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In this contribution we report on the results of our recent 'H NMR studies of different metal hydrides
of interest for reversible hydrogen storage applications: Ti-V-Cr alloys of various compositions, pure
and with Zr7Niqo or Hf;Niqo additives, and in additives themselves. The temperature dependences of 'H
spin-lattice relaxation have been treated within an exchange model.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

During the last decades metal hydrogen systems as hydrogen
storage materials were subject of intensive studies. Despite a con-
siderable amount of both experimental and theoretical works, a
fundamental and comprehensive understanding of intrinsic mech-
anisms that govern the thermodynamics and hydrogen kinetics in
these hydrides still merits complementary investigations. In such
perspectives, deeper knowledge on local structure and hydrogen
mobility is helpfully required. Appreciable enlightening of main
characteristics (static and dynamics) can be provided using nuclear
magnetic resonance (NMR) method which is an especially powerful
tool to investigate metal hydrogen systems [1-3].

The magnesium dihydride MgH, is one of the most attractive
materials for hydrogen storage due to its high storage capac-
ity (7.6 wt.% of hydrogen) and low cost of magnesium. However,
its rather slow hydrogen absorption and desorption kinetics as
well as high dissociation temperature, which is above 673K,
essentially limit its application for hydrogen storage. Numerous
attempts have been made in order to improve magnesium hydro-
gen absorbing-desorbing characteristics. It has been reported
experimentally that mixing magnesium or magnesium hydride

* Corresponding author at: Faculty of Physics, Department of Quantum Mag-
netic Phenomena, St Petersburg State University, 1 Ulyanovskaya St., Petrodvorets,
198504, St Petersburg, Russia. Tel.: +7 812 428 44 69; fax: +7 812 428 72 40.

E-mail address: marinashelyapina@mail.ru (M.G. Shelyapina).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.10.195

with small amount of transition metals (TM) [4] or their oxides [5]
essentially accelerates the hydrogen kinetics. However, the nature
of this improvement up to now remains unclear.

Several attempts have been undertaken to explain it using NMR
techniques. In Ref. [6] it has been found from 'H NMR line width
measurements that in coarse-grained MgH, the hydrogen hopping
rate remains very slow up to 400 °C, whereas in MgH, ball-milled
with Nb, 05 additives the fraction of mobile hydrogen grows con-
tinuously with temperature. That indicates the acceleration of
reaction kinetics in this material is not only due to the decreased
diffusion distance, caused by decreasing grain size, but also due to
the faster hydrogen motion.

According to 'H nuclear spin-lattice relaxation data in nano-
scaled MgH, ball-milled with 10-15% V505 [7,8], the surface layer
contains paramagnetic centres which are responsible for the spin-
lattice relaxation rate enhancement. The authors suppose that
these paramagnetic centres result from broken bonds on the sur-
face of MgH, grains (these paramagnetic centres do not originate
from the ball material) and could provide high catalytical activity
of the mechanically activated Mg-based alloys.

NMR has been also applied to study hydrogen dynamics in
magnesium-scandium hydrides. In Ref. [9] the rates of H and D
atomic hopping in MgScHy metal-hydrides has been measured. In
particular, it has been found that the motion of hydrogen in MgScHy
is more rapid than in the metallic ScH, and the ionic MgH,, but
slower than in LaNisHy. A new double-quantum NMR method with
45Sc recouping reveals two types of deuterium with and without
scandium neighbours [10], which indicates that a part of hydrogen


dx.doi.org/10.1016/j.jallcom.2010.10.195
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:marinashelyapina@mail.ru
dx.doi.org/10.1016/j.jallcom.2010.10.195

V.S. Kasperovich et al. / Journal of Alloys and Compounds 509S (2011) S804-S808 S805

Table 1

Experimental structural data and calculated parameters of the exchange model of the proton spin-lattice relaxation for studied hydrides of Tip33V1.27Cr.4, Tio5V19Crog,
TiVosCri2Hs 0, TiVosCry 2 +4 at.%Zr7Nijg and TiVosCr 2 +4 at.%Hf;Nijg alloys; the values of 7o and 72°°K are given for the mobile/bounded hydrogen states.

