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Nuclear magnetic resonance studies of hydrogen diffusion in LaNi5.0H6.0 and LaNi4.8Sn0.2H5.8
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Diffusion measurements of hydrogen in LaNi5.0H6.0 and LaNi4.8Sn0.2H5.8 were carried out between 270 and
365 K using the alternating pulsed field gradient nuclear magnetic resonance technique. The diffusivity of
hydrogen in LaNi4.8Sn0.2H5.8 is characterized by a higher mobility and a lower activation enthalpy than ob-
served in LaNi5.0H6.0. The diffusivities at room-temperature,D(300 K), are 9.2310212 m2 s21 and
4.6310212 m2 s21 for LaNi4.8Sn0.2H5.8 and LaNi5.0H6.0, respectively. A fit of an Arrhenius expression,
D5D0exp(2Ha /kBT), to the diffusivities yields an activation enthalpy ofHa50.29 eV for LaNi5.0H6.0 and
Ha50.22 eV for LaNi4.8Sn0.2H5.8. The NMR spin-lattice relaxation ratesG1 and G1r were measured on the
same samples in the temperature range between 100 and 350 K. TheD values and the relaxation data are found
to be consistent with respect to the activation enthalpies for long-range diffusion in both alloys. The hopping
rates extracted from theG1r maxima correspond to long-range diffusion, and both sets of measurements
indicate faster motion for the Sn-containing hydride.
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I. INTRODUCTION

The highly favorable hydrogen storage properties
LaNi5Hx and related systems have made them the subjec
many investigations. The large reversible storage capa
between thea-LaNi5H0.5 and b-LaNi5Hx (x>5) phases
along with relatively constant equilibrium pressures in t
two-phase region are attractive characteristics for severa
plications. In spite of intensive research, fundamental pr
erties of these systems such as metal-hydrogen intera
and hydrogen diffusion behavior are still under discussi
NMR linewidths measurements of protons~deuterons! in
LaNi5Hx (LaNi5Dx) ~Ref. 1! and proton relaxation rate
measurements2–5 have been conducted in an effort to unde
stand the microscopic nature of hydrogen motion. The NM
wide-line spectra show both narrow and broad resonan
within certain temperature ranges.1 The proton spin-lattice
relaxation rate, measured either in the laboratory frameG1 or
in the rotating frameG1r , indicates multiple site occupancy
with different mechanisms of hydrogen motion dominati
at high and low temperatures.5 The dipolar contribution to
the relaxation rateG1,d andG1r,d is characterized by unequa
slopes on the low- and high-temperature sides of the ln(G1,d)
and ln(G1r,d) versusT21 curves. Furthermore,G1r studies
performed at different resonance frequencies in the rota
frame,v1/2p, indicate at low temperaturesG1r,d;v1

21.35,6

while G1r,d;v1
22 is expected for a single thermally act

vated process. This behavior of the proton relaxation ra
found for b-LaNi5Hx and related systems lead to the prop
sition that hydrogen motion consists of simultaneous loc
ized hopping and long-range diffusion processes.5 Quasielas-
tic and inelastic neutron-scattering studies7,8 on a-LaNi5Hx
strongly support this viewpoint.

In b-LaNi52yAl yHx , Al substitution for Ni increasesHa
570163-1829/98/57~21!/13599~5!/$15.00
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with subsequent reduction in the apparent diffusion coe
cient by more than two orders of magnitude going fro
y50 to y51.5.9,10 A similar behavior was found for hydro
gen diffusion in LaNi4BH1.5.

5 Owing to the lack of lattice-
specific theories for the complex hydrogen sublattices
these systems, all analyses of the proton spin-lattice re
ation rates are based on Lorentzian spectral density funct
introduced by Bloembergen, Purcell, and Pound11 ~BPP
functions!.

As an alternative to relaxation rate measurements, the
of pulsed magnetic-field gradients provides a direct acces
the long-range diffusivityD.12 In the case of powdered
LaNi5Hx , the random variation of the magnetization caus
large nonuniform background magnetic-field gradientsGi .
Thus, for a correct measurement of the diffusivity alternat
pulsed field gradients~APFG! are required in order to elimi-
nate contributions from the cross term between the app
gradients and the random background gradients.13,14Karlicek
and Lowe measured the diffusivity of hydrogen in LaNi5H6.5
between 331 and 375 K using the APFG technique.14 In the
present work, we also applied the APFG-NMR to study h
drogen diffusion in LaNi5.0H6.0 with the goal to extend the
range of the diffusion data to lower temperatures. A furth
aim of our work is to investigate the change in the diffusiv
if in LaNi5Hx Ni is partly substituted by Sn. Tin substitutio
for nickel produces substantial decrease in the plateau p
sure along with reductions in the absorption-desorption h
teresis ratios.15,16 Since the LaNi52xSnx alloys have shown
greatly enhanced stability of the hydride storage capa
during both thermal17 and electrochemical18 cycling, these
alloys are very promising candidates for several technolo
cal applications. Therefore, we measured the hydrogen
fusion in LaNi4.8Sn0.2H5.8 by means of APFG-NMR for tem-
peratures between 270 and 350 K. The diffusion data
discussed together with information deduced from the pro
13 599 © 1998 The American Physical Society
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spin-lattice relaxation ratesG1 andG1r that we measured a
the same samples.

