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Abstract. The vibrational excitarioos and the position of hydrogen in nawcrystzlline palladium 
were investigated by means of inelastic neutron-scattering and H solubility measurements. The 
study focuses on the H concentration regime (< 4.8 at.% H) where, at mom temperature, no 
precipitation of the H in a hydride phase (p-phase) was observed. In this concentrarion regime, 
the solubility measurements show an enhanced H solubility relative to coarse-grained Pd. The 
neutron-scauering experiments show that this ndditional H i s  incorporated in the grain boundaries 
and at the surface of the grains. Surface modes of H at - 90 and 120 meV were identified. 
Compared to coarse-grained Pd, no change in the H solubility was found for the crystal lattice 
of the nanosized prains. 

1. Introduction 

The analysis of the vibrational frequencies of hydrogen, as determined by inelastic neutron 
scattering, is an established method to investigate H sites in metals [l-31. Furthermore, this 
method has been used to study H precipitation [4], the lattice potential of the H [5-71 and its 
local environment in disordered materials such as metal glasses [SI. Although most of  these 
experiments investigated bulk properties, some investigations of H at metal surfaces have 
been reported as well [3,9,10]. In the present study we investigated the neutron spectra of 
H vibrations in nanocrystalline palladium (n-Pd). 

Nanocrystalline materials are polycrystals with a grain size in the range of a few (- 2- 
30) nanometres. In such a material the number of atoms within the grains, which have a 
periodic crystalline surrounding, is comparable with the number of atoms in grain boundaries 
or at internal surfaces. The second group of atoms has an (at least partly) disordered local 
surrounding [Il-131. In the last two decades several methods have been developed to 
produce nanocrystalline material with high purity. One of the most important methods is 
the inert gas condensation process [I 1,12,14]. 

In contrast to H in conventional (coarse-grained or single-crystalline) Pd, which is one 
of  the most extensively investigated metal-H systems, only little is known about H in 
n-Pd. Some properties of H in n-Pd were reported in studies on the solubility [15-17] 
and the chemical diffusion of the H [15]. From these studies it is known that, for low H 
concentrations, the H solubility of n-Pd is higher than that of coarsograined Pd. However, 
it was not conclusively established which sites these additional H atoms occupy. Whereas 
the authors of [15] and [16] suggest that the additional H occupies sites at grain boundaries, 
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the authors of I171 argue in favour of a size-dependent increased solubility in the crystal 
lattice, which implies a homogeneous distribution of the additional H on lattice sites. 

In this paper we report results (i) of H-solubility measurements of n-Pd and (ii) a 
neutron-spectroscopy study, which investigates the vibrational modes of the H. Our interest 
in this study focuses on low H concentrations (< 4.8 at.%) where, for the H in the grains, 
no precipitation of the ,&phase occurs at room temperature. The motivation of the study 
was to identify the sites of the incorporated H and to investigate their potential. 

2. Experimental details 

We investigated pure and H-doped n-Pd and, for comparison, coarse-grained Pd samples. 
The n-Pd was produced from Pd wire (nominal purity 99.95%), using the inert gas 
condensation method [II ,  12,141. The samples were prepared in a high-vacuum (HV) 
apparatus in a pure helium gas atmosphere. The Pd was evaporated from a tungsten boat by 
resistivity heating. The nanocrystalline powder produced in the He atmosphere precipitated 
on a liquid-nitrogen-cooled cold finger. From this finger it was scraped and gathered in a 
small pot. After the production of about 0.2 g of n-Pd powder, the chamber was evacuated 
(below 2 x lo-' mbar; 1 mbar = 100 Pa) and the powder was compressed hydraulically 
at a pressure of about 0.7 GPa. The resulting discs had diameters of 8 mm. The samples 
were stored in an argon atmosphere to prevent contamination with oxygen. 

The grain size was determined from the width of the (1 11) Pd reflection measured with 
x-rays [IS]. For the neutron-scattering experiments only samples with an average grain size 
of less than 23 nm were used. The total amount of n-Pd used in the neutron-scattering 
experiment was 3.1 g; the average grain size was about 15 nm. 

