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Abstract

Neutron diffraction and thermal desorption spectroscopy are used to determine the details in the crystallographic structure and the
deuterium desorption characteristics of deuterated Pd—Au alloys. Compositions under investigation include alloys corresponding to both
subcritical and supercritical conditions with respect to the o—f phase transitions. The effect of the Au-content on deuterium desorption
properties is discussed in relation to the degree of deuterium loading and the phase diagram. Furthermore, the distribution of deuterium
over the octahedral and tetrahedral interstitial sites is determined. The tetrahedral site occupancy increases with increasing Au content

and is significant for both supercritical and subcritical phases.

© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

One of the main technical challenges associated with the
production of high-purity hydrogen at reduced costs is the
development of highly selective hydrogen membranes.
These membranes should withstand the demanding indus-
trial conditions of high temperatures and pressures in
multicomponent gaseous environments. Supported dense
Pd-based membranes with a thickness of several microme-
tres are the most suitable options for this purpose [1]. How-
ever, the lifetime of pure Pd membranes in thermal cycles
from operational conditions to room temperature is
limited. Failure often occurs owing to deformation and
fracture caused by the large specific volume change during

* Corresponding author. Tel.: +31 15 278 2243; fax: +31 15 2786730.
E-mail address: A.J.Bottger@tudelft.nl (A.J. Bottger).

the hydride formation and decomposition processes. Sev-
eral experimental and theoretical studies suggest that a
longer operation lifetime can be achieved through the addi-
tion of specific alloying elements [1,2]. A lifetime in the
order of years is essential for an economically viable pro-
cess. Beneficial effects of alloying consist of: a reduction
of the critical temperature for the transition from the a-
metal solid solution to the B-hydride phase, a smaller unit
cell volume difference between the two phases, improved
mechanical properties, and an enhanced resistance to sur-
face poisoning, e.g., by sulfur compounds [1,2]. Further-
more, higher hydrogen solubility and diffusivity for many
Pd alloys (e.g., alloys with Ag, Au or Cu) result in higher
hydrogen permeability than in Pd itself [2]. The hydrogen
solubility and the diffusion mechanism of hydrogen
through these membranes are determined by the nature
of the specific alloying elements, their concentration and
distribution in the metal lattice, as well as by the (local)
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interaction of the hydrogen atoms with the alloying ele-
ments. Structural information of the phases formed during
hydrogen absorption/desorption in Pd alloys is therefore
crucial for understanding the effect of alloying on macro-
scopic hydrogen permeation behaviour. This formed the
main motivation for investigating the effect of the crystal
structure of hydrogenated (deuterated) Pd alloys and its
relation with the desorption characteristics. Pd—Au alloys
were chosen as a model system for this work, because they
fulfil the requirements for promising membrane materials,
and they are expected to show characteristic phenomena
such as hydrogen-induced (short- and long-range) ordering
transformations [3], interesting also from a fundamental
point of view.

Pd and many of its alloys (with small content of alloying
elements) crystallize in the face centred cubic (fcc) structure
[4]. Two distinct types of interstitial sites available to
hydrogen atom occupancy can be distinguished, namely
the octahedral (O) and tetrahedral (T) positions. For the
palladium-hydrogen system, studied for more than a cen-
tury, it is commonly accepted that hydrogen atoms occupy
exclusively the octahedral interstitial sites. This has been
confirmed by early neutron diffraction (ND) studies on pal-
ladium—deuterium samples [5] and accepted by extension
for the case of hydrogen atoms. A number of publications
reporting ND studies on Pd-H(D) powders [5-8] or single
crystals [9,10], and quasielastic neutron scattering studies
of the hydrogen dynamics in palladium [11,12] support this
conclusion. However, most of these structural studies have
considered in their data analysis only the occupation of
either the octahedral or the tetrahedral sites solely, and
have shown that, within the limits of these two options,
the O-site-only occupancy is most consistent with the
experimental data. This clearly leaves open the occurrence
of simultaneous occupation of O and T sites, which could
possibly provide a better description of the ND data, espe-
cially at higher H(D) contents. Nevertheless, the hypothesis
of octahedral site occupancy was further generalized for
hydrogen in fcc Pd alloys. To the best of the authors’
knowledge, however, there is no experimental evidence
confirming this hypothesis for all relevant cases. In partic-
ular, for Pd-Au alloys, the limited amount of available ND
data are from room temperature experiments and were
interpreted in terms of O-site-only occupation in the o
phase [13]. To what extent this is valid for Pd—-Au alloys
with different Au contents and higher H(D) concentrations
is therefore still unknown.

