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Surface composition of PdCuAu ternary alloys: a
combined LEIS and XPS study
Ana M. Tarditi,a Carolina Imhoff,a James B. Millerb and Laura Cornagliaa*
PdCuAu ternary alloy samples with different compositionwere synthesized on top of ZrO2-modified porous stainless steel disks by
the sequential electroless deposition technique. The structure, morphology and bulk composition of the samples were character-
ized by X-ray diffraction (XRD), scanning electronmicroscopy and energy dispersive X-ray spectroscopy (EDX). Complete alloy for-
mation with a pure fcc phase for the Pd71Cu26Au3, Pd70Cu25Au5 and Pd67Cu24Au9 samples and a bcc structure for the Pd62Cu36Au2
and Pd60Cu37Au3 samples were obtained upon annealing at 500 °C for 120h as revealed by XRD. A combination of low-energy ion
scattering (LEIS) and X-ray photoelectron spectroscopy (XPS) was used to investigate the surface properties of the PdCuAu alloys.
XPS results confirmed alloy formation under the annealing conditions. XPS analysis also revealed that the near-surface regions of
the alloys became enriched in Pd with respect to the bulk composition determined by EDX. In contrast, LEIS and angle-resolved
XPS analyses showed that the top-most surface layers in all samples were copper-rich compared with the bulk composition. This
high Cu surface concentration could impart resistance to bulk sulfide formation to the PdCuAu alloy membranes. Copyright ©
2015 John Wiley & Sons, Ltd.
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Introduction

Palladium-based binary and ternary alloys are important materials
for applications in catalysis and as membranes for hydrogen purifi-
cation. In these processes, reaction and hydrogen dissociation takes
place at the alloy surface. The surface composition of an alloy usu-
ally differs from that of the bulk; therefore, detailed information
about the surface compositions of alloys plays an important role
in the interpretation of physical and chemical properties that are
relevant to their performance as membranes and catalysts. For
palladium-based hydrogen separationmembranes, it is known that
both surface and bulk compositions influence alloy permeability.
Hence, a deeper understanding of the relationship between its sur-
face properties and hydrogen permeability may lead to the devel-
opment of new materials with improved permeation performance.

Dense palladium membranes are attractive for hydrogen purifi-
cation as a result of their efficiency and high selectivity toward
hydrogen. However, pure Pd undergoes a hydride phase transition
upon hydrogen absorption at temperatures below 300 °C,[1] which
causes irreversible embrittlement of the Pd film. Furthermore, Pd
can be irreversibly poisoned by sulfur compounds and other feed-
stock components, which can cause deterioration of membrane
performance.[2] It is well known that alloying Pd with other metals
such as Ag, Cu and Au can overcome these drawbacks and even
improve hydrogen permeability.[3] PdCu and PdAu can have high
sulfur-poisoning resistance.[4–6] PdCu alloys with fcc structure are
tolerant to H2S exposure, but they have relatively low base (in clean
H2) permeabilities. On the other hand, PdCu alloys with bcc
structure display high permeabilities but poor H2S tolerance. The
incorporation of a third component, such as Au, has the potential
to increase the H2 permeability of the fcc PdCu phase, while main-
taining or even imparting additional H2S tolerance.

Surface studies carried out by Miller et al.[7] on PdCu alloys have
shown that the top atomic layer is rich in Cu as determined by
means of low-energy ion scattering (LEIS), whereas the near-surface
Surf. Interface Anal. 2015, 47, 745–754
region determined from X-ray photoelectron spectroscopy (XPS; ~7
atomic layers) is rich in Pd.[7] This difference was attributed to the
depletion of Cu in the atomic layers immediately below the top.
These data were consistent with those reported by Loboda-
Cackovic et al.[8] using Auger electron spectroscopy (AES) and
temperature-programmed desorption (TPD) of CO. Brongersma
and coworkers[9] reported the segregation of the majority compo-
nent for the Cu3Pd system, as revealed by LEIS, in agreement with
theoretical predictions.[10] On the other hand, in LEIS experiments,
a composition of about 90% of Au in the first layer and less than
10% in the second layer was observed for a Cu50Au50 alloy,[11]

which indicated an oscillatory composition profile as shown by
Tersoff.[12] For the PdAu system, several studies have reported
differences between the surface and the bulk composition,[13,14]

showing a higher Au concentration on the surface. In some cases,
a slight enrichment of Au was found through Auger transition anal-
ysis and a more pronounced gold enrichment was determined by
LEIS experiments.[14] Goodman and coworkers[14] attributed this
discrepancy to the difference synthesis procedure of the samples.

Compared with several studies of surface segregation in binary
systems, fewer publications have reported surface segregation in
multi-component alloys.[15,16] For PdCuAg alloys, a Cu and Ag
cosegregation to the near-surface region was observed as well as
Copyright © 2015 John Wiley & Sons, Ltd.



