177.7 ± 0.2(α) 1.1

5.345 ± 0.007(β) 8.721 ± 0.008(β) 215.8 ± 0.6(β) 22.7
2.5 5.011 ± 0.003(α) 8.199 ± 0.005(α) 178.3 ± 0.3(α) 1.4

5.355 ± 0.009(β) 8.743 ± 0.007(β) 217.2 ± 0.8(β) 23.5
2.7 5.361 ± 0.009(β) 8.772 ± 0.009(β) 218.3 ± 0.8(β) 24.2
3.0 5.364 ± 0.007(β) 8.764 ± 0.009(β) 218.4 ± 0.7(β) 24.2
3.2 5.391 ± 0.008(β) 8.793 ± 0.008(β) 221.3 ± 0.7(β) 25.9

behaviour can be explained using different phases present in the alloy hydride system. The
initial increase in electrical resistivity with increase in hydrogen concentration is due to the
hydrogen atoms in the α phase acting as scattering centres for the electron flow and thereby
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variation with hydrogen concentration during hydrogen absorption at room temperature for
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5.

induces an increase in resistivity. Further increase in hydrogen concentration leads to the
formation of clusters of hydrogen atoms (α + β phase), which effectively reduces the number
of hydrogen scattering centres. This reduction in the scattering centres leads to an increase
in electrical conductivity and thereby a decrease in resistivity is observed in the concentration
range x = 0.7–2.7. As the hydrogen concentration increases beyond x = 2.7, there is an
increase in resistivity observed. This may be due to the random arrangement of hydrogen
atoms in the metal hydride phase acting as a scattering centre for the electron flow and thereby
resulting in increased resistivity with hydrogen concentration.

3.3. In situ resistivity studies

Figure 6(a) shows the variation of ρ/ρ0 (ρ0 = 2.7 × 10−3 � cm) and hy-
drogen concentration with time during hydrogen absorption at room temperature for
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5. The ρ/ρ0 value as well as hydrogen concentration suddenly
started to increase after 10 min of hydrogen charging and reaches an equilibrium value, which
is due to the formation of hydrides. There is an anomaly in the resistivity variation; first a
maximum and then a minimum of ρ/ρ0 takes place at different times. The real task is the
explanation of the non-monotonic change in the resistivity with time. In order to explain this
anomalous behaviour, we have plotted the dependence of ρ/ρ0 with hydrogen concentration
and this is shown in figure 6(b). The variation shows an increase–decrease–increase behaviour
of ρ/ρ0. It seems this variation is due to enhanced electron scattering by the hydrogen intersti-
tial atoms in the α and β phases. The dependence of in situ electrical resistivity with hydrogen
concentration is similar to the electrical resistivity of the alloy hydrides. For the concentration
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range x = 0–0.7, random occupation of hydrogen atoms in the interstitial sites leads to an
increase in the electrical resistivity. For x = 0.7–2.6, cluster formation of hydrogen atoms
occurs, which effectively reduces the number of scattering centres and thereby a decrease in
resistivity is observed. As the hydrogen concentration increases beyond x = 2.6, the increase
in resistivity is due to randomly arranged hydrogen atoms in the metal hydride phase acting
as scattering centres for the electron flow. Different phases and phase boundaries obtained
from the in situ resistivity measurement is in good agreement with those identified from P–C
isotherms at 30 ◦C (figure 3) and resistivity of alloy hydrides (figure 5).