II. EXPERIMENTAL DETAILS

The preparation and characterization of the high-pu
LaNi5.0H6.0 sample has been previously described by Sp
et al.5 when the sample was used for proton relaxation ti
measurements. The starting alloy LaNi4.8Sn0.2 had been pre-
pared at the Iowa State University, Ames Laboratory. T
LaNi4.8Sn0.2H5.8 sample for the present NMR experimen
had been prepared by reacting powder contained in a qu
tube of 7 mm outer diameter with hydrogen gas followi
the procedures of Spadaet al.5 except the maximum pressur
was below 1.5 bars. The bottom of the tube with the h
drided powder was cooled in liquid nitrogen while the tu
was sealed with a flame.17 The hydrogen diffusion rates an
desorption pressures, which will exceed 10–20 bars ab
360 K,15–17 determined the temperature ranges of the NM
experiments.

The proton relaxation ratesG1 were measured with the
same Bruker NMR spectrometer previously used by Sp
et al.5 The spin-lattice relaxation ratesG1 were determined a
a resonance frequency ofv0/2p534.5 MHz via the
inversion-recovery method. The measurements of the re
ation rates in the rotating frameG1r were performed employ
ing a spin-locking field of 7.3 G, corresponding tov1/2p
531.0 kHz, at v0/2p534.5 MHz for LaNi5.0H6.0 and
v0/2p545.7 MHz for LaNi4.8Sn0.2H5.8.

The diffusivities were measured employing the alternat
pulsed field gradient~APFG! technique proposed by Kar
licek and Lowe.13 The applied APFG sequence consists
five 180° rf pulses as illustrated in Fig. 1. Typical operati
conditions were gradient pulse lengthd50.5 ms and time
between two 180° rf pulses 2t51.6 ms. The gradient coils
are of anti-Helmholtz type with an inductivity of about 1 m
and an inner diameter of 26 mm and are fixed in the 89 m
room-temperature bore of a superconducting magnet.
positive and negative gradients required in an APFG exp
ment are produced by separate homebuilt current supp
Field gradient pulses up to 25 T m21 corresponding to a cur
rent of 60 A through the gradient coils are obtained with h
reproducibility and linearity over the sample volume
about 0.5 cm3. A fine adjustment assures that the negat
and positive gradient pulses have the same size.

The NMR signals were observed at a resonance freque

FIG. 1. Alternating pulsed field gradient~APFG! sequence. The
echo amplitude att510t is a function of the diffusion coefficient
The deviation of the gradient pulses from a rectangular shap
somewhat exaggerated. The background gradients (G0) are not
shown.
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of 37.2 MHz with a homebuilt Fourier-transform spectrom
eter using phase-alternating pulse schemes and quadr
detection. In order to improve the signal-to-noise ratio, s
nal averaging was performed up to 200 times.

The sample temperature was monitored with two Pt-P
thermocouples placed slightly above and below the sam
The temperatures were stabilized by means of a digital P
controller combined with Ohmic heating. Temperatures
low room temperature were achieved by cooling with co
nitrogen gas.

For the APFG measurements the amplitude of the gra
ent pulsesGA was varied in 18 steps and the correspond
echo amplitude of the nuclear magnetization13

M ~10t!5M0~10t!

3expF2g2DS 10

3
G0

2t3112I 3
2t14I 224I 3I 1D G

~1!

with

I 15E
0

dE
0

t8
G~ t9!dt9dt8,

I 25E
0

dF E
0

t8
G~ t9!dt9G2

dt8, I 35E
0

d
G~ t8!dt8, ~2!

was measured at the timet510t. In Eq. ~1! g52.6752
3108 rad s21 T21 denotes the gyromagnetic ratio of the pr
ton andG0 is a background field gradient. It is an importa
feature that in Eqs.~1! and ~2!, there is no cross termGA
•G0 contributing to the echo attenuation, as it is the case
simpler PFG sequences.12 Thus, the APFG technique permit
the diffusivity to be measured independent ofG0 , and here-
with independent of the random background gradientsGi
contributing to G0 . The deviations from the rectangula
shape of the gradient pulses with nominal lengthd and am-
plitude GA are taken into account by measuring the tim
dependent current through the gradient coil at a calibra
resistor. Subsequently, this signal is digitized in a 10 M
transient recorder with 12-bit resolution and the integrals
Eq. ~2! are numerically evaluated. The diffusivityD follows
from the slope of a plot of ln„M (GA,10t)… versus
g2(12I 3

2t14I 224I 3I 1) as the gradient amplitudeGA is var-
ied.

