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Abstract

Measurements of nuclear magnetic resonance (NMR) relaxation times allow the rates of H and D atomic hopping in metal-hydrides to be
determined. A first example compares the rates of H hopping in MggsScssPd; 4Hzyo, @ promising new battery electrode and storage alloy, to
LaNisH, and to the end-members of the alloy system, ScH, and MgH,. The motion of MgScH is more rapid than in the metallic ScH, and the
ionic MgH,, but slower than in LaNisH,. Magic-angle spinning (MAS) NMR of metal-deuterides is a newer method that can resolve inequivalent
D atoms and measure the rate of diffusive exchange between the sites. Examples include the tetrahedral and octahedral sites in YD,,, and D in

ZiNiD,.
© 2006 Elsevier B.V. All rights reserved.
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Nuclear magnetic resonance (NMR) is a powerful method
for measuring the dynamics of atoms in solids and is partic-
ularly interesting for metal-hydrides and -deuterides. In this
short review, two examples are discussed from the authors’
groups.

1. MgSc hydrides
1.1. Background

The research group at Philips/Eindhoven University has
recently shown Mg—Sc alloys to be effective systems for hydro-
gen storage and metal-hydride battery electrodes [1-3]. The
motivation behind this alloy system is to capture desirable fea-
tures of both end-members. At one end, MgH, has a high
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hydrogen storage capacity of 7.6 wt%. However, the binding is
of ionic character and this is believed to result in the very slow
diffusion kinetics of H in MgH,. At the other end is ScH; with
approximately 4.2 wt% storage but with the superior diffusion
kinetics typical of interstitial metallic hydrides. The Hy equi-
librium pressure [4] of the two-phase plateau region of ScH, is
very low at 1 Torr at 740 °C.

The Mg—Sc alloy hydrides take on the fluorite structure [3,5],
as does ScH», for Mg fractions <80%. At higher Mg frac-
tions the structure is rutile-like as for MgH, and it appears
the hydriding/dehydriding kinetics suffer markedly as a result.
The fluorite-to-rutile structural transition may be driven by a
change from metallic to ionic character. The fluorite-type MgSc
hydrides show high storage capacity of 6.7 wt%, most of which
is reversible, in approximate agreement with the view that the
material can be hydrided up to an H-content equivalent to 2
H/Mg and 3 H/Sc. The expansion of the lattice is believed to
allow partial occupation of the octahedral interstitial sites as the
T-O distance in the fully hydrided state is roughly equal to the
minimum of 2.1 A dictated by the Westlake criterion [3]. Mg—Ti
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alloys have similar behavior to Mg—Sc, but should be much less
costly [6,7].

We report here proton NMR relaxation times for a MgSc
alloy hydride, to directly determine the rate of H hopping. The
results are compared to NMR-determined hopping rates in the
end-members ScH, and MgH> as well as in the popular electrode
material LaNisHg g.

1.2. Methods

Bulk MgesScisPdy 4 was synthesized at Philips and loaded with Hy to
x=[H)/[M]=2.2 from the gas-phase. ScH, was also prepared at Philips and
commercial MgH» was used to compare to the MgSc hydride. Samples were
loaded into glass NMR tubes under 0.9 atm of N, and flame-sealed. RF field
penetration into the powered metallic samples was judged to be good from mea-
surements of rf pulse lengths for 7/2 and 7 nutations, compared to a water
reference sample.

Relaxation times were measured with a homebuilt pulsed, superhetero-
dyne NMR spectrometer with four transmitter phases and quadrature-detected
receiver. The transmitted power to the probe was about 80 W peak. Pulse
sequences were generated with a combination of TTL hardware and a Pulse
Blaster card. The NMR acquisition and analysis software was written locally.
T1 was determined with inversion-recovery and repeated-saturation-recovery
schemes. T, was measured from the decays of free induction signals (75),
two-pulse (Hahn) echoes, and CPMG echo trains. Continuous (not chopped)
spin-locking with yB1/2m =50kHz was used to measure T1,. The relaxation
of the dipolar-ordered state (T'1p, essentially T, in zero amplitude field) was
measured using a phase-alternated version of the Jeener—Broekaert three-pulse
method [8]. All measurements were made at 21.25 and 53.14 MHz at field
strengths of 0.5 and 1.25 T, respectively.