Figure 1. Scheme of the deposition cycle used for the synthesis of the
PdCuAu samples studied.
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a silver enrichment of the top-most surface region through angle-
resolved XPS (ARXPS) and LEIS experiments, respectively.[17]

The present work deals with the synthesis and surface character-
ization of PdCuAu ternary alloy samples synthesized by the sequen-
tial electroless deposition technique on top of porous stainless steel
disks. Alloy composition selections were guided by high-
throughput studies of S uptake by composition spread alloy film
(CSAF) combinatorial libraries[18] conducted at Carnegie Mellon
University. Results of the work will be reported separately. Briefly,
thin (~100nm) Pd1-x-yCuxAuy alloy films were codeposited onto
compact (~14×14mm2) Mo substrates by physical vapor deposi-
tion methods. Annealed CSAFs were exposed to 100ppm H2/H2S
at 400 °C for 24 h and then characterized for S uptake by XPS and
energy dispersive X-ray spectroscopy (EDX). The compositions for
the present work were chosen from regions that displayed low S
uptake and therefore potential for corrosion resistance.
The effect of the annealing time at 500 °C in H2 on the alloy

formation was investigated by X-ray diffraction (XRD) on PdCuAu
films synthesized by electroless plating (ELP). The morphology
and bulk composition of the as-synthesized samples were analyzed
by scanning electron microscopy (SEM)-EDX. A combination of LEIS
and XPS measurements were used to investigate the surface
compositions in the top-most atomic layer and in the near-surface
region, respectively.
Experimental

Sample synthesis

The PdCuAu alloy samples were synthesized on top of porous 316L
stainless steel disks (PSSD, 1.27 cm in diameter and thickness of
4mm, 0.1μm grade). The supports were purchased from Mott
Metallurgical Corporation®. Prior to any plating experiment, sup-
ports were cleaned in a basic solution consisting of 0.12M Na3PO4,
12 H2O, 0.6M Na2CO3 and 1.12M NaOH. Later, the disks were oxi-
dized at 500 °C for 12h. To avoid inter-metallic diffusion between
the stainless steel elements and the PdCuAu ternary alloy, the sup-
ports were modified with ZrO2 by the dip-coating vacuum-assisted
method.[19] Solutions for activation were prepared using tin(II) chlo-
ride dehydrate and palladium(II) chloride. The chemical composi-
tions of the activation and plating solutions used were reported
elsewhere.[19,20] The activation procedure consisted of first dipping
the substrate in the tin chloride solution and then in palladium
chloride solution with intermediate rinsing in water between the
immersions. After dipping the support in the chloride solution, it
was rinsed with a 0.01M HCl solution to avoid reoxidation of palla-
dium. This cycle was repeated as needed, normally three times. The
ELP technique was used to coat the support with a continuous
metallic film. Palladium, gold and copper were deposited by se-
quential electroless deposition. Figure 1 shows the sequence used
for the Pd, Cu and Au electroless deposition. For all membranes,
palladium was deposited in two steps of 60min each, followed by
a Au deposition. After the Pd and Au depositions, the samples were
rinsed with water and dried at 120 °C overnight. The Cu plating was
performed on top of the Pd-Au layers, previously activated with
SnCl2 and PdCl2. Plating times for Pd, Au and Cu were adjusted to
achieve the desired metal composition in all cases. After the elec-
troless deposition of Cu, the samples were immediately immersed
in 0.01M HCl to neutralize any residual plating solution, followed
by rinsing with deionized water and ethanol to facilitate drying
and prevent oxidation of the copper layer. The sample was then
heated up to 500 °C in H2 at atmospheric pressure (101.32 kPa) in
wileyonlinelibrary.com/journal/sia Copyright © 2015 Joh
order to form a homogeneous palladium-gold-copper alloy by
thermal diffusion. To obtain a higher film thickness, a second set
of Pd, Au and Cu layers was applied, followed by a second heat
treatment at the same temperature. The nomenclature adopted
for the samples was PdxCuyAuz where x, y and z refer to the atomic
bulk composition determined by EDX.
Sample characterization

X-ray diffraction

The phase structure of the samples as a function of annealing time
wasdeterminedbyXRD.TheXRDpatternsof thefilmswereobtained
with an XD-D1 Shimadzu instrument, using CuKα (λ=1.542Å) radia-
tion at 30 kV and 40mA. The scan rate was 1–2min�1 in the range
2θ=15–90°.

Scanning electron microscopy and energy dispersive X-ray analysis

The outer surface and cross-section images of the samples were
obtained using a JEOL scanning electron microscope, model
JSM-35 C, equipped with an energy dispersive analytical system.