III. RESULTS AND DISCUSSION

The diffusivities of hydrogen in LaNi5.0H6.0 and
LaNi4.8Sn0.2H5.8 measured by APFG-NMR are shown in Fi
2. Within the investigated temperature range, theD values
for each sample are well represented by a single Arrhen
law, D5D0exp(2Ha /kBT), with the diffusion parameters
given in Table I. The diffusivities measured at 300
D(300 K), are also included in this table. Karlicek an
Lowe14 performed APFG measurements of hydrogen dif
sion in LaNi5H6.5 between 331 and 375 K. Their result
which are shown as a dashed line in Fig. 2, correspond
D(300 K)51.4310212 m2 s21 andHa50.42 eV. The larger
Ha and slower D measured by Karlicek and Lowe fo
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LaNi5H6.5 compared to the present results may be attribu
to the larger hydrogen content in their sample. This type
change with increasing hydrogen content has been noted
viously in several metal hydrides.19–22 Richter, Hempel-
mann, and Vinhas studied the hydrogen diffusivity
LaNi5H6 by quasielastic neutron scattering.23 They found for
the diffusivity at room temperatureD(300 K)55.0
310212 m2 s21, in very good agreement with the prese
results. Zu¨chner, Rauf, and Hempelmann24 observed by elec-
trochemical measurements in LaNi5Hx diffusion coefficients
at room temperature between 2.03310212 m2 s21 and 2.70
310212 m2 s21 depending on the orientation of the LaN5
crystal. Recent magnetic after-effect measurements25 yielded
Ha50.29 eV in La~Ni0.7Fe0.3!5H2 and Ha50.32 eV in
La~Ni0.7Fe0.3!5H0.7, which agree well with the activation en
thalpies measured in LaNi5H6 by quasielastic neutron
scattering,23 Ha50.275 eV, and by the APFG studies of th
present work,Ha50.29 eV.

An interesting feature of the present APFG results is t
the diffusivity D is higher and the activation enthalpyHa is
smaller in LaNi4.8Sn0.2H5.8 compared to LaNi5.0H6.0. TheG1

FIG. 2. Diffusion coefficientsD of hydrogen in LaNi5.0H6.0 and
LaNi4.8Sn0.2H5.8 measured by APFG-NMR. The solid lines repr
sent fits of Arrhenius terms to the diffusivities. The fit paramet
are given in Table I. For comparison, a fit to the diffusivities me
sured by Karlicek and Lowe~Ref. 14! on LaNi5H6.5 is included as a
dashed line.
d
f
re-

t
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andG1r data measured on the same samples also indica
higher hydrogen mobility in LaNi4.8Sn0.2H5.8. It is evident
from Fig. 3 that in this system theG1 and G1r maxima are
both observed at lower temperatures than in LaNi5.0H6.0. By
contrast, a reduction in the hydrogen mobility and an
crease in the effective activation enthalpy is reported for
substitution of aluminum for nickel in LaNi5Hx .9,10 In metal
hydrides the proton relaxation rate may be decomposed
cording to

G15G1,e1G1,d . ~3!

The electronic contributionG1,e results from the interaction
between the magnetic moments of the protons and the
duction electrons, and it follows the Korringa relation26

s
-

FIG. 3. Proton spin-lattice relaxation rates measured in the la
ratory frame (G1) and in the rotating frame (G1r). TheG1 data are
taken at v0/2p534.5 MHz. The G1r measurements were pe
formed at v0/2p534.5 MHz and v1/2p531.0 kHz for
LaNi4.8Sn0.2H5.8 and at v0/2p545.7 MHz andv1/2p531.0 kHz
for LaNi5.0H6.0. The dashed lines represent fits of Eq.~4! to theG1

data below 200 K. The corresponding Korringa products arecK

526.7 K s for LaNi5.0H6.0 and cK517.5 K s for LaNi4.8Sn0.2H5.8.
The solid lines are fits of Eq.~3! with a BPP model forG1r,d to the
G1r data on the high-temperature sides of theG1r maxima. A fit to
the data on the low-temperature side gives significantly smaller
tivation enthalpies~cf. Table I!.
TABLE I. Parameters of the hydrogen diffusion in LaNi5.0H6.0 and LaNi4.8Sn0.2H5.8 obtained by fitting an
Arrhenius expressionD5D0exp(2Ha /kBT) to the APFG results. Estimated uncertainties are65% in the
activation enthalpiesHa and620% in the pre-exponential factorsD0 . The diffusivities at 300 K,D(300 K),
have been calculated from the fitting parameters. TheHa values deduced from theG1r data in the indicated
temperature ranges are included for comparison.