One of the discs, which was not used for neutron scattering due to its larger grain size, 
was used to investigate the H solubility of n-Pd. The x-ray measurement of this sample 
yielded a grain size of 38 nm; the mass of this disc was 0.23 g. The solubility was measured 
at room temperature (293 K) in a UHV apparatus with calibrated volumes and differential 
membrane manometers. The supplied H was purified in a Pd permeation cell. 

For the neutron-scattering runs and the H charging, the sample was kept in an aluminium 
container which-for H doping-could be connected to an external HV apparatus. This 
prevented sample contact with air. The sample was in contact with air only during the 
x-ray measurement. Nevertheless a mass spectrometer showed that a small amount of H20 
gas was produced during the first H loading of the sample, an effect also reported previously 
for coarsegrained Pd 1191. During several charging and degassing cycles of the sample 
with small amounts of H, the produced HzO was gathered in a cold trap until no more 
H20 was detected. Then, the apparatus was evacuated. The total amount of caught H20, 
which was equivalent to 0.7 at.% H, was calculated from the pressure in the apparatus after 
warming up the cold trap. The H loading of the sample was carried out at room temperature 
and the concentration was determined by standard volumetric methods. 

The neutron spectra of the n-Pd sample were taken before and after doping with 2.4 
and 4.8 at.% H. At the first loading, the equilibrium pressure was 1.4 mbar; the second one 
was stopped at an H pressure of 12.9 mbar. After the first loading, an H concentration of 
2.4(10.4) at.% was determined; after the second loading the hydrogen concentration was 
4.8(10.5) at.%. 

For comparison, a second sample of coarse-grained Pd was prepared. The sample was 
kept in an identical sample container as the n-Pd. The mass of the Pd was 12.6 g and the H 
concentration was 0.6 at.%. Therefore the total amount of H in this sample was about the 
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same as that in the n-Pd sample at 2.4 at.%. Due to the low H concentration of 0.6 at.%, 
the sample was in the pure a-phase region at room temperature [ZO, 211. 

The neutron spectra were measured with the BT4 spectrometer at the National Institute 
of Standards and Technology (NIST), using the Cu(220) monochromator with 60'40' 
collimation and a beryllium filter for the energy analysis of the scattered neutrons. The 
energy resolution of this instrument increases from about 4 meV (full width at half 
maximum, FWHM) for neutron energy losses below 40 meV to about !O~meV at the highest 
investigated energy transfers of about 140 meV. During the neutron-scattering experiments, 
the samples were kept in a c1osed:cycle refrigerator with a temperature stability of about 
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Figure 1. H solubility CUNS of a mocrys- 
talline sample with an average grain sire of 
about 38 nm and of a cnarse-grained sample. 
The square root of the equilibrium pressure 
at 293 K is plotted against the HlPd atom 
ratio. The closed circles represent the fim 
doping of the sample, the crosses the des- 
orption afler the h t  doping, and the open 
circles he second doping procedure of the 
sample. The values of the coarse-grained 
sample are given by the open squares. For 
more details, see the text. 

3. H solubility of nanocyrstalline Pd 

Figure 1 shows a plot of the square root of the H equilibrium pressure versus the WPd atom 
ratio. The closed circles represent the values for the first doping of the sample, the crosses 
those for the subsequent H desorption, and the open circles those for a second doping 
process. The open squares were measured after converting the nanocrystalline structure of 
a sample into a coarse-grained morphology by heating it to - 1200 K. These data points 
follow Sievetts' law, which predicts the H solubility to be proportional to the square root 
of pressure, and are in good agreement with previous H-solubility experiments on coarse- 
grained Pd 120-221. 

Figure 1 shows that the H solubility of the nanocrystalline sample is much higher 
than that of the coarse-grained Pd. Further, Sieverts' law is not followed by the n-Pd 
sample, even at the lowest H concentrations. Both results are qualitatively in agreement with 
previous room-temperature results [15,17]. Above an H concentration of about 5.2 at.%, 
the equilibrium pressure (at about 12 mbar) does not significantly vary with increasing 
concentmtion. The time required to reach approximately equilibrium conditions increased 
from several minutes at low concentrations to nearly a day for concentrations above 5.2 at.%. 
Both facts, the approximately constant equilibrium pressure and the slow H absorption, 
indicate that the miscibility gap between the solid solution a-phase and the @-phase is 
reached at 5.2 at.%. This concentration is about. five to ten times higher than the values 
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reported for coarse-grained Pd [ZO]; however, the equilibrium pressure [20-221 remains 
nearly unchanged. It should be noted that Miitschele and Kirchheim [15] report a value 
twice as large for the concentration marking the onset of the miscibility gap, although for 
a sample with a much smaller grain size (5 nm). 