X-ray photoelectron spectroscopy

XPS analyses were performed in a multi-technique system (SPECS)
equipped with a hemispherical PHOIBOS 150 analyzer operating
in the fixed analyzer transmissionmode. The spectra were obtained
using a monochromatic AlKα radiation (hυ=1486.6 eV) operated at
300W and 14 kV. The pass energy for the element scan was 30 eV.
The working pressure in the analyzing chamber was less than
5×10�10 kPa. The XPS analyses were performed on the annealing
samples. After preparation, the samples were exposed to ambient
conditions and transferred to the load-lock chamber of the spec-
trometer where they were heated in flowing H2(5%)/Ar at 400 °C
for 10min. Then, they were transferred to the analysis chamber
without air exposure, and the surface characterization was
performed.
n Wiley & Sons, Ltd. Surf. Interface Anal. 2015, 47, 745–754



Surface composition of PdCuAu ternary alloys: a LEIS and XPS study
The spectra of Pd 3d, Pd 3p, O 1s, C 1s, Au 4f, Cu 2p and Fe 2p
were recorded for each sample. The data treatment was performed
with the Casa XPS program (Casa Software Ltd., UK). The peak areas
were determined by integration employing a Shirley-type back-
ground. Peaks were considered to be a mixture of Gaussian and
Lorentzian functions. Sensitivity factors provided by the instrument
manufacturer were used for the quantification of composition. The
kinetic energies of the Pd 3d3/2, Cu 2p3/2 and Au 4f7/2 signals were
1145, 555 and 1402 eV, respectively, which correspond to mean
free paths of about 10–15Å. Thus, the XPS experiments gave com-
positional information coming from ca. the first 6 atomic layers.

By varying the takeoff angle between the direction of the
escaping photoelectron and the surface plane of the sample,
the depth profile distribution within the near-surface region
was obtained. Measurements were made at different angles by
tilting the sample with respect to the analyzer. For each ARXPS
experiment, measurements were performed at six different
angles between 0 and 64° with respect to the surface normal.
These angles represent integrated XPS analysis depth of ca. 6
and 2 atomic layers, respectively.
XPS depth profile experiments

Depth profile measurements were performed using Ar+ sputtering.
A differentially pumped ion gun was operated at 7 × 10�8 kPa,
3 keV and 300nA. Under these conditions, sputtering rates of ca.
1.1nmmin�1 are produced as estimated by the method reported
by Hofmann.[21] Sputtering times up to 70min were used to probe
depths of up to 80nm. Before sputtering and then at each
sputtering step, photoemission spectra for Pd 3d, Cu 2p, Au 4f,
O1s and C 1s core levels were recorded; peak areas were deter-
mined by integration employing a Shirley-type background. Sensi-
tivity factors provided by the instrument manufacturer were used
for quantification of the elements.
Table 1. PdCuAu samples studied

Sample Deposition time (min) Thicknessa

(μm)
Pd Cu Au

Pd71Cu26Au3 120 20 40 14

Pd70Cu25Au5 120 20 40 14

Pd67Cu24Au9 120 20 50 5

Pd62Cu36Au2 120 30 30 14

Pd60Cu37Au3 120 30 30 14

aDetermined by the gravimetric method.
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LEIS spectroscopy

LEIS analysis, for estimation of top-surface composition, was per-
formed using a differentially pumped ion source IQE 12/38 SPECS,
in the multi-technique system (SPECS). The LEIS spectra were taken
using 1 keV helium ions at a scattering angle of 50°, with a current
density of about 400nAcm�2 (1.5× 1014 ion cm�2 to take a com-
plete experiment) to minimize the potential for surface etching.
The primary ion beamwas focused onto a 1mm diameter spot size
on the sample. Reference samples to calibrate the LEIS signals and
to obtain sensitivity factors were pure Pd, Au and Cu foils. The Pd,
Cu and Au reference samples were cleaned under ultrahigh
vacuum (UHV) conditions by repeated cycles of argon ion bom-
bardment (3 keV). The cleanliness of the samples was checked by
XPS. For the quantitative estimates of the top layer composition,
we compared the LEIS peak areas (Gaussian fits) at E/E0 0.85, 0.78
and 0.89, corresponding to Cu, Pd and Au, respectively.

The surface concentration of an element A in the alloy was deter-
mined from the LEIS spectra using Eqn (1):

CA ¼ IA
IA þ f A=B:IB þ f A=C :IC

(1)

where IA, IB and IC are the intensities of the ions scattered at atoms
A, B and C with concentrations CA, CB and CC; with CA+CB +CC = 1,
fA/B and fA/C are the ratios of the peak scattered intensities of the
pure metals.
Surf. Interface Anal. 2015, 47, 745–754 Copyright © 2015 John
Results and discussion

PdCuAu alloy formation and morphological study

Alloy composition selections were guided by high-throughput
studies of S uptake by CSAF combinatorial libraries[18] conducted
at Carnegie Mellon University. Annealed CSAFs were exposed to
100ppm H2/H2S at 400 °C for 24 h and then characterized for S
uptake by XPS and EDX. Alloy compositions for the present work
were chosen from regions that displayed low S uptake and there-
fore potential for corrosion resistance.