Theoretical studies on hydrogen in Pd and Pd alloys, in
contrast, suggest that, depending on the alloying element
and its concentration, the occupation of tetrahedral sites
may occur. Moreover, it has also been suggested that T
sites could act as transition states in the process of hydro-
gen diffusion. For hydrogen in pure Pd, first principles cal-
culations have shown that, while occupation of T sites by
hydrogen atoms is less favourable than occupation of O
sites, because the potential energy of hydrogen at the T site
is slightly higher than at the O site, hydrogen diffusion

between O sites necessarily occurs via passage of T sites.
Furthermore, significant self-trapping of hydrogen at the
T-site position can be induced, depending on the magni-
tude of both the local relaxation of Pd atoms around the
T site and the vibrational energy of the interstitial species
(H, D, T) [14-16]. Similar conclusions were drawn for H
in Pd alloys. First principle calculations show that, in these
cases, the local atomic arrangement of metal atoms in the
nearest neighbourhood of the interstitial site is the domi-
nant factor for the site occupancy and stability [17-20].

Experimental evidence supporting the simultaneous
occupation of O and T sites is scarce and mostly controver-
sial. Quasielastic neutron scattering measurements on -Pd
hydrides could be best described with a mixed occupation
of O and T sites [21]. The proposed mechanism for hydro-
gen diffusion through palladium by hopping of H from O
site to O site via intermediate T sites [21], rather than by
direct O-O or T-T jumps as previously considered
[11,12], sparked an extensive scientific discussion. An
important step forward was made in recent in situ ND
investigations on the Pd-D system in the supercritical
region [22], presenting evidence that part of the deuterium
atoms indeed occupy tetrahedral positions. In analysing
their data, these authors considered a mixed octahedral
and tetrahedral occupation, confirming conclusions of dif-
fusion experiments [21] and first principles studies [14-16].
An important question is whether and to what extent T-site
occupancy occurs in fcc Pd-based alloys, and whether it is
limited to the supercritical region only, as inferred in Ref.
[22] for the case of Pd.

The present study is designed to provide an answer to
these questions. ND experiments were performed to inves-
tigate the crystal structure of deuterated Pd—Au alloys. The
samples contained up to 25 at.% Au and were loaded with
different amounts of deuterium at room temperature. Sam-
ple compositions in both subcritical and supercritical
regions were selected on the basis of the room temperature
ternary phase diagram (Fig. 1). Deuterium was used
instead of hydrogen to avoid a high background due to
the incoherent scattering of hydrogen. The Pd—Au-D sys-
tem is very well suited for ND studies, as the constituent
elements have sufficiently different cross sections for coher-
ent neutron scattering (i.e., bpg = 0.591 barn, bp, = 0.763
barn, bp = 0.6674 barn).

The crystallographic properties determined by ND
experiments are complemented by the hydrogen desorption
characteristics obtained by thermal desorption spectros-
copy (TDS) on the same materials. The combined informa-
tion obtained from TDS and ND provides a clear insight
into the relation between the effect of alloying on macro-
scopic properties and on the microscopic atomic structure,
as discussed in this paper.

2. Experimental

Pd foils (99.95%, Goodfellow Metals) and foils of Pd—
Au alloys containing 10, 20 and 25 at.% Au (Philips
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Fig. 1. Ternary phase diagram of Pd-Au-H system at room temperature
and 0.1 MPa. Compositions are expressed as total at.% of elements in the
ternary system Pd(go—r—,Au,H,. The squares [30] and triangles [31]
represent experimental phase boundaries based on literature data, using
the correlation between H content and the associated volume expansion
from Ref. [33]. The solid circles represent the initial compositions of
Pd(100-x—»Au,D,, samples investigated by TDS and for which the
desorption profiles are given in Fig. 3. The change in composition during
TDS is indicated by arrows.

Research Laboratory, Eindhoven) were used. The thick-
ness of the foils was either ~50 um or ~100 um. The com-
position of the Pd—Au alloys was confirmed (to within 10%
accuracy) by electron probe microanalysis and is given in
Table 1. The foils were chemically etched with a solution
of 2:2:1 H>SO4/HNO3/H,O to remove any oxides from
the surface, rinsed in acetone, and then annealed at
1073 K for 2h under vacuum. Deuterium gas (99.7%,
Linde AG) was used for loading the samples.