Afrer the first doping and desorption, the sample was evacuated at 1.4 x lo-* mbar for 
about 17 h and subsequently a second solubility measurement was carried out. The results 
of this measurement are represented by the open circles. The solubility curve resulting 
from this second doping procedure has the same shape as that of the first doping, but is 
slightly shifted to smaller concentrations by approximately 0.7 at.%, whereas the doping 
and desorption curves of the first doping cycle do not significantly differ from each other. 
This indicates that not all of the H could be removed. About 0.7 at.% H was probably 
trapped in the sample and could not be extracted at room temperature. 
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Figure 2. Neutron energy-loss spectra of 
the n-PdH, samples at 10 K. The spectn 
of the Rdoped samples are shown by the 
open circles and those of the undoped sample 
by the closed ones. In the upper part of 
the figure the spectrum with the higher H 
concentration (x = 0.048) is shown. in 
the lower part the specmm with the lower 
concentration (r = 0.024). The ordinate 
shows the neutron countS divided by the 
monitor counts in arbitrary units. 

4. Neutron-scattering results and discussion 

4.1. Neutron spectra 

Figure 2 shows neutron spectra of the H-doped nanocrystalline sample &en at 10 K for the 
two H concentrations of 4.8 at.% and~2.4 at.% in comparison to the spectra of the undoped 
n-Pd sample. These spectra were all taken with the same sample and sample container, only 
the H concentration varied. This assures that the background is the same for all spectra. 
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Figure 3. Spectra of the H modes. The s p e m  of the undoped samples are Subtracted from 
those of the H-doped samples. The spectra of the n-Pd sample are shown at (a) 300 K and (b) 
10 K. The closed circles represent the spectra of the sample with low H concentration (2.4 at.%). 
the open circles the spectra of the high H concentration (4.8 at.%). The spectra of the coarse- 
grained sample are shown at (c) 300 K and (d) 15 K. The full lines are fits with one (3M) K 
spec") and hyo (15 K spectrum) Gaussian functions. The broken lines are the individual 
Gaussian functions plus background. 

In order to improve the visibility of the H modes, the spectra of the undoped samples 
were subtracted from the spectra of the doped samples. The resulting spectra are shown 
in figure 3. However, along with the background the modes of any possible small amount 
of residual H axe also eliminated in these spectra. Therefore, all further conclusions apply 
only for the added H, not for any residual H. Figures 3(a) and (b) show the 300 K and 
the 10 K spectra, respectively. In these figures the open circles show the spectra for the 
higher H concentration of 4.8 at.% and the closed circles those for the lower concentration 
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of 2.4 at.%. For comparison, the spectra of the coarse-grained PdHo.ma sample at 300 K 
and at 15 K are presented in figures 3(c) and (a), respectively. The spectra of the doped 
and undoped coarse-grained sample at 15 K were taken one year later, so that the intensity 
and the background are not comparable to the other spectra. 

In figure 3(c) the spectrum of the undoped nanocrystalline sample was taken as 
background and was subtracted from the spectrum of the polycrystalline sample. Although 
the spectra were taken from different samples, the background subtraction matches perfectly, 
which shows that the background has mainly an instrumental origin and is not caused by 
any impurities of the n-Pd sample. 

The most striking contrast between the spectra of the H-doped n-Pd samples is that the 
spectra for x = 0.048 exhibit an intense peak in the energy range of 50-80 meV whereas 
the spectra for x = 0.024 have only little structure. The peaks of the spectra for x = 0.048 
coincide with the peaks of the coarse-grained sample as well as with the optical modes of 
H in Pd reported in previous studies [4,23-261. Consequently, these modes are attributed 
to the H in the crystalline regions of the grains. In the spectra of the n-PdH, sample with 
x = 0.024, no discernible peaks have been noticed in this energy region. Apparently, for 
this H concentration only a minor part of the H is located in the crystalline regions of the 
grains. Hence, up to this concentration the H prefers sites in the grain boundaries and/or at 
inner surfaces of the sample. 