Parameters Tip33V127Crig Tips5V1.9Crogs TiVogCrio TiVogCrio +4 at.%Zr;Nijo TiVogCry, +4 at.%Hf7Nijo
Structure type Alloy bcc bcc bcc bcc? bcc?
Hydride bce fcc fcc fcc? fcc?
Lattice parameter Alloy 2.981+0.002 3.028 £0.002 3.046 +0.002 3.026 +0.0022 3.041+0.0022
Hydride 3.036+0.002 4.269 +0.002 4.282 +0.002 4.255 +0.004° 4.271+0.0042
Pm/Db 0.35/0.65 0.45/0.55 0.30/0.70 0.37/0.63 0.36/0.64
E, (kJ/mol) 10.6 10.7 124 13.0 12.9
To( x 10-11s) 3.1/420 2.4/650 2.2/520 2.2/520 2.0/550
T300K(5107%5) 2.2/294 1.7/474 3.2/746 3.3/759 3.5/970
$5(G?) 35 38 28 26 20
K (Ks) 53 53 53 30 33

2 Structure type and lattice parameter are given for the main phase (TiVgCry2).

atoms are more mobile than the rest. Moreover, NMR measure-
ments confirm a non-statistical Mg and Sc distribution over the
crystal lattice.

The Ti-V-Cr alloys belong to a class of body centred cubic sys-
tems and exhibit potentially excellent characteristics of hydrogen
storage properties with maximum uptake of more than 3.5wt.%
hydrogen for the most appropriate compositions. According to the
ternary phase diagram, Ti-V-Cr alloys crystallize mostly to bcc
structure, except narrow region near TiCr, composition with Laves
phase AB, structure, which forms extremely stable hydride. How-
ever, even small amounts of V promote the bcc phase formation. In
the bcc structure, Cr is the element that moderates the thermal sta-
bility of the hydride. Due to the bigger covalent radius (compared
to Crand V atom), with the Ti content increasing, the lattice param-
eter of the bcc alloy increases. It reaches a maximum for 33.33 at.%
of Ti and the atomic percentage ratio Cr/V equal to 1.5 (formula
TiVogCry2) and decrease for lower or higher ratio. Increasing the
lattice parameter leads to increasing the interstitial space and like-
wise the number of available hydrogen sites. The stability of these
sites also changes with the composition of the alloy [11].

Besides the better thermodynamic properties, these ternary
alloys exhibit rather fast hydrogen sorption kinetics (compared to
MgH, ) which can be improved further by alloying with Zr;Ni; or
Hf7Niqg [12]. Despite numerous NMR studies of hydrides of pure
Ti, V, Cr and binary Ti-V, V-Cr alloys, the ternary Ti-V-Cr systems
which is interesting in terms of hydrogen storage have not been
investigated by NMR before to our knowledge.

In this paper, we report on the results of our 'H NMR study
of hydrogen mobility in ternary Ti-V-Cr alloys of various compo-
sitions (TiVygCry as a basic composition, Tip33V7127Cri4 as a Cr
rich compound, and Tig5V19Crgg as a vanadium rich compound),
TiVogCrio with Zr; Nijg or Hf Niqg additives, and in additives them-
selves.

2. Sample preparation and experimental methods

TiVsCr12, Tio33V127Cr1.4, Tio5V1.9Croe, Zr7Niqo and Hf7Ni]0 samples have been
prepared by induction melting of the pure elements (Treibacher Industries AG) in
argon atmosphere and melted three times each. The button-type ingot obtained
was about 20 g in mass. A part of each sample, obtained after melting, was hand-
crushed into fine powder (200 pwm), for XRD analysis, using a steel mortar in the air
atmosphere.

Another part of each sample was hydrogenated in autoclave at pressure 20 bar
and temperature 200°C. The estimation of the quantities of hydrogen absorbed
by the samples was made by weighting the samples before and after their
hydrogenation. That resulted in the formulas TiVogCr2Hs29, Tio33V127Cr1.4H1.13,
Tio5V1.9CrosHs 03, Zr7NijgHi676 and Hf;NijgHgos. The grain size after hydrogena-
tion was less than 100 wm. That is comparable to radiofrequency skin thickness in
such materials.

To prepare samples with additives TiVogCr; has been remelted with 4 at.% of
Zr7Niyo or Hf7Niy, after that they were hydrogenated using the same techniques as
it is described above.

The structural characterizations of the samples before and after hydrogenation
were done using a Siemens D-5000 X-ray diffractometer operated at Co Ko radiation

at room temperature. The structure type and lattice parameters for Ti-V-Cr alloys
before and after their hydrogenation are listed in Table 1. It is worth noting that all
compounds except Zr7Nijo remains crystalline after hydrogenation, whereas Zr;Ni; o
becomes partly amorphous that is in agreement with results of structural study
made in Ref. [13].