2.1. Thermal desorption measurements
TDS measurements were performed on samples of

Pd(100-x)Au, alloys for x in the range 0-25 at.% loaded
at room temperature using a deuterium pressures of 0.6
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or 1.0 MPa. A homebuilt thermal desorption set-up,
HYDRA, coupled with a quadrupole mass spectrometry
(QMS) device for sensitive deuterium detection [23] was
used for this purpose. In order to achieve a highly active
state of the samples prior to deuterium loading, the reac-
tion chamber was completely outgassed at 575 K and
~2 x 107 Pa, then exposed to 0.4 MPa deuterium gas
for 15 min, and subsequently cooled down to room temper-
ature and de-deuterated by evacuating and reheating to
575 K. This activation procedure was repeated twice and
followed by complete degassing for 30 min at 650 K in vac-
uum. The samples were subsequently loaded with deute-
rium at 303 K and a constant pressure of 0.6 or 1.0 MPa
D, for 4 h. This time was found to be sufficient to achieve
equilibrium. After deuterium loading, the reaction cham-
ber was cooled quickly to 150 K, degassed and, subse-
quently, a thermal desorption spectrum was recorded. A
linear temperature ramp with a rate between 0.4 and
0.7 K min~' was used, depending on the specific sample.
Calibration of the QMS deuterium signal was performed
after each desorption run by exposure to a well-determined
quantity of deuterium released from a reference container
with a calibrated volume. Deuterium fractions were
extracted from the integrated thermal desorption profiles,
and the weight of the samples was determined before the
TDS measurements.

2.2. ND measurements

Samples containing ~3 g Pd alloy were prepared for ND
measurements. The samples consist of alloy foils cut as
discs 5 mm in diameter and arranged in a cylindrical stack
~15 mm high. The discs were chemically etched, annealed,
activated and charged by similar procedures to those used
for the thermal desorption measurements.

After deuterium loading for 4 h at a pressure of 0.6 or
1.0 MPa D, at 303 K, the reaction chamber was quickly

Table 1

Deuterium-free Pd00—x)Au, samples: composition, lattice parameters and Rietveld fit parameters

Alloy X" aye x 10" ax 10" By x 10 Texture index No. of parameters wRp e Refinement strategy

(at%)  (m) (m) (m?)

PdgpAu;, 9.9 3.911(1) 3.91026(2) 0.47 1.33 71 0.0705 6.77 (a)
0.47 1.00 65 0.0776 8.19 (b)
0.52(1) 1.30 72 0.0701 6.70 (c)

PdgoAuyg 19.8 3.930(1) 3.92612(3) 0.48 1.07 71 0.1133 5.44 (a)
0.48 1.00 65 0.1247 6.59 (b)
0.60(1) 1.05 72 0.1121 5.33 (c)

Pd;sAuss 25.0 3.9400" 3.93587(2) 0.49 1.05 71 0.0670 4.20 (a)
0.49 1.00 65 0.0717 4.80 (b)
0.56(1) 1.04 72 0.0675 4.25 (c)

The three sets of parameters given for each sample correspond to (a) refinements using fixed average values for the temperature factors and including
texture refinement, (b) refinements using fixed average values for the temperature factors without texture refinement, and (c) refinements including
temperature factors and texture refinement. The numbers in parentheses are the estimated standard deviation in the last quoted digit, as given in GSAS for

the refined parameters.
10% accuracy.

** Estimated based on linear regression a = f(at.%Au) of data from Ref. [30].
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cooled to 150 K and degassed. The samples were subse-
quently removed and immediately rinsed with an aqueous
mixture of 0.1 M thiourea and 0.1 M NaOH solutions,
and then immersed in a xylene solution containing 0.1 g
polyethylene and 1 g sulfur to poison the surface. The last
step was designed to block the surface of the specimens in
order to reduce dehydrogenation in the time interval
between deuterium loading and the ND studies to a suffi-
ciently low level. Subsequently, the specimens where placed
in a ceramic container and sealed in a stainless steel can
under deuterium gas at the same pressure as used for deu-
terium loading.

ND data were obtained using the general materials
(GEM) diffractometer at the ISIS pulsed neutron source
located at the Rutherford Appleton Laboratory UK [24].
For the ND measurements, the specimens were transferred
from the ceramic container into a vanadium sample holder
and sealed in air at atmospheric pressure just before the
start of each experiment. All samples were measured for
~1h at room temperature, diffraction patterns being
recorded simultaneously by five detector banks positioned
at 20 of 154.4, 91.3, 63.9, 35 and 18°, respectively. To
obtain insight into the stability of the alloys, the samples
of PdgpAuy¢ and Pd;sAu,s loaded at 0.6 MPa were mea-
sured for over 8 h in 1-h data collections. No significant
differences between the first and the final patterns were
observed. This indicates that no deuterium losses occurred
during the diffraction experiments.