Table 1 summarizes the compositions and thicknesses of the
PdCuAu samples synthesized by means of sequential electroless
deposition. The desired composition was achieved by modification
of the deposition times of Au and Cu, as shown in Fig. 1. As
observed in Table 1, the samples studied can be divided into two
main groups based on their Cu concentration: the Pd60Cu37Au3
and Pd62Cu36Au2 samples with a higher Cu composition and the
Pd70Cu26Au4, Pd67Cu24Au9 and Pd71Cu26Au3 samples with a lower
Cu content.

XRD patterns of the Pd70Cu26Au4 sample, after themetallic depo-
sition, and then of the annealing in hydrogen at 500 °C for 120h, are
shown in Fig. 2a. After metal deposition, the sample displayed the
expected pure component Pd, Au and Cu diffraction patterns. After
annealing, a complete fcc alloy formation was observed. No evi-
dence of the bcc crystalline phase or impurities was detected. The
diffraction patterns of samples Pd71Cu26Au3 and Pd67Cu24Au9
yielded similar profiles showing the formation of pure fcc alloys
(data not shown). In contrast, after annealing at 500 °C for 120 h,
the XRD patterns of the Pd60Cu37Au3 and Pd62Cu36Au2 samples
indicated the formation of a pure bcc crystal structure (Fig. 2b). It
is worth noting that in the XRD patterns, no reflection peaks from
Fe, Cr, Ni or Zr were observed.

As previously reported,[22] the bcc structure for the PdCu system
is stable in a region of intermediate composition at low tempera-
ture. Furthermore, it has been reported that the addition of small
amounts of gold to the PdCu alloy does not prevent the formation
of the bcc phase.[22] In the PdCuAu ternary phase diagram, three
structures are thermodynamically stable at 400 °C, a disordered
fcc phase, a tetragonal phase and a bcc phase.[22] Bredesen and
coworkers[23] reported a complete fcc alloy formation with no
evidence of the bcc crystalline phase for Pd71.5Cu27Au1.5 and
Pd72.1Cu24.7Au3.2 alloys synthesized by magnetron sputtering. On
the other hand, Coulter et al.[24] modeled and fabricated bymagne-
tron sputtering several PdCuAu membranes with different compo-
sitions, obtaining a fcc structure in all cases. Guerreiro et al.[25]

recently prepared several PdCuAu alloys by coelectrodeposition
over a large composition range showing fcc phase formation.
These latter authors observed shifts in diffraction peak locations
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia



Table 2. Samples studied: atomic composition based on EDXmeasure-
ments, crystal structure and lattice parameter determined by XRD

Sample composition (at%) Phase Lattice parameter (Å) Reference

Pd70Cu26Au4 fcc 3.90 [24]

Pd66Cu26Au9 fcc 3.86 [25]

Pd74Cu19Au7 fcc 3.87 [25]

Pd45Cu54Au1 bcc 2.96 [25]

Pd71Cu26Au3 fcc 3.85 This work

Pd70Cu25Au5 fcc 3.84 This work

Pd67Cu24Au9 fcc 3.84 This work

Pd62Cu36Au2 bcc 2.99 This work

Pd60Cu37Au3 bcc 3.00 This work

(a) (b)

Figure 2. X-ray diffraction patterns of the as-synthesized PdCuAu ternary alloys and after annealing up to 500 °C during 120 h in hydrogen: (a) Pd70Cu26Au4,
(b) Pd60Cu37Au3.
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that were related to the variation in the film composition.[25] After
annealing a Pd35.6Cu60.5Au3.9 sample at 400 °C, Guerreiro et al.[25]

reported an fcc to bcc phase transition. As stated previously, our
alloys with a higher copper concentration (Pd60Cu37Au3 and
Pd62Cu36Au2) yielded a bcc structure upon annealing at 500 °C.
The lattice parameter of the electroless-deposited PdCuAu sam-

ples determined from XRD data are summarized in Table 2. Lattice
constants were determined from the positions of the fcc (111) and
the bcc (110) diffraction features using the following relationship:

L ¼ dhkl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ l2 þ k2

p
(2)

where dhkl is the distance between two adjacent planes and L is the
lattice parameter.
A change in the lattice parameter from 3.84Å in the fcc phase to

2.99Å for the bcc was observed for the PdCuAu samples studied in
the present work; they are similar to the values reported by
Guerreiro et al.[25] The PdCuAu data are also consistent with the
PdCu binary alloy, for which the fcc to bcc phase transformation
is accompanied by a reduction in the lattice parameter from ca.
3.76 to 2.97Å.[26]

The morphologies of the PdCuAu electroless-deposited alloy
samples were characterized by SEM. Figure 3 shows the SEM top-
view images of the Pd71Cu26Au3 and Pd62Cu36Au2 samples after
annealing at 500 °C for 120 h in hydrogen. All samples displayed a
homogeneous morphology, displaying cauliflower-shaped clusters
with well-defined borders. Sample Pd62Cu36Au2 shows a smoother
wileyonlinelibrary.com/journal/sia Copyright © 2015 Joh
surface, with less-defined cluster borders, which could be attributed
to the higher Cu content of this sample. The morphology of this
sample is similar to that of PdCu samples synthesized by electroless
deposition.[27] It should be noted that the SEM top view of the
Pd62Cu36Au2 shows pores in the surface, which could be caused
by the Kirkendall effect as previously reported for PdCu
membranes.[27] This effect occurs when two metals with different
diffusion coefficients undergo inter-diffusion. EDX spot scans were
performed at several points on the surface to determine the com-
position of the alloy. In all cases, the bulk composition determined
by EDX revealed a uniform composition.