The total amount of H in the n-Pdfi.024 sample was approximately the same as that in the 
coarse-grained PdHo.ms. In coarse-grained Pd this H has only one vibrational frequency, 
represented by the mode shown in figure 3(c). Therefore, if all hydrogen modes of the 
n-PdH, are in the investigated energy range a value of about one can be expected for the 
ratios of the integrated intensities of the H modes of the n-PdHo,oa and of the coarse-grained 
sample. At the higher concentration (n-PdHo.o+g) a value of about two may be expected. 

Table 1. Intepted intensities of the spectra shown in figure 3, divided by the intensity of the 
come-grained (CO) sample. The field, 'range of integntion', shows the energy range over which 
the specma are integrated. The amount of H in the n-PdHo.oz4 is about the same as that in the 
coarse-pined Pd sample PdHo.tH6. 'The quoted errors represent only the statistical unceminties. 

Spectrum Range of integration (meV) Relative intensity 

n-PdH11.1m (IO K) 37-110 0.68i0.04 
37-140 0.98 & 0.06 

n-PdHo,Im (300 K) 37-1 10 0.85 f 0.05 
n-PdHws (10 K) 37-1 10 1.67 f 0.08 

37-140 2.35f0.12 
n-PdHo,ods (300 K) 37-1 IO 1.80 f 0.09 

CC PdHii.Im (300 K) 37-108 1.0 

Table 1 lists the integrated intensities of the spectra in figure 3 divided by the intensity 
of the coarse-grained PdHo.m6 spectrum at 300 K. Two different integration ranges are used 
as indicated in the table. The quoted errors reflect the calculated statistical errors. However, 
in order to gain some physical insight we have to compare neutron intensities for the same 
amount of H. For this purpose we have also to consider other uncertainties such as those 
in the H concentrations of the n-Pd sample. A further uncertainty results from the fact 
that for the 300 K spectra of the n-Pd sample, the spectra of the undoped sample taken at 
10 K are subtracted. Despite these uncertainties, the data in the table confirm that the total 
integrated intensities found are in the expected range for all spectra. This demonstrates that 
the energies of at least the major part of the optical H vibrations of the n-PdH, are in the 
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investigated energy range. However, note that this does only apply to the 10 K spectra if 
we expand the integration range up to 140 meV. 

The spectra of the n-PdH0.m sample at 10 K in figures 2 and 3@) show that most of 
the H-induced intensity occurs in the energy region between 90 meV and 140 meV, with 
a maximum at about 95 meV and possibly a second one at 125 meV. The 300 K spectra 
show the same effect, but less pronounced. Only one broad peak at about 90 meV can 
be observed. However the peak at 90 meV has less intensity then the two peaks in the 
spectrum at 10 K. 

Let us now first discuss the origin of the modes between 90 meV and 140 meV. In the 
following subsections the modes of the H in the crystalline regions of the grains will be 
addressed and this section will close with some general discussions of our results. 

4.2. The H modes above 80 meV 

In order to identify the H modes of n-PdH, found above those of the coarse-grained PdH,, 
we compare our neutron spectra with results for H modes in other nanostructured Pd (Pd 
black [9,10,27], Raney Pd [28], and adsorbed Pd in zeolites [29]) and of adsorbed H on 
Pd surfaces [30-32]. For H on Pd black two peaks at 94 and 120 meV were found by 
neutron spectroscopy. These peaks were attributed to dissociated surface H atoms vibrating 
parallel and perpendicular to the surface [9.10]. The same modes were found in high- 
resolution electron energy-loss spectroscopy (HREELS) studies of H adsorbed on a (111) 
surface (96 meV and 124 meV, [30]) and a (110) surface (98 meV and 120 meV, [32]) of 
Pd single crystals. For H on a (100) surface, however, only modes in the energy range of 
50-80 meV were found [31]. Modes with energies of 92 and 132 meV for H on Raney Pd 
[28] and modes at 8CL110 meV and 128 meV for H on Pd in zeolites [30] were found by 
neutron spectroscopy. In these studies, however, the H modes between SO and 110 meV 
were attributed to H on so-called subsurface sites. i.e. sites between the first and second 
atom layers of a surface. The assignment of these modes to H on subsurface sites is also 
supported by recent theoretical work [33], in which the H modes on a (111) surface of 
Pd were calculated, yielding vibrational energies of 99 meV for H in subsurface sites and 
11 8 meV for H on surface sites. 