2.3. ND data handling

The ND patterns were analysed by the Rietveld method
using the General Structure Analysis System (GSAS) soft-
ware package [25]. The patterns from the different detector
banks (each giving a different and partly overlapping range
of accessible d-spacing from 0.03 to 0.5 nm) were fitted
simultaneously with the lattice parameters, deuterium site
occupancies, temperature factors and texture parameters
as refinable structural parameters. The effect of texture
on the structure factors was corrected using 8th-order
spherical harmonics coefficients for samples with cylindri-
cal symmetry, as implemented in GSAS. Random orienta-
tion (texture index = 1) was assumed as an initial guess for
the texture parameters. The background of each histogram
was described with a shifted Chebyshev function with eight
parameters. The second TOF profile function from GSAS
was used to describe the diffraction profiles, two profile
parameters (sig-1 and gam-1) being refined for each histo-
gram. In addition, one absorption correction related
parameter and one histogram scaling parameter were used
for each histogram. Bank 6 (26 = 154.4°) was selected as
the reference bank to which the instrumental parameters
(DIFA and DIFC) describing the characteristic length of
the flight paths of the other banks were normalized. Several
refinement procedures were considered to ensure that the
data analysis was objective and unbiased, and that the
unavoidable correlations between the interstitial site occu-

pancies, temperature factors and texture parameters were
handled properly. No systematic correlations larger than
0.5 were present between the relevant structural parame-
ters. Details on the refinements and their results are given
in Section 3.3.

3. Results and discussion
3.1. Deuterium loading of Pd ;99— Auy alloys (foils)

The deuterium content in the metal foils after loading at
0.6 and 1.0 MPa was determined two to four times, using
fresh samples for each of the Pd(jo0_x)Au, compositions.
Fig. 2 shows the measured deuterium content as a function
of the Au content in Pd(;go_yAu,. The error bars are
representative for the spread in measured fractions for a
specific condition. The spread in data can be related to
the experimental accuracy of the desorption set-up in the
determination of deuterium fraction and to possible small
variations in the microstructure and surface properties of
the foils.

The fraction of incorporated deuterium gradually
decreases as a function of Au fraction in agreement with
the expected trend, i.e., isobaric hydrogen solubilities
decrease with increasing fraction of alloying element [26].
Also the results from previous studies on electrochemically
loaded Pd-Au electrodes [27], represented for comparison
by the line in Fig. 2, show the same trend. This systematic
decrease in hydrogen absorption capacity is probably
related to the fact that, for higher loading fractions, deute-
rium atoms progressively need to occupy less favourable
binding sites. Consequently, this limits the attainable max-
imum absorbed deuterium fractions in Pd-Au alloys rela-
tive to palladium at a given deuterium loading pressure
and temperature.

1.0 [

o
w

o
o

o
s

atomic ratio D/M

o
N
T

0'0.AAAL.\..I..k.l....JA‘\.L .....
0 5 10 15 20 25 30

at% Au

Fig. 2. Fraction of deuterium (D atoms/metal atoms) loaded in
Pd(100—vAu, foils by exposure to 0.6 MPa (open symbols) and 1.0 MPa
(solid symbols) deuterium gas at room temperature for 4 h, as determined
from subsequent thermal desorption. Line: data from Ref. [27] corre-
sponding to electrochemical loading.
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3.2. Deuterium TDS on Pd;p9_)Auy foils

The position of desorption peaks and the shape of the
TDS profiles depend on the heating rate and can provide
information on the local binding energy of hydrogen or
deuterium in metals [28]. Typical deuterium thermal
desorption spectra of Pdjgo_xAu, alloys loaded at
1.0 MPa are shown in Fig. 3. The starting compositions
of these samples correspond to single-phase systems with
a deuterium content of 0.65, 0.55, 0.44 and 0.32 D/metal
atomic ratio for Pd(jgo—xAu, alloys with x equal to 0,
10, 20 and 25 at.%, respectively. These compositions are
represented by black solid circles in the ternary phase dia-
gram (Fig. 1).

The TDS profile obtained for the Pd reference sample
(x=0) consists of a relatively broad low temperature
shoulder, between 300 and 350 K, followed by a much
sharper desorption peak. This shape is characteristic of
desorption from Pd samples loaded beyond the o—f coexis-
tence region into the pure B-hydride phase, i.e., for hydro-
gen fractions beyond ~0.6 [29]. This is indeed the case for
the reference sample (Fig. 1). The low temperature shoul-
der is related to deuterium release from a single-phase
interstitial solid solution: here the B-Pd hydride. The rela-
tive broad nature of this shoulder is indicative for desorp-
tion from multiple trap sites with comparable binding

0.25

course of desorption

A 4

0.10

desorption rate (10° (D/M) s~)

0.05

0.00 t 1 I )
250 300 350 400

T(K)

