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Abstract

Proton nuclear magnetic resonance spectra of nanocrystalline n-PdH,, , a room temperature reveal two distinct, motionally-narrowed
peaks, attributed to crystallite interstitial and interfacial hydrogen populations. In addition, proton spin-lattice relaxation measurements
show enhanced relaxation rates. Both results are qualitatively consistent with a previously-observed hydrogen concentration enhancement
in grain boundaries of a-phase n-PdH,.. Magnetization recovery data for n-PdH,, , also reveal that the separate populations of hydrogen do
not exchange on time scales of up to order 0.1 s, a surprising result considering the correlation time associated with spin-lattice relaxation,

of order 10°® s. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

Polycrystalline materials are composed of atoms which
reside in one of three types of environments. within
crystallites, within grain boundaries between crystallites, or
at free surfaces. A special class of polycrystals called
nanocrystalline materials possess small grain sizes (1-100
nm), resulting in relatively large fractions of atoms at
interfaces between grains or at free surfaces, and, in turn,
leading to many of their unique properties [1,2]. For our
purposes, interstitial atoms are located within the interior
of grains; interfacial atoms are located in grain boundaries
or at free surfaces.

In the present study proton nuclear magnetic resonance
(NMR) data are obtained for a nanocrystalline metal—
hydrogen system, n-PdH, ,, for comparison with previous
results for conventional (large polycrystalline grains)
PdH, , [3,4]. The conventional PdH, system is idea for
comparison since it is probably the most widely-studied of
the metal—hydrogen systems [5-8]. Recent results for
nanocrystalline PdH,, indicate that compared to conven-
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tional PdH,, n-PdH, exhibits an enhanced solubility of H
[9-12], narrowing of its miscibility gap [9,11], and an
increased chemical diffusion coefficient for H [9]. The
only NMR study of n-PdH, is for a-phase n-PdH, 5, [13].

NMR data for metal—hydrogen systems typically include
proton spin-lattice relaxation rates R, and proton spectra
Spin-lattice relaxation is induced by magnetic field fluctua-
tions with frequency components at the proton NMR
frequency [14]; hence, R, reflect both the strength of the
fluctuating fields and the rate of the atomic motions
responsible for the fluctuations. Proton spectra can revesal
the presence of chemically distinct populations of hydro-
gen from chemical shifts. Proton linewidths revea the
strength of proton—proton dipolar interactions and the rate
of atomic motions, in the regime of motional narrowing
[14].

2. Experimental

Nanocrystalline palladium (10 nm grain size as de-
termined by transmission electron microscopy, TEM) was
prepared by gas condensation, as described previousy
[11]; the prepared metal sample was kept in powder form
to alow for penetration of radio frequency (RF) fields in
the NMR experiments. Hydrogen was loaded into the
sample by introducing research grade H, gas into an
evacuated 5 mm NMR tube containing the powdered
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sample at ambient temperature. The hydrogen content of
the sample was determined from the pressure change in the
calibrated volume of the system and found to be [H/Pd] =
0.72+0.01.

NMR data at 21 and 53 MHz were obtained using a
superheterodyne pulsed spectrometer with associated elec-
tromagnet; data at 200 MHz were obtained using a
commercial system. Temperatures were controlled using
flowing nitrogen gas and monitored using a thermocouple.
Spin-lattice relaxation rates were determined from the
observed recovered magnetization as a function of the
waiting interval, following saturation of the spin system.
Reported values of R, were taken from single exponential
fits to the data for time intervals out to about 2—3 times the
determined relaxation time. However, plots for longer
waiting times revealed nonexponential magnetization re-
covery.

3. Results and discussion

Fig. 1 shows a typica 200 MHz proton spectrum for
n-PdH, , at room temperature, revealing the presence of
two distinct proton resonances. This result is remarkable
since coarse-grained PdH,, is known to exhibit only a
single proton NMR line [3]. Absolute chemical shifts for
the peaks are unavailable since the sealed sample did not
contain a chemical shift reference. Measured intensities
(areas) of the peaks indicate that the lower frequency pesk,
A, represents about 30-40% of the total intensity of the
spectrum. The measured splitting of the pesks in Fig. 1 at
200 MHz is 22+2 ppm; the splitting of the spectrum at 53
MHz is the same in ppm units. Thus, the shift in Hz units
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Fig. 1. 200 MHz proton NMR spectrum for n-PdH,,, revealing the
presence of two distinct hydrogen resonances. The peaks are attributed to
interstitial crystallite (peak A) and interfacial (peak B) hydrogen popula
tions. Note the sign convention for the spectrum is increasing frequency
to the left.

scales linearly with the field, consistent with the shift being
a chemical and/or Knight shift [15]. Half-height full
linewidths of the peaks are in the range 400—600 Hz,
indicating substantial motional narrowing of the proton
spin populations.