These previous experimental and theoretical studies show that the H modes in the range 
of 90-100 meV and near 120 meV can be attributed to H on or near the Pd surface. The 
spectra of the n-PdHo.024 sample show maxima at nearly exactly these energies, at 100 meV 
and 120 meV. Therefore, these modes can be attributed to modes of H on sites at inner 
surfaces of the material or from H on those sites in the grain boundaries with a potential 
shape similar to those of the surface sites. According to this interpretation, it is not surprising 
that the modes are broadened compared to those measured on Pd black, because, in grain 
boundaries, the,environment of the H atoms, and hence their potential, is expected to vary 
much more than on a surface. The broad backgrounds in the spectra in figures 3(a) and (b) 
are proposed to originate from H vibrational modes at grain boundary sites with different 
shapes of the interatomic potential. 

The spectrum of the sample with x = 0.048 at 10 K in figure 3(b) shows an increase 
in the intensity at 120 meV. However, probably most of these additional excitations are not 
surface modes, but modes of two-phonon processes of the optical modes at 60 meV. An 
intensity estimation for two-phonon processes supports this conclusion. 

4.3. Modes of the H in the crystalline regions of the sample 

Figure 4 shows difference spectra of the n-PdH, sample for the two investigated H 
concentrations, measured at 300 K and 10 K The spectra taken at the lower concentration 
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spectrum) Gaussian functions. nie broken lines are , , I .  

F i y r c  4. Difference spectra of the n-PdH, spectra 
with x = 0.048 and x = 0.024. The full lines 
are fits with one (300 K spectrum) and two (IO K 

(x  = 0.024) were subtracted from the spectra obtained at the higher H concentration 
(x  = 0.048). For an  analysis of the peaks of the n-PdHH, sample with x = 0.048, there are 
two advantages using these difference spectra rather than the spectra shown in figures 2 and 
3. Firstly, the spectra with x = 0.024 were taken with better statistics than the spectrum 
without H. Secondly, the difference spectra of figure 4 are composed of spectra taken at the 
same temperature, which was not possible for the spectrum in figure 3(a), since no 300 K 
spectrum was available for the undoped sample. 

For a quantitative analysis, the spectra in figures 4 and 3(c) and (d) were fitted by means 
of Gaussian functions. All spectra display a small shoulder on the high-energy side of the 
peaks, which can be attributed to two-phonon processes (41. To avoid any contributions 
from these two-phonon processes, the energy range of the fits was restricted to data points 
below 82 meV. For the fits. a fixed linear background for each spectrum. as shown in the 
figures, was used. Since it was not possible to fit the peaks in the spectra at 10 K with 
a single Gaussian function, two Gaussian functions were used. The fits and the chosen 
background are shown in the figures by the solid lines and the broken lines in figures 4 and 
3(d) show the contribution of the individual Gaussians to the fits. 

The intensities listed are the integrated 
intensities without background, divided by the intensity (again without background) of the 
corresponding difference spectrum of the coarse-grained sample at 300 K (figure 3(c)). 

For the H mode in coarse-grained Pd at 300 K, the results for the energy (70.310.8) meV 
and the linewidth (- 19 meV) are in good agreement with the results of previous experiments 
on H modes in the a-phase of Pd [4,25]. At 10 K, the H is in the p-phase. Compared 

The fit results are compiled in table 2. 



H in nonocrystalline Pd 221 

Table 2. Fit reSQhS of Gaussian functions to the difference spectra n-PdHo.w8 - n-PdHo.[a and 
the difference spectra for the coarse-grained sample P~HO.IMK - Pd and PdHorxr6 - n-Pd ut 300 K 
and 10 K, respectively. The intensities of the n-PdHs specua are divided by the intensity of thc 
best fit of the W H U , M ~ ~  spectrum at~300 K. For details, see the text. 