The pulse 'H NMR spectra were recorded within the temperature range
from 180 to 380K on home-built NMR spectrometer at 20 MHz. The tempera-
ture range was restricted by the low hydrogen release temperature of studied
alloys. The temperature of the samples was controlled with the accuracy £0.5K.
The spin-lattice relaxation times T; were measured using the inversion recovery
techniques.

The line shapes of the samples were also tested with home-built cw NMR
spectrometer (42 MHz). During the cw NMR experiment the first derivative of the
absorption spectral line was recorded. However, in Fig. 1 we show the '"H NMR
spectrum in TiVosCri2Hs29 hydride in more usual view, after integration of the
experimental signals. The 'H spectra in Tig33V1.27Cr1.4H1.13 and Tig5V1.9CrogHs 03 are
similar to the spectrum in Fig. 1. It is worth noting, that cw NMR spectra are always
distorted due to the finite amplitude of the modulation field A,. The effect is impor-
tant if the line width is comparable to the A,; value. In our case, all spectra were
treated using the home-built program, which takes into account the modulation
effect and provides real line intensities and widths.

As it is evident from Fig. 1, the '"H NMR spectrum of studied metallic hydrides
consist of two lines: narrow and broad, shifted one relative to another, that cor-
responds to the hydrogen existing in two states: mobile (m) and bounded to the
lattice (b), respectively. And one can suppose that there is an exchange between
these two states. To treat the temperature dependences of "H Ty in Ti-V-Cr hydrides
we applied the modified Bloembergen-Purcell-Pound (BPP) model [14] assuming a
fast exchange between mobile and bounded to the lattice hydrogen states [15]. This
model can be applied in a case when the life time of hydrogen in these states (tp,7)
is much less the spin-lattice relaxation time 7,,, <<T; and the relaxation functions
can be described by an average exponential function:

Pm DP»
Fi(t) = exp (—t(m+m>), (1)

where pn, and p, are relative concentrations of hydrogen in mobile and bounded
states (pm+pp=1).

0.8+ mobile hydrogen .

- _'

hydrogen

bounded to the lattice
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Fig. 1. "H NMR spectrum in TiVogCri2Hs9 at 42 MHz at room temperature. The
spectrum is superposition of broad and narrow components.
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In all studied Ti-V-Cr hydrides magnetization recovery curves were described
by a single exponential decay (see Section 3.1), i.e. the spin-lattice relaxation times
for both hydrogen magnetizations are equal. That means that the exchange between
these two states is fast in comparison to the spin-lattice relaxation rate and for T;
on can applied Eq. (1). It is worth noting that the presence of two lines in "H NMR
spectra also points out that for the proton spin-spin relaxation one deals with either
slow or intermediate exchange.

For the systems where 'H-'H dipole interactions dominates, to decrease the
number of fitting parameters we can neglect the contributions of dipole interactions
of protons with metal nuclei (see Ref. [15]), the only contributions taken into account
were from 'H-"H dipole interactions and from conduction electrons:

—1 -1 -1
T =T+ T )
where

2 T 47,
T,1 _ =z s cm + cm
e T3 (”'" 2HH (ngrgm 1140272,

Teh 4ch
+PoSam (HTH+T>) @)
0 “cb 0 “cb

Soun is the second moment due to 'H-'H dipole interactions, 7.y is the correla-
tion time that characterizes magnetic field fluctuation on the mobile and bounded
to the lattice 'H nuclei, wp is the 'H resonance frequency. The conduction elec-
tron contribution can be estimated from the relation K =T, T with Korringa constant
K=53+9Ks[15].

The temperature dependence of relaxation times is mainly defined by the corre-
lation time, which is usually written within the activation model t. = toef/k", where
E, is the activation energy of hydrogen motion, R is the gas constant, 7q is a pre-
exponential factor. The second moment S, was calculated using the well-known
van Vleck expression. For more details see Ref. [15].