3.4. DSC studies

Desorption of hydrogen from (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx with different hydrogen
concentration has been analysed using differential scanning calorimetry (DSC). DSC
experiments have been performed with 10 mg of alloy hydride powder with heating
rate of 10 ◦C min−1 under the argon flow rate of 100 ml min−1. After six hydrogen
absorption/desorption cycles, the alloy hydride powders were taken out from the
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sample cell and used for DSC measurements. Figure 7 shows the DSC curves of
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx with different hydrogen concentrations. All DSC curves
of the alloy hydrides show a strong endothermic peak in the temperature range 215–220 ◦C. It
is reported that, in C15 Laves phase GdFe2–Hx , hydrogen atoms can occupy two tetrahedral
sites, namely A2B2 and AB3. DSC curves of GdFe2–Hx also show two endothermic peaks
corresponding to A2B2 and AB3 sites [12]. In our case we observed one major endothermic
peak at around 220 ◦C. This may be due to desorption of hydrogen atoms from the stronger
energy site in the C14 structure. In C14 Laves phase AB2 alloys there are different interstitial
sites available for hydrogen occupancy such as A2B2, AB3 and B4. Previous neutron diffraction
studies of C14 Laves phase alloys revealed that the preferential occupancy of hydrogen atoms
in C14 Laves phases is only different types of A2B2 sites, and the other tetrahedral sites
such as AB3 and B4 are not preferred [15]. This implies that the strong endothermic peak
observed in (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx may be due to desorption of hydrogen from
the 24l (A2B2) tetrahedral sites. However, in addition to a strong peak around 220 ◦C, we
also observe a small kink at lower temperature. This can be explained due to breaking of the
oxide layer covering the small particles forming the sample as explained in [11]. During the
transfer of metal hydride particles to the DSC unit, there may be surface oxidation that gives
rise to stabilization of the hydrides. During the thermal heating, hydrogen can diffuse through
the oxide layer and evolve from the sample. This process is usually slow because of the low
diffusivity of hydrogen through the oxide layer, and after the diffusion process it recombines at
the surface and then H2 desorption proceeds faster, which will be observed as a sudden increase
in the DSC curves [11].

3.5. Kinetics of hydrogen absorption

The kinetics of hydrogen absorption has been obtained by measuring the hydrogen pressure
change during the hydrogen absorption process in a closed system of constant volume. It
would appear that the absorption rate is controlled by different mechanisms when the reactions
proceed through different phase regions. The possible rate determining steps involved in the
hydrogen absorption kinetics are the surface process, the interface process and diffusion. The
surface process, chemisorption and nucleation of the hydrides occur at the initial stage of
absorption. As the absorption process proceeds further, the hydride phase nuclei start growing.
After some time, the growing hydride phase nuclei contact with each other with a corresponding
decrease in interfacial area and in this process the reaction rate is controlled by the phase
transformation at the α → β interface [16]. When the β phase hydride is formed completely,
the diffusion of hydrogen should constitute the rate determining step [17, 18].

Figure 8 shows the typical measurement of the kinetics of hydrogen absorption of
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5 at different temperatures. It can be seen that the hydrogen
concentration increases with time and reaches an equilibrium concentration. The hydrogen
absorption reaction rate increases with increase in temperature, which is attributed to the
diffusion controlled reaction. The experimental data have been analysed using the Avrami–
Erofeev rate equation

F = 1 − e−ktn
(1)

where F is the fractional hydrogen concentration in the host alloy, k is the reaction constant and
n is the reaction order. To determine the reaction order, the experimental data can be analysed
with the following method. When the order is assumed, the rate equation which best fits the
observed data can be found for the appropriate value of the order (n). For our systems, the
reaction order was determined as 1.0 for all phases by fitting the experimental data. Therefore
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the rate equation becomes

− ln(1 − F) = kt . (2)

To obtain reaction constants k using equation (2), the results of the hydrogen absorption process
for various constant temperatures are plotted as −ln(1 − F) versus t . It may be seen from
figure 9 that the experimental data fit to two linear segments and a gradual slope change occurs.
This implies that two different processes are controlling the rate at initial and final stages of the
absorption reaction respectively. It was found from the P–C isotherms that the concentration



Hydrogen-induced changes in Zr-based AB2 alloy 2953

(Ti
0.1

Zr
0.9

)
1.1

Mn
0.9

V
0.1

Fe
0.5

Ni
0.5

-H
 (α+β) phase
 β phase

-25

-24

-23

-22

-21

0.0026 0.0028 0.0030 0.0032 0.0034

1/T (1/K)

-4.5

-4.0

-3.5

-3.0

-2.5

ln
 D

ln
 k

 

Figure 10. ln k versus 1/T and ln D versus 1/T plots in the α + β phase and β phase for the
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–H.