Surface analysis

XPS and LEIS spectroscopy were employed to determine the com-
position of the near-surface region and the top-most surface layer,
respectively, of the PdCuAu samples under study. After the anneal-
ing, the PdCuAu samples were exposed to ambient conditions and
transferred to the load-lock chamber of the spectrometer where
the treatment in flowing H2(5%)/Ar were performed. This treatment
removes most of the oxygen present in the samples. From the
curve fitting of the Pd 3p-O 1s region (not shown), it was possible
to determine that all the samples contained a similar proportion
of oxygen on the surface. The atomic concentration was 32 and
8% before and after treatment in flowing H2(5%)/Ar, respectively.
On the other hand, the carbon concentration was in all cases
between 10 and 15% before and after treatment.

Because the XPS Pd 3d5/2 core-level peak is almost coincident
with Au 4d5/2, the Pd 3d3/2 feature was used in the interpretation
of the spectra. Table 3 shows the Pd 3d3/2 binding energies (BEs)
of the PdCuAu ternary alloy samples studied in comparison with
those of Pd70Cu30 (fcc), Pd91Au9 (fcc) and Pd reference samples.
The BE of the Pd 3d3/2 peak for the PdCuAu samples displays a
slight shift to lower energies (340.3 ± 0.1 eV) with respect to the
pure Pd (340.5± 0.1 eV), which is likely related to the alloy formation
(Table 3). In the same way, the Cu 2p3/2 photoemission feature
exhibited a shift to lower BEs, which was assigned to the alloy for-
mation in agreement with the data reported for binary and ternary
PdCu alloys.[17,28] On the other hand, the Au 4f7/2 peaks in the
PdCuAu ternary alloys did not show a significant shift upon alloying.
However, in the PdAu system, a Pd 3d3/2 and Au 4f7/2 core-level
shift was reported.[14] Hüfner et al.[29] reported a chemical shift of
n Wiley & Sons, Ltd. Surf. Interface Anal. 2015, 47, 745–754



Table 3. XPSmeasurements of surface atomic composition, binding energy (BE) and full width at half maximum (fwhm) of the Pd 3d3/2, Cu 2p3/2 and Au
4f7/2 peaks for the PdCuAu ternary samples studied

Sample Phase BE ±0.1 (eV) fhwm ±0.1 (eV) Atomic composition Line shape of the
Pd 3d3/2 peak

d

Pd 3d3/2 Cu 2p3/2 Au 4f7/2 Pd 3d3/2 Cu 2p3/2 Au 4f7/2 Pd Cu Au

Pd70Cu25Au5 fcc 340.1 931.5 83.6 0.9 1.2 1.1 83 14 3 A(0.3,0.3,0)GL(30)

Pd71Cu26Au3 fcc 340.3 931.6 83.8 1.1 1.1 1.2 75 22 3 A(0.3,0.3,0)GL(30)

Pd60Cu37Au3 bcc 340.2 931.5 83.8 1.0 1.1 0.9 72 25 3 A(0.3,0.3,0)GL(30)

Pd67Cu24Au9 fcc 340.3 931.7 83.7 1.1 1.0 1.1 83 13 4 A(0.3,0.3,0)GL(30)

Pd70Cu30
a fcc 340.4 932.3 — 1.0 1.2 — — — — A(0.2,0.2,0)GL(30)

Pd91Au9
b fcc 340.5 — 83.7 1.2 1.0 1.0 — — — A(0.35,0.35,0)GL(30)

Pdc 340.5 — — 1.2 — — — — — A(0.35,0.35,0)GL(30)

Cuc — 932.5 — — 1.1 — — — — —

Auc — 83.8 — — 1.0 — — — —

aFrom reference.[17]

bFrom reference.[19]

cReference samples.
dA(a,b,n)GL(p) where a and b are parameters that allow changing the asymptotic form of the asymmetric tail.

Figure 3. SEM top view of the Pd71Cu26Au3 (a, b) and Pd62Cu36Au2 (c, d) samples after annealing up to 500 °C in H2 120 h at two different magnifications.
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0.7 eV to lower BEs with the Pd90Au10 alloy formation. Similarly,
Goodman and coworkers[14] reported a shift to lower BE of 0.15
and 0.45 eV to Pd 3d3/2 and Au 4f7/2, respectively, upon annealing
a Pd50Au50 sample at 527 °C. In a previously published work,[19]

we observed a Au 4f7/2 core-level chemical shift to lower BE after
hydrogen permeation for several Pd91Au9 membranes synthe-
sized by electroless deposition. The discrepancy with the data
obtained in the PdCuAu alloy could be related with the low gold
content.