Fig. 3. Deuterium TDS profiles of Pdj00_x)Au, samples charged by
exposure to 1.0 MPa deuterium at room temperature for 4 h. From top to
bottom, the profiles correspond to x =0, 10, 20 and 25, respectively,
corresponding to the compositions represented by solid circles in Fig. 1.

energies [28]. The sharp TDS peak near 380 K is related
to the release of deuterium from a system comprising two
coexisting phases created by the hydride decomposition,
i.e., desorption occurs via a 3 — o phase transformation
step. The corresponding desorption peak is quite narrow,
suggesting desorption of hydrogen from a single-trap state,
with the rate-determining step probably being the move-
ment of the o—f interface. The higher desorption tempera-
ture peak is therefore most likely related to the onset of the
hydride decomposition.

The shape of the TDS profiles from alloys with different
Au content (x =10, 20 and 25 at.%) changes systemati-
cally, with a typical evolution as shown in Fig. 3. In partic-
ular, the profiles for the alloy composition Pd;sAu,s are
remarkably different. The desorption profiles from
PdyoAu;y and PdgyAu, are similar to those from Pd foils,
indicating that these samples were also loaded beyond the
o—f coexistence region. Indeed, the compositions of these
samples at the beginning of the TDS measurement corre-
spond to single B hydride phases (see solid circles in
Fig. 1, and the arrows indicate the changes in composition
during desorption). Similarly to the case of pure Pd, hydro-
gen desorption from PdgpAu;o and PdggAu,g alloys pro-
ceeds first with deuterium being released from the
interstitial sites of the single-phase B-hydride (low temper-
ature shoulder), followed by desorption from a system con-
sisting of coexisting o and P domains with deuterium
release occurring accompanied by a B — o phase transfor-
mation reaction (desorption peak at higher temperatures).
With increasing Au fraction, the high temperature desorp-
tion peak becomes broader. This is probably the conse-
quence of a decrease in hydrogen (deuterium) diffusivity
with increasing Au fraction due to the existence of intersti-
tial sites that could either be unfavourable for H(D) bind-
ing or provide too strong a binding for H(D) (trapping
sites). First principles calculations [17,18] support this
argument, showing that the local alloy composition in the
nearest (nn) and next-nearest (nnn) neighbourhood of an
interstitial site is determining the local hydrogen binding
energy, resulting in forbidden and trapping sites. For
example, octahedral sites with local alloy configuration
(nn, nnn) of (0, 7), (3, 0) (3, 3) Au atoms bind hydrogen
atoms more strongly than sites with a local composition
consisting of Pd only, i.e., (nn, nnn) = (0, 0), whereas sites
with (6, 0) and (5, 2) Au atoms are unfavourable for H (for-
bidden occupations) [17].

The desorption profiles from Pd;sAu,s foils consist of
only one broad peak centred at low temperatures. The
absence of the high temperature peak characteristic to deu-
terium release via the hydride decomposition reaction
infers that in this case deuterium desorption takes place
without passing through the two coexisting-phases system.
This is consistent with the fact that the composition of this
sample corresponds to a single supercritical phase (Fig. 1).
The position of the desorption peak from Pd;sAu,s
appears to be in the neighbourhood of the single-phase
B-hydride shoulder of Pd-D spectra, its shape being
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characteristic for thermal desorption from a single-phase
system, including a range of interstitial trap sites with close
but increasing binding energies. This implies that desorp-
tion from the interstitials sites in the single supercritical-
solid solution phase and in the single subcritical B-hydride
phase have very similar characteristics.

In the view of the above interpretation of the TDS pro-
files, the present study confirms that no hydride phase sep-
aration occurs during hydrogen (deuterium) absorption/
desorption in Pd;sAu,s alloys at 303 K. The hydride phase
separation still does take place in PdggAu,g. This indicates
that the critical composition for the disappearance of the
o—fB miscibility gap at room temperature is ~21 at.% Au
[30] rather than 17 at.% Au [31]. Thus, B-hydride phase for-
mation occurs upon deuterium loading of Pd, PdgoAu,
PdgpAus, at 303 K (<T.), while the loading of Pd;sAu,s
under these experimental conditions leads to the formation
of a supercritical solid solution phase (7> T,).

3.3. Deuterium site occupancy determined from ND
measurements

The following paragraphs discuss the ND patterns of
both the pure alloys (D-free) and the deuterated alloys.
The D-free samples are included because they are essential
for the interpretation of the deuterated samples, as the dis-
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cussion would not be complete if the case of pure alloys
were not described.