1.3. Results

The relaxation times for MggsSc3sPdy 4aHaog are presented
as functions of reciprocal temperature in Fig. 1. The data can be
understood [9] by realizing that 7 begins to increase (motional
averaging) when the H atomic hopping rate wy is about 10° s~
The T7, minimum corresponds to wy =35 X 10°s~ !, and a T}
minimum at 21.25MHz would reflect wg=2 x 103s~!, but
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Fig. 1. Proton NMR relaxation times in MgesScasPda 4aHaog. T was determined
at 21.25 MHz and T, used a nutation frequency of 50 kHz.
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Fig. 2. Proton NMR relaxation times for LaNisHg g. The T, data is from two-
pulse spin echoes. The T data are from 53.14 MHz (upper) and 21.25 MHz
(lower).

evidently the available temperature range is too low to reach
such a fast rate of H motion. One sample was heated to 300 °C
for about 1h and suffered irreversible changes (e.g., 71 was
different upon returning to 25 °C). To within a factor of two,
the time Tip is equal to the mean hopping time, l/wy, a
strong-collision result [9].

For comparison, similar data for LaNisHg g are presented in
Fig. 2. This material was synthesized at Ames Laboratory, lowa
State University, characterized by X-ray diffraction at JPL, and
hydrided from the gas-phase at WU. Comparing Figs. 1 and 2, it
is obvious that specific features such as the T, minimum occur at
much higher temperatures in MgScH, than in LaNisHg g. Thus,
at a given temperature the H motion in MgScH; is much slower
(by a factor of ~3000 near room temperature; see Fig. 3) than
in LaNisH()Ag.

The relaxation map of Fig. 3 presents the log of wy as a
function of reciprocal temperature for the present samples of
MgScH,, ScH,, MgH», and LaNisHgg. The data points are
from 71 minima (ScHj in Ref. [10] and LaNisHg g), the onset of
motional averaging (ScH», LaNisHg g, and MgScH,), T, min-
ima (ScH,, MgScH, and LaNisHg g), and T'1p (using wg = 1/T1p
in MgScH, and MgH>). In each case, the attempt frequency
w, is approximated as 10'3s~!, corresponding to 1000/7=0,
providing an additional point on each line. The straight line
fits correspond to wy =w, exp(—AE/kT), with the values of
activation AE/k given in the figure caption. The activation ener-
gies here agree with published values for LaNisH, [11] and
ScH, [12]. We believe this relaxation map approach to be more
robust than determining activation energies from the tempera-
ture dependences of individual relaxation times, given the broad
distribution of motion rates in some of these systems (LaNisHg g
and MgScH,).

We note that the 71p measurements reported in Fig. 3 are the
only NMR measurements of diffusive motion in MgH>, to our
knowledge. These involve long magnetization-recovery times
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Fig. 3. Relaxation map showing rate wy of H hopping as a function of recip-
rocal temperature in MgH»>, ScH», MgScH,, and LaNisHgg. The data points
correspond to 77 and T1, minima and the onset of averaging (increasing 7 or
Tz*); the smallest rates are from wy = 1/Tp. The approximate activation values
AE/k for the four systems are 16,800, 7300, 6100, and 3400 K, corresponding
to AE of 140, 61, 51, and 28 kJ/mol, respectively.

(T is about 1000 s) and very slow H hopping (T1p of 0.038 to
10 s is shown). This rate of H hopping is ~10,000 times too slow
to yield appreciable line narrowing [13]. The experiments were
limited to 7'< 355 °C to avoid rupture of the sample tube from
the Hy pressure [14].