3. Results and discussion
3.1. Ti-V-Cr hydrides

The magnetization recovery curves for the spin-lattice relax-
ation times of 'H in Tig5V19CrggHs,03, Tig33V127Cr14H113,
TiVogCri2Hs 29 were described by a single exponential decay over
all temperature. The proton T; values of the three samples mea-
sured at 20 MHz are plotted as a function of inverse temperature
in Fig. 2. It is clearly seen that the 'H T; strongly depends on
the composition of the Ti-V-Cr alloy. As a fraction of vanadium
in the alloy increases, the minimum of T; shift towards the low-
temperature side. This tendency is similar to that obtained for
binary Ti-V alloys reported in Ref. [16]. The T; minimum values are
higher for the alloys having the lower concentrations of vanadium:
11, 15, and 19 ms for Ti0.5V].9C1‘0_6H5.03, Tio_33V]_27Cl‘]_4H]_]3, and
TiVogCri2Hs29, respectively. This is close to the values, obtained

100 T T T T T T T T T T T T
80 _- ° TiVo.xcrl.sz.zq
60 E— 4 Tio.33V|A27crmH|A|3 3

" Ti V Cr H

05 1.9 0.6 5.03

40 F

T (ms)
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1000/ (K™

Fig. 2. Proton spin-lattice relaxation time T; at 20MHz in Tigs5V1.9CrogHs03,
Tio33V127Cr14H113 and TiVosCri2Hs29 as a function of inverse temperature. The
lines correspond to the fitting using exchange model.

in binary Ti-V alloys. However, the minima are shifted towards the
high temperature. In the high-temperature range (wgr<<1) the
T; values of the different samples do not agree with each other,
moreover, the T; versus 1/T profile strongly depends on the com-
position. As the fraction of vanadium decreases, the radius of the
curvature in the T; versus 1/T plot becomes short, as it is seen in
Fig. 2.

To estimate the parameters of the hydrogen mobility in
these samples the experimental data have been fitted within the
exchange model briefly described in Section 2. To estimate the
contribution of 'H->1V dipole interaction to proton relaxation in
TiVogCrioHs29 we calculated the second moment S, using the
well-known van Vleck equation and supposing equiprobable dis-
tribution of the V atoms on the metal sites in lattice and H atoms
on the tetrahedral interstitial sites. It was obtained, that vanadium
contribution is less than 20% and was neglected.

To test the presence of paramagnetic atoms in the samples,
the "H NMR spectra at 42 and 24 MHz have been recorded. It has
been obtained that the second moment S, of the broad component
depends on neither magnetic field nor temperature. That means
the V and Cr atoms are not paramagnetic in these compounds. This
has been also confirmed by the magnetic susceptibility measure-
ments.

The application of the exchange model provides very promis-
ing results in description of both temperature and frequency
dependences of the 'H T; in TiVgCriHso9. It also results in
a fair agreement between theoretical (28 G2) and experimental
(30 + 1 G2) values of the second moment S, that cannot be obtained
within classical BPP model even taking into account the activa-
tion energy (and/or correlation time) distribution [15]. Applying
the exchange model we suppose that the activation energy, which
is mostly determined by nearest neighbour metallic atoms, is the
same for mobile and bounded hydrogen, whereas the correlation
time (life time in one state or another), which also depends on the
number of vacant tetrahedral sites in the nearest neighbouring of
the mobile hydrogen atom, is different.

The other two hydrides, bcc-Tip33Vy27Cri4H113 and fec-
Tip5V1.9CrogHs,03, compared to TiVogCrisHsog, contain less
hydrogen or more vanadium, respectively. In order to estimate
contribution 'H->1V dipole interactions to proton spin-lattice
relaxation leads to 4% for Tig33V127Cri4Hy13 and 38% for
Tig5V1.9CrogHs 03, respectively. That means that despite the rather
small hydrogen content in bcc-Tig33Vi27Cri4Hy 13, the TH-H
dipole interactions dominate and the model can be applied. For fcc-
Tip5V1.9CrogHs 03 the situation is different, although the hydride
contains high amount of hydrogen and almost all tetrahedral inter-
stitial sites are occupied, the 1H->1V dipole interactions are not
negligible. To take it into account, and at the same time not to
increase the number of fitting parameters of the model, we use
in Eq. (3) the full second moment due to both 'H-'H and 'H-51v
dipole interactions. This kind of approach is a rather typical for such
systems. For example, in hydrides of binary Ti-V alloys to explain
the proton spin-lattice relaxation the contribution of vanadium was
artificially understated (see Ref. [17] and references therein).