The Pd 3d feature for the PdCuAu ternary alloy exhibited a slight
decrease in the peak asymmetry with respect to the pure Pd refer-
ence sample. The Gaussian/Lorentzian product GL(p) line shapes
used to the curve fitting of the Pd 3d peaks were A(a,b,n)GL(p)
Surf. Interface Anal. 2015, 47, 745–754 Copyright © 2015 John
where a and b are parameters that allow changing the asymptotic
form of the asymmetric tail (Table 3). Note that parameters ‘a’ and
‘b’ decrease for the PdCuAu and PdCu alloys with respect to the
pure Pd and PdAu samples. Similar changes in the Pd 3d peak
asymmetry have been reported for other PdCu binary and ternary
alloy systems and have been interpreted as evidence of alloy
formation.[17,30] Hedman and coworkers[30] reported a decrease in
the full width at half maximum (fwhm) of Pd 3d5/2 with the increase
in Cu concentration in the PdCu system, which was attributed to
the change of the local density of states in the Fermi level, in agree-
ment with the shift in the Cu 2p3/2 peak. On the other hand, for the
PdCuAu samples studied in the present work, the symmetry of the
Cu 2p3/2 and Au 4f7/2 photoemission peaks remain unchanged.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia



Figure 4. ARXPS and Ar+-sputtering XPS depth profile for the Pd62Cu36Au2 (a, b) and Pd67Cu24Au9 (c, d) samples after annealing up to 500 °C.

(a) (b)

Figure 5. Characteristic LEIS spectra of the Pd, Cu and Au reference samples (a) and the Pd71Cu26Au3 ternary alloy sample (b).

A. M. Tarditi et al.
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(b)

(a)

(c)

Figure 6. Pd, Cu and Au LEIS concentration as a function of the ion dose for
the (a) fcc Pd71Cu26Au3, (b) bcc Pd60Cu37Au3 and (c) fcc Pd67Cu24Au9 ternary
alloy samples.
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Taken together, the Pd 3d3/2 and Cu 2p3/2 chemical core-level shift
and the Pd 3d3/2 fwhm changes observed here provide strong
evidence for surface alloy formation, in agreement with the XRD
data (Fig. 2).

It has been reported by Göthelid et al.[31] that the Doniach–Sunjic
line profiles failed to describe the Pd 3d spectrum, specially to
higher BE size as a result of changes in the density at the Fermi
level. They mention that this apparent problem disappears upon
adsorption because many adsorbates induce core-level shifts
on that side of the spectrum. They studied the coverage
dependence iodine structure on Pd (110). From curve fitting of
the Pd 3d5/2 core level, they found the contribution of three
components (the bulk and surface contributions and an extra
component X) using a Gaussian–Lorentzian product and an
asymmetric parameter.

Surface composition in the near-surface region and depth analysis

The near-surface atomic composition (ca. 6 atomic layers) of the
samples was determined by XPS. As noted earlier, the Pd 3d5/2
signal is almost coincident with Au 4d5/2, so Pd 3d3/2 and Au 4f7/2
were used for quantification. Gaussian–Lorentzian product GL(p)
line shapes modified by an asymmetric form were used for fitting
the spectra. XPS wide-scan spectra revealed that, in addition to
palladium, copper and gold, carbon and oxygen impurities were
present. No signal from either Fe or Cr was detected; evidence that
inter-diffusion between the component of the stainless steel
support and the PdCuAu alloy had not occurred. All the PdCuAu
samples displayed a slight Pd enrichment in the XPS-accessible
near surface with respect to the bulk composition determined by
EDX (Table 3).

Pd surface segregation under hydrogen atmosphere has been
reported for the PdAg system. Shu et al.,[32] through XPS surface
characterization of PdAg self-supported membranes, concluded
that the chemisorption of hydrogen induces palladium surface
segregation. In the sameway, we have previously reported a higher
Pd surface concentration in a PdAg sample after treatment in
H2(5%)/Ar at 400 °C, when it was compared with the sample
without treatment.[33] For the ternary alloy samples studied in
this work, a similar effect could be occurring.

To estimate the relative atomic distribution of the elements as a
function of depth into the surface, both angle-resolved and Ar+

sputter depth profiling, XPSmeasurements were performed. ARXPS
experiments provide detailed information about composition
within the XPS-accessible near surface of ca. 6 atom layers. Figures
4a and 4c summarize the ARXPS data obtained from the
Pd62Cu36Au2 (bcc phase) (Fig. 4a) and the Pd67Cu24Au9 (fcc phase)
(Fig. 4c) samples after annealing at 500 °C for 120h. For the
Pd62Cu36Au2 sample, no major changes in the near-surface region
composition were observed (Fig. 4a). On the other hand, for the
Pd67Cu24Au9 sample, the Cu concentration increased with increas-
ing emission angle (more surface sensitive), while the Pd relative
concentration decreased in the same way (Fig. 4c). These data
suggest a Cu segregation to the top-most surface region for the
fcc Pd67Cu24Au9 alloy.