The relaxation map of Fig. 3 demonstrates clearly the wide
range of hydrogen mobility in these materials. MgSc alloy
hydride has more rapid H motion than either end-member, with
MgHj; being extremely slow. The motion of H in LaNisHg g is
substantially more rapid than in MgScH.
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2. Magic-angle spinning deuterium NMR
2.1. Background

High-resolution NMR methods have been developed for
resolving inequivalent nuclei in a solid according to their chem-
ical (or Knight) shifts [15]. However, these methods have found
only sporadic application in metal-hydrides. The primary dif-
ficulty is that the H NMR lines in metal-hydrides typically
have 40 kHz dipolar (H-H) linewidths in the absence of motion
(while motional averaging will narrow the lines, the motion gen-
erally results in the H atoms exchanging sites and averaging
away the desired site-specific information). Magic-angle spin-
ning (MAS) alone cannot yet be performed with high enough
rotation frequencies to sufficiently narrow the hydrogen lines;
rotation frequencies much faster than the dipolar (homogeneous)
linewidth are needed. Multiple-pulse narrowing (e.g., the cyclic
irradiation of WAHUHA-4 or MREV-8) schemes [15] do not
work sufficiently well with metallic samples because of the rf
field inhomogeneity resulting from the partial tf shielding (skin
effect).

An underappreciated and simple solution to this problem
is MAS-NMR of deuterium in metal-deuterides [16,17]. The
MAS averages to zero the D-D and metal nuclei-D dipolar
interactions and the electric quadrupole broadening. In addi-
tion, isotropic susceptibility distortions of the external dc field
produced by the powdered sample are also averaged away.
Often 4 kHz sample spinning is sufficient for good averaging,
because the homogeneous D-D dipolar linewidth is no more than
1-2kHz. To provide rf field penetration, a metallic sample must
be powdered. To avoid dynamo currents in the rotating sample,
the metal sample powder is generally mixed with an insulating
powder such as Al,O3 or SiO».
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Fig. 4. MAS deuterium NMR spectra of YD, with x slightly less than 2 (at left) and greater than 2 (at right). For x <2, only T sites are occupied. For x>2, a second,
small line appears for the O-site D atoms at 194 K; at 294 K, the O and T resonances have merged by exchange averaging. The resonance frequency is 54.36 MHz.
Spinning side bands are marked with asterisks (*). In each panel, the higher temperature spectrum is offset for clarity.
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A related technique is MAS-NMR of dilute (residual) H
nuclear spins in metal-deuterides. The H-H dipole interactions
responsible for homogeneous line breadth are reduced suffi-
ciently by dilution to give good narrowing at modest MAS
speeds; the larger H-D interactions generate inhomogeneous
broadening and so average away even under slow MAS. We see
no advantage of this H MAS-NMR technique—the higher per-
spin sensitivity of H compared to D is cancelled by the required
dilution of H. In fact, stray hydrogen contamination of the sam-
ple, MAS rotor vessels, or probe is expected to be a problem
when using samples with dilute H.

2.2. Methods

These are single resonance deuterium NMR experiments. The MAS require-
ment of 4-8 kHz is easily met, even with older MAS probes. A simple test for the
undesirable dynamo currents is to insert the probe with spinning sample into the
dc field; dynamo currents produce drag and will reduce the spinning speed. The
purpose of MAS-NMR is to identify and quantify separate resonance signals
from inequivalent D atoms, so low temperatures are often required to slow the
D-atom diffusion and avoid averaging of the resonances. MAS designs with a
separate gas-flow for sample cooling (as opposed to bearing and spinning-drive
flows) are particularly good at low temperatures.

2.3. Results in YD,

The “simple picture” of D (or H) filling of the available sites
in YD, is that the tetrahedral (T) sites are lower energy and
should fill first. At the nominal composition of YD, the T sites
are filled, so further D atoms will locate on the sites of octahedral
symmetry (O) [18,19]. Atxof about2.1, a phase transition (coex-
istence region) from the f.c.c. fluorite structure to the hexagonal
structure of nominal YD3 begins [4]. However, neutron diffrac-
tion [20,21] and hydrogen NMR second-moment [22] evidence
suggested that O-sites begin to fill well before the T sites are
filled (i.e., x<2).

The MAS deuterium NMR results [16,17] presented in
Fig. 4 demonstrate that (i) for x <2, only a single resonance
is observed, from D atoms on T sites; (ii) for x> 2 but still in the
B-phase, the T sites resonance line below 210K is augmented
by a new resonance from occupied O-sites; and (iii) for x>2
and above 250K, the O and T resonance lines merge, indicat-
ing diffusion that exchanges atoms between the two kinds of
sites. Careful measurements of the relative resonance intensities
(areas) in case (ii) are in accord with the simple picture above.