Sample Source
T range

~K!
Ha

~eV!
D0

(1027 m2 s21)
D(300 K)

(10212 m2 s21)

LaNi5H6.0 APFG 310–365 0.29 3.4 4.6
G1r 210–300 0.31

160–200 0.18
LaNi4.8Sn0.2H5.8 APFG 270–350 0.22 0.36 9.2

G1r 180–300 0.24
120–170 0.11
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T/G1,e5cK . ~4!

Below temperatures of about 200 K theG1 data clearly show
Korringa behavior withcK526.7 K s for LaNi5.0H6.0 and
cK517.5 K s for LaNi4.8Sn0.2H5.8 ~see dashed lines in Fig
3!. Providing that the dipole-dipole interaction between t
hydrogen nuclei and the host nuclei is negligible, the dipo
spin-lattice relaxation rates are given by the relations12

G1,d53/2g4\I H~ I H11!@J~1!~v0!1J~2!~2v0!#, ~5!

G1r,d53/8g4\I H~ I H11!

3@J~0!~2v1!110•J~1!~v0!1J~2!~2v0!#. ~6!

I H denotes the spin quantum number of hydrogen
J(q)(v) are the spectral density functions, which are obtain
by Fourier-transformation of the correlation functions d
scribing the time dependence of the dipolar interactions.
simplest approximation are correlation functions that de
exponentially with time, as proposed in the BPP mode11

The solid lines in Fig. 3 represent fits of Eqs.~3! and ~6! to
the high-temperature sides of theG1r maxima using the BPP
model and the Korringa product deduced from theG1 data
below 200 K. The obtained activation enthalpies areHa
50.31 eV for LaNi5.0H6.0 and Ha50.24 eV for
LaNi4.8Sn0.2H5.8. A similar fit to theG1r data at low tempera
tures reveals significantly smaller activation enthalpies, in
cating the existence of a different process of hydrogen m
tion at low temperatures. Table I gives a comparison of
Ha values measured by APFG-NMR with those values t
have been deduced from theG1r data in the indicated tem
perature ranges. TheHa values deduced from the high
temperature sides of theG1r curves agree within the exper
mental uncertainty with those measured by APFG-NM
confirming that the relaxation rates in this temperature ra
are associated with long-range diffusion. The smallerHa val-
ues that are obtained by fits to theG1r data at low tempera
tures ~cf. Table I! are consistent with the local hopping in
volving smaller potential barriers than long-ran
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diffusion.27 A similar behavior has been observed for hydr
gen diffusion in LaNi4BH1.5.

5 The G1r maximum for
LaNi5.0H6.0 is observed at about 210 K. With the diffusio
parameters given in Table I follows thatD(210 K)52.2
310214 m2 s21 for LaNi5.0H6.0 and that the same diffusion
coefficient is expected for LaNi4.8Sn0.2H5.8 at about 180 K.
The fact that theG1r maximum for LaNi4.8Sn0.2H5.8 is, in-
deed, observed at about 180 K indicates that there is ne
a pronounced change in the mechanism of long-range d
sion nor any localized motion between about 180 and 360

The neutron-scattering studies on single-crystala-
LaNi5Hx indicated localized motion is confined within hex
gons of the 6m hydrogen sites.7,8 While differences in occu-
pancy of these between thea andb phases could influence
localized motion, we believe the same basic process
present in both phases as reflected in the proton relaxa
rates of the present work.

IV. SUMMARY

Direct measurements of the hydrogen diffusivity
LaNi5.0H6.0 and LaNi4.8Sn0.2H5.8 were possible by using al
ternating pulsed field gradients~APFG!. Field gradients up to
25 T m21 permitted to extend the temperature range co
pared to previous APFG measurements on LaNi5H6.5. The
diffusion parameters for long-range diffusion areHa
50.29 eV andD053.431027 m2 s21 for LaNi5.0H6.0 and
Ha50.22 eV and D053.631028 m2 s21 for
LaNi4.8Sn0.2H5.8.
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