Centre of the oeak Linewidth 
Spectrum 0") (FWHM, mev) 

Ni PdHii.(xiK (300 K) 70.3 * 0.8 18.611.9 
ffi PdHo.ix& W K )  

peak I 59.1 f 0.4 9.5 i 1.0 
Peak 2 69.4 3 2.0 20.7 i 3.5 

n-PdHo,lws (300 K) 67.7 i 1.2 75.5 i 4.0 
n-PdHa(us (10 K) 

peak 1 59.2 i 1.7 13.0 i 3.5 
Deak 2 69.6 i: 3.5 25.1 i: 4.2 

Relative 
intensity 

1.0 

(41 i I I)% 
(59*ll)% 
0.51 k0.13 
0.73 i 0.18 
0 . 2 2 ~ 3  0.11 
0.51 *0.18 

with the spectrum at 300 K, the H mode is shifted to lower energies and a distinct shoulder 
on the high-energy side of the peak appears. This shoulder can be attributed to a strong 
dispersion of the optical mode in the p-phase [24,26]. The values for the maximum and 
the shape of the peak again are in good agreement with previously published results [4,24]. 

The peak in the 10 K spectrum (figure 4) is shifted to lower energies compared to the 
spectrum at 300 K. At 300 K, the peak for the difference spectrum of the n-PdH, sample 
(spectrum of the low concentration x = 0.024 subtracted from the spectrum for x = 0.048) 
has its centre at about 67 meV and a linewidth of about 25 meV. The position of the peak 
agrees well with the results for H in the a-phase of coarse-grained PdH, in former studies 
[4, U] and of the coarse-grained sample used in this study. Thus, this peak is attributed to 
the H in the crystalline regions of the grains. 

From a comparison of the spectral intensities the amount of H located in the grains of 
the n-Pd sample can be determined. At 300 K, the increase of the total H concentration 
from 2.4 at.% to 4.8 at.% caused an increase of (1.2f0.3) at.% H in the grains. This means 
that about half of the additional H atoms occupy sites in the grains and half occupy other 
sites. 

With these results, we can compare the solubility of the grains in n-Pd with those of 
coarse-grained Pd. At 300 K and a pressure of 12.9 mbar, the conditions at which the 
n-Pd sample was loaded to 4.8 at.%, the H solubility of coarse-grained Pd is about 1.0 at.% 
[20,21]. This agrees well with the lattice H concentration of the n-Pa.wg sample derived 
from the neutron spectra. Hence, it is concluded that the reduction of the crystal size to the 
nanometre scale has little effect on the solubility of the H in the Pd lattice. This conclusion 
is supported by the absence of a peak in the 50-80 meV region of the 300 K spectrum for 
n-PdHo.oz4. This sample was doped at a pressure of 1.4 mbar, corresponding to a lattice H 
Concentration of 0.3 at.%, if the lattice solubility is identical to that in coarse-grained Pd. In 
this case, only one-eighth of the total amount of H dissolved in the nanocrystalline sample 
is located on lattice sites, and no discernible peak is expected from this small quantity. In 
agreement with this reasoning, no 70 meV peak is observed in this sample. Hence, both 
the absence of the 'lattice H peak' and the presence of excitations characteristic of H on 
interface sites support the conclusion that the major part of the H is located in the grain 
boundaries of n-PdHo.024. This implies that the increased H solubility of n-Pd compared to 
coarse-grained Pd, as demonstrated in figure 1, is caused by the high solubility of the grain 
boundaries. 

The peak in the n-Pd spectrum at 10 K in figure 4 again is shifted to lower energies. 
Figure 4 and the fit results show that the position of the first peak is identical to that in the 



228 U Stuhr et a1 

specbum of the coarse-grained sample at 10 K, and is therefore attributed to the H in the 
p-phase in the grains. However, the shapes of the two spectra are significantly different. 
The shoulder is somewhat higher in the nanocrystalline sample, which is also represented 
by the fit results in table 2. 

The intensity of this H mode in the 10 K spectrum is a little higher than that in the 
300 K spectrum. However, most of this increase of intensity can be explained by (i) an 
increase of intensity caused by the lower frequency of the local vibration and (ii) a decrease 
of the Debye-Waller exponent due to the lower sample temperature. Therefore, cooling of 
the sample caused no significant change of the H concentration in the grains. 