ND patterns obtained on the pure alloys show that they
crystallize, as expected, in the single-phase fcc structure
(space group Fm3m). With increasing Au content, the unit
cell expands. The refined lattice parameters are in good
agreement with the literature data [31], as given in Table
1. The same values of the refined lattice parameters are
obtained independently by all refinement strategies consid-
ered. Three different refinement strategies were employed:
(a) refinements whereby the metal temperature factors are
fixed to the average values of the temperature factors of
the constituent elements and all other parameters are
refined with texture corrections; (b) the same but without
refining the texture; and (c) refinements whereby the tem-
perature factors are refined together with texture parame-
ters and all other parameters. In the refinements with
fixed metal temperature factors (By), their values were esti-
mated as weighted averages of the temperature factors of
pure Pd and pure Au at 298 K. The values of the Debye—
Waller factors of pure elemental crystals given as functions
of temperature in Ref. [32] were used to estimate the tem-
perature factors of pure metals at 298 K.

The results of the different refinements considered for
the case of pure alloys are summarized in Table 1. These
data indicate that the fit quality does not significantly differ

Table 2

Deuterium-loaded Pdj90_x)Au, samples: composition (D/M atomic ratio), lattice parameters and Rietveld fit parameters

Sample D/Mtps a x 10 By x 102 Bp x10*° D occupancy D/Mnp  Texture No. of wRp x2 Refinement

index parameters strategy
(m) (m?) (m’) 0

Loading pressure = 0.6 MPa

PdgpAu;g 0.70 £ 0.07 4.01948(3) 0.47 3.80 0.499(2) 0.023(1) 0.55 1.62 73 0.0512  2.51 (a)
0.47 3.80 0.473(1) 0.011(1) 0.50 1.00 67 0.0601  3.45 (b)
0.53(1) 3.64(4) 0.478(3) 0.021(1) 0.52 1.51 75 0.0510 249 (¢)

PdgoAu,y 0.37 +£0.06 4.00992(2) 0.48 4.11 0.277(2) 0.034(1) 0.35 1.08 73 0.0772  4.66 (a)
0.48 4.11 0.246(1) 0.036(1) 0.32 1.00 67 0.0852  5.67 (b)
0.63(1) 3.84(6) 0.238(3) 0.054(1) 0.35 1.03 75 0.0766  4.59 (c)

Pd;sAuys 0.38 +0.02 4.00620(2) 0.49 4.26 0.170(1) 0.082(1) 0.33 1.02 73 0.0510 4.05 (a)
0.49 4.26 0.165(1) 0.056(1) 0.28 1.00 67 0.0538 4.5 (b)
0.57(1) 4.24(9) 0.188(4) 0.069(2) 0.33 1.24 75 0.0482  3.62 (¢)

Loading pressure = 1.0 MPa

PdyoAu;p 0.56 +0.06 4.02094(3) 0.47 3.80 0.349(2) 0.017(1) 0.38 1.52 73 0.0368  2.39 (a)
0.47 3.80 0.305(1) 0.002(1) 0.31 1.00 67 0.0521  4.79 (b)
0.53(1) 3.69(5) 0.337(3) 0.015(1) 0.37 1.50 75 0.0367 2.37 (¢)

PdgoAuyy 0.41 +£0.06 3.98198(3) 0.48 4.11 0.192(2) 0.028(2) 0.25 1.12 73 0.1092  3.26 (a)
0.48 4.11 0.155(1) 0.020(1) 0.20 1.00 67 0.1183 3.82 (b)
0.64(1) 3.79(13) 0.157(4) 0.031(2) 0.22 1.02 75 0.1100  3.31 (¢)

Pd;sAuss  0.33 +0.02  4.00267(2) 0.49 4.26 0.145(1) 0.076(1) 0.30 1.20 73 0.0584 598 (a)
0.49 4.26 0.137(2) 0.038(1) 0.21 1.00 67 0.0787 10.87 (b)
0.58(1) 4.77(14) 0.188(5) 0.090(3) 0.37 1.27 75 0.0567 5.64 (c)

The three sets of parameters given for each sample correspond to (a) refinements using fixed average values for the temperature factors and including
texture refinement, (b) refinements using fixed average values for the temperature factors without texture refinement, and (c) refinements including
temperature factors and texture refinement; the numbers in parentheses are the estimated standard deviations in the last quoted digit, as given in GSAS for

the refined parameters.
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when fixing or refining the By, values. Therefore, the use of
constant By values for all samples (without and with deu-
terium) is to be preferred in order to reduce the number of
adjustable parameters, especially in view of the limited
number of independent Bragg reflections in this high sym-
metry structure. However, the overall quality of the fits
decreases dramatically when the texture corrections are
not included (Table 1). The effect of including texture cor-
rections is clearly visible in a reduction of the systematic
overestimation of the {111} peak intensities. Hence, tex-
ture corrections cannot be neglected. Comparing the differ-
ent D-free alloys, because all samples are made of foil discs
of the same thickness (100 um), the data in Table 1 indicate
a decrease in the texture index with increasing Au content.