Additionally, in order to have an indication of the element distri-
bution in a deeper region, Ar+-sputtering XPS depth profiles were
performed. The atomic compositions of the Pd, Cu and Au as a
function of the etching time for the Pd62Cu36Au2 (bcc) and
Pd67Cu24Au9 (fcc) samples are plotted in Fig. 4b and 4d, respec-
tively; in both samples, the Pd atomic composition decreased with
etching time while the Cu concentration increased. At larger
Surf. Interface Anal. 2015, 47, 745–754 Copyright © 2015 John
depths, the Pd, Cu and Au concentration reached steady state,
which are close to the bulk compositions measured by EDX. Note
that the Ar+-sputtering depth profile for Pd67Cu24Au9 differed from
the element distribution observed in the near-surface region
(ARXPS) where Cu segregation to the top-most surface region was
observed (Fig. 4c).
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia
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Top-most surface region characterization

To characterize the top-most atomic layer of the surface region, we
performed LEIS analysis using 1 keV He+ ions. As mentioned in the
preceding texts, prior to the analysis, calibration of ion scattering
signals was performed on pure palladium, copper and gold
samples with a He+ background pressure of 7 × 10�8 Torr, at room
temperature. At the experimental conditions used in this work, no
overlapping of the Pd, Cu and Au peaks was observed, which
allowed us to perform a quantitative study. The characteristic
normalized LEIS spectra taken at room temperature for the
Pd71Cu26Au3 sample are shown in Fig. 5. The spectra exhibit three
main peaks located at E1/E0 0.85, 0.79 and 0.90, which could be
assigned to Pd, Cu and Au, respectively. The reference peaks of
Pd, Cu and Au are shown for comparison. The measured values
agree well with those obtained from the single collision model
theoretical expression.[34] Two additional features assigned to Na
(E/E0 = 0.55) and K (E/E0 = 0.70) appear in the first spectrum, which
could be originated from the compounds used in the sample prep-
aration by electroless deposition. The background observed in the
first spectrum (Fig. 5) could be attributed to some gaseous surface
contamination. Additionally, the intensity of the three peaks in-
creases during the first seconds of ion beam irradiation as a conse-
quence of the elimination of some gaseous surface contamination.
A similar behavior has been reported for other systems.[35]

Using the experimentally determined sensitivity factors, the
variation of Pd, Cu and Au composition as a function of the ion dose
was calculated using Eqn (1). Figure 6 shows the relative concentra-
tion as a function of the He+ ion dose for Pd71Cu26Au3 (fcc),
Pd60Cu37Au3 (bcc) and Pd67Cu24Au9 (fcc) samples after annealing at
500 °C in H2 stream for 120h. The time dependence of the LEIS data
likely provides evidence of a changing composition depth profile in
the underlying layers as a result of sputtering effects. Note that in
the three samples, the Pd concentration increases within the LEIS ac-
cessible near-surface region while the Cu concentration decreases,
which is in agreement with the results of the ARXPS experiments
of Pd67Cu24Au9 (Fig. 4c). The relative composition of Pd, Cu and Au
can change with time as a result of different sputtering yields of
the elements. However, the LEIS experiments suggest, in agreement
with the ARXPS data, that Cu segregation to the top-most surface
layer takes place upon annealing at 500 °C for 120h. Note that the
extent of segregation for the Pd60Cu37Au3 sample was lower than
the observed for the Pd67Cu24Au9 sample. This could be one of the
(a)

Figure 7. LEIS, XPS and EDX composition of the PdCuAu samples studied. (a)

wileyonlinelibrary.com/journal/sia Copyright © 2015 Joh
reasons why in the ARXPS data of the Pd62Cu36Au2 sample, nomajor
change in the Pd, Cu and Au compositionwas observed as a function
of takeoff angle. The small differences observed among the samples
appear to be related to the higher gold concentration on the
Pd67Cu24Au9 rather than to the alloy structure (fcc or bcc). Another
factor that should be considered is the surface roughness as well
as the morphology of the films, because the angular variation of
the XPS peak intensity depends on the surface roughness.[36]

The bulk (EDX), near-surface (XPS) and top-most surface (LEIS) Pd
and Cu compositions of the PdCuAu alloy samples are compared in
Fig. 7. For all samples, Pd composition of the near-surface region is
above the bulk composition, the Pd content in the top-most surface
region is below that of both the bulk and the near surface. This
pattern could be related to migration of Cu from the atomic layers
immediately below the top layer to the top layer, as reported for
other alloy systems.[7] In contrast with the Pd and Cu behavior,
the Au composition of the PdCuAu ternary alloys determined by
XPS and LEIS did not show a significant difference with respect to
the bulk composition.