In both spectra in figure 4, the peaks of the n-PdH0.w sample are slightly broadened 
compared to the modes in coarsegrained Pd in figures 3(c) and (d). The reason for this 
might be an effect of the internal strains in the grains, such as also reported in a previous x- 
ray study [34]. These internal strains modulate the H potentials and therefore the H modes; 
hence, the averaging over many potentials causes a line broadening. However, although 
the peaks are slightly broadened, their position is not significantly shifted. Therefore, an 
increase of the local vibration modes caused by surface tension as reported in [35] cannot 
be detected. 

4.4. General discussion 

Let us examine the implications of the results of the present study for the controversial 
discussion, in [15], [16], and [17], on the origin of increased H solubility in n-Pd. From 
measurements of solubility as a function of chemical potential, Muetschele and Kirchheim 
attribute the excess’H solubility before the onset of p-phase precipitation in n-Pd compared 
to coarse-grained Pd to H in a disordered Pd grain-boundary phase. From the unchanged 
chemical potential at the onset of p-phase formation, the authors conclude upon identical 
lattice solubilities in coarse-pined and nanocrystalline Pd. In a second study, Eastman et 
a1 [17] interpret x-ray lattice constants in terms of an increase in solubility, comparable 
in magnitude to the one reported in [I51 and [16]. In contradiction with that work, the 
increased solubility is attributed to a (grain-size-dependent) change of the thermodynamic 
functions of the lattice, that is, the excess H is argued to be located in a homogeneous solid 
solution in the lattice, as opposed to grain-boundary segregation sites. 

The results of the present study constitute unambiguous evidence of the presence of at 
least two different types of hydrogen site, interstitial sites in the lattice and grain-boundary 
ones. These sites differ with respect to their vibrational properties and with respect to their 
potential energy: some grain-boundary sites are occupied at lower chemical potential than 
lattice sites. Our results indicate that H in the grain-boundary sites can account for the 
entire increase of overall solubility. These results agree with the interpretation proposed 
by Miitschele and Kirchheim [15], i.e. increased solubility of H in the grain boundaries. 
They are also in accordance with the increase of solubility in nanocrystalline alloys recently 
been predicted on the basis of theoretical models of their overall thermodynamic functions 
[36,37]. On the other hand. our result appears not to be compatible with the interpretation 
by Eastman et a1 [17]. 

We shall speculate shortly upon possible explanations for this disagreement. Although 
we observe no increase in H concentration in the lattice sites, the lattice constant in the 
particle centres may be shifted by long-range strain fields, originating from regions near the 
grain boundaries where the H concenmtion deviates markedly from that in the interior of 
the crystallites. Alternatively, the presence of such regions may merely shift the measured 
lattice constant, which is an average over the regions close to the grain boundaries and the 
interior of the crystals. Note also that the H sites we labelled ‘grain-boundary sites’ because 
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of their characteristic vibrational and energetic properties may at the same time be lattice 
sites of the H sublattice from a crystallographic point of view, i.e. surface or subsurface sites. 
These sites have lattice positions, but have electronic and vibrational properties different 
from the ones in the bulk. Even if H occupies non-lattice sites, this does not necessarily 
imply disorder in the host (Pd) lattice, in analogy to the case of free surfaces. where the 
atomic short-range order of adsorbate layers is often fundamentally different from that of 
the subseate. Hence, as x-ray scattering in Pd-H arises practically exclusively from Pd, 
the segregated H may escape detection by x-ray-scattering techniques. The considerations 
in this paragraph imply that, although our results disagree with some conclusions in [17], 
they appear to be compatible with the x-ray-scattering data in that work. 

5. Conclusion 

We investigated the H solubility and the vibrational modes of H in nanocrystalline Pd. 
The analysis of .the data allowed the determination of the location of the H. Up to an 
H concentration of about 2 or 3 at.% the H i s  found to occupy primarily sites in grain 
boundaries and at inner surfaces of  the material. H modes attributed to H on sites similar 
to those at Pd surfaces are found. If the H concentration is increased above 3 at.% the 
H occupies also sites in the crystalline regions of the grains. The H solubility in these 
crystalline regions seems unchanged relative to coarse-grained Pd. 

The selective incorporation of H in grain-boundary sites can be utilized in future 
experiments. The H, aided by its its high incoherent neutron-scattering cross-section, can 
be used as a probe to investigate the dynamics in the grain boundaries of nanostructured 
materials by neutron spectroscopy. 
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