In conventional metal—hydrogen systems, motional nar-
rowing of proton NMR lines results from averaging of
proton dipole—dipole interactions to zero when the correla
tion time for hydrogen diffusion is much less than the
inverse of the NMR linewidth [14]. Typica rigid-lattice
(i.e. at temperatures too low for motional averaging on the
NMR time scale) linewidths for metal—hydrogen systems
are of order 10 kHz [14], corresponding to time intervals
of 10™* s. Therefore we conclude that diffusive motions
with correlation times much less than 10™* s are respon-
sible for motional narrowing here, in agreement with the
observation of rapid H diffusion in a-phase n-PdH, [16].

Previous NMR studies of metal—hydrogen systems have
revealed the presence of multiple hydrogen peaks when
systems exhibit two simultaneous structural phases (« and
B phases, for example) [17]. In the present case, however,
the system is expected to exhibit only the beta phase due to
its high concentration of hydrogen (H-to-Pd ratio of 0.72)
and the range of experimental temperatures [8]. A possi-
bility is that the separate resonance lines result from
physically-separated regions of a- and B-phase populations
due to the enhanced concentration of hydrogen in interfa-
cia regions. However, the experimental hydriding be-
havior of nanocrystalline PdH, indicates the entire system
transforms to the B phase upon exposure to pressures of
hydrogen used in our sample preparation [11].

Multiple hydrogen peaks also arise when interstitial
hydrogen occupies multiple sites (tetrahedral and octahed-
ra sites, for example) in metal—hydrogen systems [18]. In
polycrystalline PdH, ,, however, hydrogen is known to
occupy only octahedral sites [19], thus yielding a single
NMR line. For completeness we note also that multiple *H
(°D) NMR lines have been observed for conventional
PdH,, NbH,, and PdD, systems in which sizable numbers
of dislocations, domain boundaries, or interstitial im-
purities are present [20—24].

Finally, the possible presence of a contaminant was
considered to account for multiple proton resonance lines.
Contaminants such as water are not expected to be present
in large enough quantities to form monolayer coverage of
the sample, as required to produce either of the proton.
NMR signals observed. Furthermore, no proton NMR
signal was observed in the nonhydrided sample.

The likely scenario is that the two peaks arise from
crystalite interstitial and interfacial hydrogen populations
with a large fraction of hydrogen preferentially located
within interfacial regions. Based on our grain size (diam-
eter of 10 nm) and an assumed interfacial zone thickness of
1 nm (equivalent to a few lattice spacings), the volume
fraction occupied by interfacial regions is approximately
50% for spherical grains. Previous studies reveal hydrogen



716 JW. Hanneken et al. / Journal of Alloys and Compounds 330-332 (2002) 714-717

concentrations within grain boundaries that exceed those
within grains by factors of 2—3 for a-phase n-PdH, [16].
Measurements of relative intensities (spectral areas) in Fig.
1 yield ratios of approximately 2:1 (B:A) for peak B
relative to peak A, in reasonable agreement with the study
cited [16]. In such a scenario peak A and peak B represent
interstitial crystallite and interfacial hydrogen populations,
respectively.

Proton spin-lattice relaxation rates R, versus tempera-
ture are shown in Fig. 2 for n-PdH, , at two resonance
frequencies. For comparison previous R, data for coarse-
grained PdH, , (at 11 MHz) are indicated by a solid line
[4]. Inspection of the data reveals that relaxation rates in
the nanocrystalline system are significantly greater than
those in the coarse-grained system. For example, at 155 K
the measured R, for n-PdH,, (at 21 MHz) is 33 s *, as
compared with 4.6 s * for coarse-grained PdH,, at 11
MHz.

This enhancement is actually more dramatic, because
the plot reports measurements at different NMR frequen-
cies. On the low temperature side of the relaxation rate
maximum, the rates vary inversely with NMR frequency,
w. The variation ranges from R,xw ? in systems de-
scribed by a single correlation time 7, to R, " in many
systems described by a distribution of correlation times
[25]. Comparing the present n-PdH,, , 21 and 53 MHz data
we find that R, scales as o *. Using this frequency
dependence, the 11 MHz relaxation rates for n-PdH,, , are
expected to exceed those at 21 MHz by factors of 1.9.
Hence after correction for frequency dependence, the
observed 21 MHz relaxation rates for n-PdH, , display an
enhancement of approximately 14, compared to the coarse-
grained PdH, .
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Fig. 2. Proton spin-lattice relaxation rates R, versus temperature for
n-PdH, , at 21 MHz (closed squares) and 53 MHz (open circles). For
comparison the solid line indicates the data of Cornell and Seymour at 11
MHz for coarse-grained PdH, , [4].