With the reliability obtained in the refinement procedure
of the pure alloys in mind, the authors approached the
analysis of the diffraction patterns of the more complex
deuterated samples. The diffraction profiles of the deuter-
ated samples indicate the presence of single-phase systems,
which are modelled in the space group Fm3m with deute-
rium atoms distributed to occupy the octahedral (O) inter-
stitial sites at 4b Wyckoff positions and the tetrahedral (T)
interstitial sites at 8¢ Wyckoff positions. The refined
parameters for all the diffraction patterns of D-containing
samples at 298 K are given in Table 2. In accordance with
the interpretation of the D-free samples, three distinct
refinements strategies were followed, i.e., (a,b) refinements
whereby the metal temperature factors (By) are fixed to the
average values used for the D-free alloys (see previous par-
agraph), the deuterium temperature factors (Bop and Br)
are fixed to the averaged values obtained as described
below, and the D-occupancy and all other parameters are
refined with (a) or without (b) texture corrections, and (c)
refinements whereby the metal and deuterium temperature
factors are fitted together with D-occupancy, texture
parameters and all other parameters. For all these cases,
the metal content obtained from electron probe microanal-
ysis is used without further refinement. The temperature
factors for deuterium on the O and T interstitial sites were
constrained to remain equal (Bo = Br). This assumption is
made to stabilize the refinement and to reduce the correla-
tions between the site occupancies and temperature factors.
This is essential when one aims to assess the relative occu-
pancy of the O and T sites by deuterium. This may be con-
sidered an oversimplification, as one could expect different
vibrational amplitudes (temperature factors) for atoms in
interstitials sites with different sizes. However, there is no
information available to ensure physically reasonable val-
ues for Bo and Br, except perhaps a relationship based
on the difference in size between O and T interstitial sites,
as suggested in Ref. [22]. Moreover, refining Bo, Bt and
the site occupancies freely could lead to very different
results. In general, a too high occupancy is set by spreading
out the scattering power of a larger site, i.e., by a too large
Debye-Waller factor. Therefore the assumption of equal
temperature factors was preferred, and the refinements
were done by alternatively fixing and varying the tempera-

ture factors and site occupancies for the deuterium atoms
until a smooth convergence is achieved for all diffraction
patterns obtained in subsequent GEM runs. It was
observed that the average values of temperature factors
(Bo = Br) increase with increasing Au content. Further,
they are nearly the same for samples with the same Au con-
tent loaded at different deuterium pressures. These aver-
aged values of Bo= Bt were fixed, while the site
occupancies and other parameters were refined in the
refinements (a) and (b) referred to above (i.e., refinements
with and without texture corrections).

The data in Table 2 correspond to the best overall refine-
ment of all data from various diffraction banks, and clearly
indicate that a mixed deuterium occupancy of O and T
interstitial sites provides the best description for all sam-
ples. Structural models including only O-site occupancy
were also considered, but they were found to give a poorer
description of the experimental data, as shown in Fig. 4
and discussed in a following paragraph. The data in Table
2 indicate that the fit quality does not differ significantly
when fixing or refining the thermal parameters. Small dif-
ferences in D-occupancies can be seen in Table 2. Similar
refinement quality but slightly lower occupancies (see
Fig. 5) were also obtained by setting Br = Bp/3.41, as sug-
gested in Ref. [22] based on the difference in size between T
and O interstitial sites in pure Pd. The addition of the tex-
ture corrections, however, seems to be essential for a
proper description of the diffraction patterns. Still, refine-
ments without texture corrections lead to the same conclu-
sions regarding the deuterium site occupancies and their
correlation with the Au content (see Table 2 and Fig. 5).

The deuterium content, as calculated from the total sum
of the site occupancies of all O and T sites, decreases stea-
dily with increasing Au content. This is in good agreement
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Fig. 4. ND pattern of Pd;sAu,s charged with D, at 0.6 MPa. The upper
symbols and line represent the observed and calculated patterns (O + T
case). The two difference profiles (Zps — Icaic) plotted below relate to the
case where deuterium occupies the O sites only (upper curve) and the
O + T sites (lower curve), respectively.
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Fig. 5. Deuterium T-site occupancy relative to total deuterium content as
obtained from refinements using fixed average values for the temperature
factors and including texture refinement (circles), from refinements
including temperature factors and texture refinement (triangles), and
from refinements considering Bt = Bo/3.41 (squares). The compositions
of samples loaded at 0.6 and 1.0 MPa are represented by solid and open
symbols, respectively.

with the trend determined from the TDS analysis (Fig. 2).
The deuterium content estimated from the Rietveld profile
analysis is slightly lower than the deuterium content esti-
mated by thermal desorption measurements. The lower
values are not surprising, because the ND data probes
the D content at the O and T lattice positions, while the
TDS technique determines the overall D content, including
also the deuterium located at the surface, subsurface, grain
boundaries, dislocations and defects.