The segregation behavior observed in the PdCuAu system is
different from that reported for the PdCuAg alloys, where a
cosegregation of Cu and Ag in the near-surface region and Ag
enrichment to the top-most surface layer takes place.[17] This is
likely related to a different interaction of the minority component,
Au for the PdCuAu system and Ag for the PdCuAg alloy, with the
parent PdCu binary. The surface segregation in the PdCu alloy
system has been previously studied on both single and polycrystal-
line crystals.[7,8] Surface studies have shown that the top atomic
layer of PdCu alloys is rich in Cu, whereas the near-surface region
(~7 atomic layers) is rich in Pd, as reported by Miller et al.[7] These
data were consistent with those reported by Loboda-Cackovic
et al.[8] using AES and TPD of CO. For the CuAu binary system, a
weak segregation of gold to the surface has been reported.[37] This
behavior is driven by the lower surface energy of Au in relation to
that of Cu and to the larger size of the Au atom. Nevertheless, for
the CuAuAg ternary alloys, the surface concentration of Au is
strongly suppressed at the surface when it is compared with that
of the CuAu binary alloy.[16]

The data presented in this work suggest that the PdCuAu alloys
could be promising materials to be applied as membranes for
hydrogen purification. The presence of excess Cu atoms at the
top surface, where H2S first interacts with the alloy, may contribute
to the alloy’s resistance to corrosion. We tested the hydrogen
(b)

Pd at% and (b) Cu at%.

n Wiley & Sons, Ltd. Surf. Interface Anal. 2015, 47, 745–754



Table 4. Permeation data of the PdCuAu alloy compared with pure Pd, PdAu and PdCu and reported data

Sample Phase Thickness (μm) Permeability (mol s�1m�1 Pa�0.5) Temperature (°C) Reference

Pd60Cu37Au3 bcc 14 2.9 × 10�9a 400 [38]

Pd70Cu25Au5 fcc 14 1.9 × 10�9a 400 [38]

Pd91Au9 fcc 12 9.9 × 10�9a 400 [40]

Pd67Cu33 fcc 26 1.3 × 10�9a 400 [20]

Pd fcc 14 1.2 × 10�8a 400 [40]

Pd72Cu26Au2 fcc 10 3.0 × 10�9a 400 [39]

Pd56Cu41Au3 fcc 10 1.5 × 10�9a 400 [39]

Pd71.5Cu27Au1.5 fcc 2.1 4.2 × 10�9b 400 [39]

aFeed: pure hydrogen.
bFeed: 90% H2/N2, Ar sweep gas, temperature = 400 °C

Surface composition of PdCuAu ternary alloys: a LEIS and XPS study
permeability and H2S tolerance of selected PdCuAu ternary alloy
membranes synthesized on top of porous stainless steel disks.[38]

Upon exposure to 100ppm H2S/H2 at 400 °C for 24 h, all PdCuAu
membranes experienced flux reductions of ~55%, followed by
recovery to ~80% of the initial hydrogen flux upon reintroduction
of pure hydrogen at 400 °C. In agreement with the XRD results,
sulfur was not detected in the bulk of H2S-exposed PdCuAu
samples by EDX. A summary of our results[38] compared with those
reported in the literature is presented in Table 4. Note that our
results are consistent with the previous reports. We observed that
the introduction of gold to the PdCu binary improves hydrogen
permeation, in agreement with the data previously reported for
magnetron-sputtered samples.[24,39] Peters et al.[39] reported a
slight increase in permeability compared with the binary alloy for
the PdCuAu system with a composition of about Pd71.5Cu27Au1.5
(4.2 10�9mol s�1m�1 Pa�0.5) when the sample was exposed to a
90% H2/N2 mixture using Ar as sweep gas.
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Conclusions

PdCuAu ternary alloys with composition that display high resis-
tance to H2S corrosion were synthesized by the sequential electro-
less deposition technique on top of ZrO2-modified porous stainless
steel disks. The method delivered homogeneous, continuous,
defect-free films as revealed by SEM-EDX. After annealing at
500 °C for 120h in hydrogen, a fcc structure was obtained for the
Pd70Cu26Au4, Pd71Cu26Au3 and Pd67Cu24Au9 samples and a bcc
phase for Pd60Cu37Au3 and Pd62Cu36Au2, as evidenced by XRD.

The surface alloy formation was confirmed by XPS, where a core-
level chemical shift of the Pd 3d3/2 and the Cu 2p3/2 features,
together with the changes in the fwhm of the Pd 3d3/2 peak, were
observed.

The near-surface region characterized by XPS became
enriched in Pd with respect to the bulk composition determined
by EDX. In contrast, the top-most surface layer composition was
in all samples copper-rich compared with the bulk composition
as revealed by LEIS. This high Cu concentration could contribute
to resistance to bulk sulfide formation in the PdCuAu alloy
membranes.
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