An interesting issue in our data is the exchange rate
concerning the hydrogen atoms of peaks A and B. Because
two separate NMR resonances are resolved, the exchange
lifetime is a least as long as the reciproca of the
individual peaks linewidths, approximately 1 ms. The
presence of nonexponential, longitudinal magnetization
recovery in the R, data suggests the exchange is at least as
slow as the spin-lattice relaxation time scale, of order 0.1 s.
If the exchange was faster, both resonances would relax
longitudinally at the same average rate. This rather slow
exchange time is remarkabl e since correlation times associ-
ated with spin-lattice relaxation are of order 10 °~107° s
near the R, maximum at 53 MHz. Thus, the interstitial and
interfacial hydrogen atoms both move rapidly (as indicated
by motional averaging and by the proximity of the R,
maximum) but do not interchange even on time scales
longer by a factor of 10”.

Several mechanisms are possible to account for the more
rapid proton spin-lattice relaxation in the nanocrystalline
system, compared to the coarse-grained system. One such
mechanism is proton cross-relaxation [26] to palladium
nuclear spins. However, cross relaxation is ruled out
because motional narrowing also averages the Pd—proton
dipole interaction, eliminating cross-relaxation effects.

Another possible mechanism for enhanced proton relax-
ation is unusually rapid H diffusion [16]. While an
increased rate of motion is possible, it (alone) cannot
account for the relaxation rates observed here. Spin-lattice
relaxation rates reach their maximum values when wr,~1.
On either side of the spin-lattice relaxation rate maximum,
R, values decrease as the correlation time moves away
from o~ *. Generally, temperature determines the correla-
tion time such that increases in temperature produce
decreases in correlation time according to an Arrhenius
relation. Thus, the overall result of an enhanced rate of
diffusion should be to ssimply decrease the temperature at
which the maximum relaxation rate occurs, without affect-
ing the magnitude of the maximum relaxation rate. Since
several of our reported low temperature relaxation rates for
the nanocrystalline system exceed the R; maximum for the
coarse-grained system, the observed (enhanced) relaxation
cannot be due simply to enhanced diffusion. We also note
that the R, maximum in n-PdH,, , at 53 MHz (see Fig. 2)
occurs a an only slightly higher temperature than the R;
maximum at 11 MHz in coarse-grained PdH,, ,, indicating
that the rate of motion in the nanocrystaline system is
similar to that in the coarse-grained system.

A third possibility for enhanced relaxation is increased
interactions among protons in the nanocrystalline system.
Proton spin-lattice relaxation rates, due to like-nuclear-
spin-dipole interactions, are directly proportional to the
proton second moment, which varies inversely as the sixth
power of the separation of the hydrogen atoms. Thus,
small decreases in the average separation of nuclear spins
can yield dramatic increases in relaxation rates.

Hydrogen concentrations within grain boundaries are
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known to be higher than those within the grains them-
selves, by factors of 2—-3 for a-phase n-PdH, [16]. This
presumed increased concentration of hydrogen within
interfacial regions must be accompanied by a corre-
sponding decrease in the separation of hydrogen atoms,
resulting in enhanced second moments and enhanced R,
relaxation rates. For the specia case of randomly diluted
systems of spins, the second moment is linearly propor-
tional to the spin (hydrogen) concentration [27]; thus, for
this case the second moment (and R;) in n-PdH,, , interfa-
cia regions is expected to be enhanced by a factor of 2—3.

To determine if this is in reasonable agreement with our
R, data, maximum relaxation rates for the two systems are
compared. Such a comparison is more appropriate than
comparisons at fixed temperatures, because the R, maxi-
mum in nanocrystalline and conventional systems will not
necessarily occur at the same temperature (see above). The
R, maximum should scale as the inverse of the NMR
frequency (R, maximume=w '), approximately true even
in disordered systems, so that the 11 MHz maximum
should exceed that at 53 MHz by approximately 4.8.
However, from Fig. 2, the maximum R, for n-PdH, . (at
53 MHz) is approximately 62.5 s~ *, as compared to about
57 s for PdH,, a 11 MHz. This implies that the
enhancement of the maximum R, in n-PdH , is just over
5, larger than the factor of 2—3 expected. We regard this
very rough agreement as supporting the enhanced con-
centration of interfacial hydrogen. However, the assump-
tion of random dilution in the above argument may not be
justified.

In addition to enhancements of H concentrations in grain
boundaries, H diffusion in grain boundaries is found to be
at least partialy restricted in a-phase n-PdH, [16]. As a
result, exchange between the interfacial and interstitial
sSites may be partialy inhibited, giving rise to nearly
independent spin-lattice relaxation pathways for the two
hydrogen spin populations. This is a plausible explanation
for the non-exponential magnetization recoveries observed
in the present studies.

4. Conclusions

Proton NMR spectra for n-PdH,, , reveal the presence of
two distinct proton resonances, indicating two populations
of hydrogen within the nanocrystalline system. Further,
proton spin-lettice relaxation data for n-PdH,, show
enhanced relaxation rates as compared with conventional
PdH, ,. Both observations are qualitatively consistent with
enhanced H concentrations within interfacial regions.
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