Furthermore, it is important to note that the occupancy
of O sites gradually decreases, while the occupancy of T
sites continuously increases with increasing Au content.
In the case of PdogAuio—D alloys, only ~8% of D can be
found on the T site. However, this increases to a signifi-
cantly higher fraction (~50%) for Pd;sAu,s—D alloys
(Fig. 5). Without including T-site occupancy, it is impossi-
ble to achieve a satisfactory fit of the diffraction data, espe-
cially for the samples with a high Au content. As an
illustrative example of the results of Rietveld profile analy-
sis, Fig. 4 shows a representative diffraction pattern and
analysis for a Pd;sAu,s sample charged with D, at
0.6 MPa. The two difference profiles plotted below the
observed and calculated patterns correspond to the cases
where deuterium occupies the O sites only (upper curve)
and O + T sites (lower curve). The same texture parameters
are used to calculate these profiles, hence the differences are
only due to neglecting or including T-site occupancy in the
analysis. When only the O-site occupancy is considered,
major differences between the calculated and observed
intensities for the {200} and {220} reflections are evident.
Assuming that deuterium also occupies the T-interstitial

sites significantly reduces these differences and improves
the overall quality of the fit significantly. Structure factor
calculations indeed show that the T occupancy decreases
the intensity of the {200} reflections and increases the
intensity of the {220} reflections, while leaving the {111}
reflections unchanged.

The data presented in Table 2 and Figs. 4 and 5 support
the conclusion that all the samples investigated here were
single-phase systems, which can only be adequately
described by considering a simultaneous occupation of O
and T sites. This is the case not only for samples loaded
in supercritical conditions (Pd;sAu,s), but also for the sam-
ples loaded in subcritical conditions, i.e., in the B-hydride
phases (PdggAu;o and PdgpAu,g). Clearly, a simultaneous
occupancy of T positions in addition to O interstices is
therefore characteristic not only of samples prepared under
supercritical conditions, as inferred in Ref. [22] for Pd-D.
In the case of Pd—Au alloys, the T-site occupancy is prob-
ably closely related to the local atomic composition around
the sites, which makes them more favourable for H(D)
occupation. First principles calculations for hydrogen in
Pd-Au and Pd-Ag alloys support this statement [17,18],
showing that the O site is preferred when most of the neigh-
bours are palladium atoms, while the T site is preferred
when the alloying element dominates. The increase in the
T-site occupancy determined from the present ND study
suggests that the occupation of T sites become energetically
more favourable for D absorption with increasing Au con-
tent. This is in good agreement with recent results from first
principles calculations [17], which indicate that, even at low
H content, H absorption at the T sites can become more
favourable than at the O sites, depending on the type and
concentration of alloying element. Though the results from
these first principles calculations concern H and not D, it is
likely that the T-site occupancy will be even more favour-
able for the heavier isotope because of its lower vibrational
energy. Further analysis of the ND data is required to
obtain information on the local atomic configuration, but
this cannot be obtained from the present full-profile analy-
sis. This issue deserves further studies, and will be discussed
in a future paper.

4. Conclusions

This study provides information about the phases
formed during deuterium absorption/desorption in Pd—
Au-alloys, the deuterium site occupancy and its relation
with the desorption characteristics.

First, it is shown that the hydrogen (deuterium) desorp-
tion characteristics change with the content of gold.
Desorption from Pd-Au alloys deuterated initially in the
single B-hydride phase occurs via a two-stage process, i.e.,
(i) desorption from interstitial sites of the single-phase 3
hydride and (ii) desorption from a system comprising coex-
isting o and f domains with deuterium release accompanied
by a P — o phase transformation reaction. Desorption
from alloys in a single-supercritical phase is a single-stage
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process i.e., desorption from interstitial sites of the super-
critical solid solution phase, which is quite similar to
desorption from the single B-hydride phase.

Second, the analysis of the measured ND data confirms
that the same types of interstitial sites are occupied in both
the (subcritical) B-hydride phase and in the (supercritical)
solid solution phase. Only Rietveld refinement including
mixed occupation of O and T sites could describe the
ND data adequately. With increasing Au content, the
occupancy of the O sites decreases and that of the T sites
increases.
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