As it is clearly seen in Fig. 2, the applied model almost perfectly
fits the experimental temperature dependences for all compounds.
The parameters of the model are listed in Table 1. The activa-
tion energy decreases with the vanadium concentration increasing,
that results to the shift of the T; minimum towards low temper-
atures. The pre-exponential factor 7o for the bounded hydrogen
seems to be more sensitive to the titanium content: it decreases
with Ti concentration decreasing. As for the pre-exponential fac-
tor 7o for the mobile hydrogen, it does not change noticeably,
but its smallest value corresponds to the fcc-Tigs5V19CrggHs03
hydride with the lowest content of chromium. Summarising the
data listed in Table 1, the activation process starts earlier for
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Fig. 3. Proton spin-lattice relaxation time T; at 20 MHz as a function of inverse
temperature in hydrides of pure TiVogCri, and with 4at.% of Zr;Nijo or Hf7Nijo
additives. The lines correspond to the fitting using exchange model.

the Tig5V19CrggHs 03 (the lowest activation energy and shortest
correlation time). The TiVggCrisHs29 hydride is the last in the
row.

3.2. TiVygCrio+4at%Zr;Nijg and TiVygCrio +4 at.%Hf7Ni10
hydrides

Due to the rather low melting temperature of
Zr7Nijp and Hf;Nijg additives, the final compositions of
TiVggCri, +4at.%Zr7Ni;g and TiVggCrqi, +4at.%Hf;Ni;g con-
sist of TiVygCry, crystallites covered by the additive as a shell.
Zr7Nijg and Hf;Niqg exhibit rather fast hydrogen kinetics that
helps to enhance the hydrogen sorption rate. To study the role
of the additives in the intern hydrogen mobility we record the
temperature dependence of proton Ty in TiVgCry 5 +4 at.%Zr;Niqg
and TiVpgCry; +4at%Hf;Nijg composites. The magnetization
recovery curves for 'H T; in these composites are described by a
single exponential decay over all temperature range.

In Fig. 3 we plot the 'H T; values as a function of inverse
temperature in pure TiVggCrjHs g3 hydride and with additives.
It is seen that for composites the T;(1/T) curves become more
asymmetric and the minimum is shifted towards the high tem-
perature. Moreover, for the TiVygCrq; +4at.%Zr;Nij¢ hydride the
relaxation times T; at high temperature are slightly lower than
in the pure hydride. In contrast to TiVgCry o +4at.%Zr;Niqg, in
TiVggCrq, +4at.%Hf;Nig alloy the temperature dependence of T;
is very similar to that one in the basic alloy TiVg gCry 3, although the
T; minimum is slightly shifted towards higher temperature.

To treat the experimental data we used the same model with
almost the same parameters as for the basic alloy. The fitting param-
eters are also listed in Table 1. The main changes are following:
increasing of the conduction electrons contribution (it affects more
the low temperature region); increasing the relative contents of
mobile hydrogen p;;; slight increasing the activation energy (the
minimum of T{(1/T) is shifted towards the higher temperature).
Because the activation energy E, is mainly depended on the nearest
neighbouring metallic atoms, it is possible that in the compos-
ites the main phase Ti-V-Cr has less vanadium. This assumption
is in agreement with small decrease of the lattice parameters (see
Table 1).
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Fig. 4. Proton spin-lattice relaxation time T; at 20 MHz as a function of inverse
temperature in Zr;NijoH1676 and Hf;NijoHsg 3.

3.3. ZT7Ni10 and Hf7Ni10 hydrldes

In Fig. 4 we present the temperature dependence of proton T;
in Zr;NijgH1676 and Hf;NijgHg g3 hydrides. It is clearly seen that
in both hydrides T; decreases with temperature increase. Due to
rather low desorption temperature we could not determine the Ty
(T) minima, which is obviously shifted towards higher tempera-
tures. Nevertheless we can tell that Zr;NiygHy6.76 is characterized
by higher hydrogen mobility and rather wide activation energy dis-
tribution that is typical for amorphous alloys [18]. For Hf7Ni;gHg o3
two local minima is observed at T=300 K and T=360 K. More prob-
ably it is related to two different activation energy levels; however,
for more accurate interpretation additional experimental data are
required. And it is obvious that for these compounds one cannot
neglect the relaxation due to paramagnetic Ni.

4. Conclusions
Proton spin-lattice relaxation measurements have shown:

- In Ti-V-Cr hydrides the relaxation strongly depends on the com-
position, namely the vanadium fraction; the activation process
starts earlier in vanadium reach hydrides.

- The addition of Zr;Ni;g or Hf7Niq to TiVg gCry  leads to increas-
ing the relative contents of mobile hydrogen but simultaneously
increases the activation energy. The last may be caused by the
less vanadium fraction in the composites.

- Zr7NijgH16.76 is characterized by higher hydrogen mobility and
rather wide activation energy distribution (compared to crys-
talline Hf7NiqoHg o3) that is typical for amorphous alloys.
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