Once distinct D-atom sites are resolved in the MAS-NMR
spectrum, the rate of exchange between them can be measured
by use of exchange NMR spectroscopy. As presented in Fig. 5,
the T resonance can be selectively inverted (see spectrum taken
10 ms after inversion). Subsequent T-O atomic exchange, the
most elementary diffusion step, carries the inverted deuterium
magnetization over to the O resonance (see 180 ms spectrum).
The time constant for this process, determined by inspecting the
NMR spectrum at several times after the selective inversion, is
exactly the mean time for a D atom initially on an O-site to
jump to a T site. These exchange results extend the previous
measurements of D-atom hopping to slower rates by several
orders of magnitude [16,17].
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Fig. 5. Deuterium MAS-NMR spectra taken 10 and 180 ms after selective inver-
sion of the T-site resonance. At 180 ms, exchange between the sites has carried
inverted spin magnetization to the O resonance.

In the YD»4, system, it was also possible to distinguish D
atoms in two kinds of T sites: those with versus those without
an occupied O-site nearest neighbor. The picture from MAS deu-
terium NMR has been confirmed with deuterium static-sample
quadrupolar-broadened lineshapes [16,17,23] and by 3 Y MAS-
NMR [24].

2.4. Results in ZrNiD,

Deuterium MAS-NMR reveals [25,26] two MAS lines for
x=2.99 (see Fig. 6). From the spinning sideband intensity
pattern, the stronger resonance has a small quadrupolar interac-
tion, while the weaker line has large quadrupole coupling. This
is in accord with static sample measurements; the 2:1 intensity
ratio (intensities include all spinning sidebands) agrees with
the numbers of ZrzNi and ZrzNi, sites in the known crystal
structure. The two resonances merge due to deuterium diffusion
(and the Zr3Nip site spinning sidebands broaden) at about
324 K.

For ZrNiD, with x=0.88 and x=1.0, two MAS resonances
of equal intensity appear [25,26], as shown in Fig. 6 for x=0.88.
This is remarkable, as the accepted diffraction-determined struc-
ture has only a single kind of D-atom site. The MAS evidence is
unambiguous, however, so a reexamination of neutron scattering
and diffraction was performed carefully on this material. Neu-
tron vibrational spectroscopy confirms the existence of at least
two kinds of D atoms [26]. The new structure determined by
neutron powder diffraction does have, in fact, two inequivalent
sites for D atoms [27].
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Fig. 6. Deuterium MAS-NMR of ZrNiDy. For both the v (x=2.99) and B
(x=0.88) phases, two distinct deuterium sites are evident. Spinning sidebands
are spaced away by about 80 ppm.

The D MAS-NMR spectra were used to map out the phase
boundaries in the ZrNiD, system [26]. The rate of D hopping is
readily determined at the temperature where the two lines in the
MAS spectrum coalesce due to hopping between inequivalent
sites. The observation of coalescence provides an unambiguous
measure of the motion rate at the specific temperature and can
thus be included on a relaxation map [26] (like Fig. 3) together
with relaxation time minima measured with non-spinning NMR
[28].

3. Conclusions

Measurement of relaxation times in MgScH; allows the rate
oy of H atom hopping to be determined over a wide temperature
range. At any given temperature, the rate is faster than in ScHp
and much faster than in the ionic MgH,, but slower than in
LaNisHgg. Measurements of wy as functions of H-loading x
and Sc/Mg ratio should shed light on the factors controlling H
motion in MgScH,.

Deuterium magic-angle spinning NMR is a simple yet power-
ful method for resolving inequivalent sites in metal-deuterides.
In YD,, MAS-NMR demonstrates the clean sequential filling of
first T sites and then O-sites. In ZrNiD,., the observation of two
resonance lines for x = 0.88 showed the existing crystal structure
to be incorrect, as confirmed by recent neutron diffraction and
neutron vibrational spectroscopy.
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