(This figure is in colour only in the electronic version)

at which the slope changes corresponds to the α + β phase to β phase transition region [19].
The first linear segment would seem to correspond to the α + β phase and the second one to
the β phase. The surface process, chemisorption and nucleation of the hydrides occur at the
initial stage of absorption, which seem to be unnoticed in our case, because of the fast reaction
kinetics in the α phase. The rate constants (k) have been calculated for the α + β phase and
β phase at various temperatures from the slopes of the first and second linear regions of the fit
shown in figure 9 respectively.

When the β phase hydride is formed completely, the diffusion of hydrogen will be the
rate determining step [17]. It is possible to determine the diffusion coefficient (D) from the
rate constant of the diffusion controlled reaction. The hydrogen diffusion coefficient can be
obtained for the hydrogen content mt at time t with a spherical particle of radius r from the
first term of the series expansion of Fick’s second law [20, 21]

1 − mt

m∞
= 6

π2

∞∑

l=1

1

l2
exp

(−l2π2 Dt

r 2

)
. (3)

For l = 1, equation (3) is similar to (2). The diffusion coefficients have been calculated from
the slope (KD = π2 D

r2 ) of the linear region (β-phase) of the −ln(1 − F) versus t plot (figure 9)
using an average particle radius r [4]. From our earlier study, we showed that the average
particle radius of Ti0.1Zr0.9Mn0.9V0.1Fe0.5Ni0.5 alloy hydride after several cycles of hydrogen
absorption and desorption is approximately 5 µm from the SEM image [4]. Assuming an
average particle radius of 5 µm for (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5, the diffusion coefficients
are calculated and the values are in the range 1.1 × 10−10–5.6 × 10−10 cm2 s−1. Figure 10
shows the Arrhenius plot of ln k versus 1/T for the interface (α + β phase) process and ln D
versus 1/T for the diffusion (β phase) process. Related activation energies (Ea) are obtained
from the slope and the values from these measurements are Ea = 160 ± 10 meV for the
(α + β) phase and Ea = 210 ± 9 meV for the β phase. The values of the activation energy
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and diffusion coefficient obtained by quasi-elastic neutron scattering for Ti0.8Zr0.2CrMn–H are
0.22–0.5 eV and D = 6 × 10−8 cm2 s−1 at 100 K respectively [22], which are comparable
to our experimental data. Earlier studies on hydrogen diffusion showed that the diffusion
coefficient in Zr(Fe0.3Mn0.7)2–H is 2×10−11 cm2 s−1 at room temperature [23]. In our previous
study of kinetics of hydrogen absorption for Ti0.1Zr0.9Mn0.9V0.1Fe0.5Ni0.5, we found that D =
2.7×10−11 cm2 s−1 at 30 ◦C and activation energy Ea = 0.17 eV in the α+β phase and 0.22 eV
in the β phase [4]. The values of activation energies in (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5 are
lower than those in Ti0.1Zr0.9Mn0.9V0.1Fe0.5Ni0.5 due to the presence of an excess amount of
Zr, the most reactive element towards hydrogen.

4. Conclusion

The x-ray diffraction of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx with different hydrogen
concentrations show that with increase of hydrogen content formation of the β phase
occurs at the expense of the α phase. The in situ electrical resistivity measurements in
(Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5 show the presence of different phases as seen in the pressure–
composition isotherms. The desorption temperature of (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5–Hx

from DSC studies is around 220 ◦C with hydrogen desorption from 24l(A2B2) tetrahedral
sites. The kinetics of hydrogen absorption studies in (Ti0.1Zr0.9)1.1Mn0.9V0.1Fe0.5Ni0.5 give
the activation energy and diffusion coefficient of hydrogen as 160 ± 10 meV (α + β phase),
210 ± 9 meV (β phase) and 1.1 × 10−10 cm2 s−1 (30 ◦C) respectively.
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