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a b s t r a c t

PdCuAu ternary alloy membranes with different component compositions were synthesized by
sequential electroless deposition of components onto porous stainless steel substrates. The ternary
with the highest Au content, Pd69Cu14Au17, exhibited the highest hydrogen permeation flux, comparable
to that of a Pd91Au9 membrane. Upon exposure to 100 ppm H2S/H2 at 673 K 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 1C. Complete flux recovery after H2S exposure required
hydrogen treatment at 500 1C. X-ray diffraction (XRD) analysis of the H2S-exposed PdCuAu membranes
revealed fcc alloy structure with no evidence of bulk sulfide formation. In agreement with the XRD
results, sulfur was not detected in the bulk of H2S-exposed samples by energy dispersive spectroscopy
(EDS). However, analysis of H2S-exposed PdCuAu alloys by X-ray photoelectron spectroscopy (XPS)
depth profiling revealed low, but measureable, amounts of sulfur in the near-surface region, about 10 nm
in depth. The depth profiles of samples after hydrogen recovery treatment showed significantly reduced
sulfur content. These results indicate that H2S exposure causes flux loss in PdCuAu alloys through a
surface-poisoning mechanism, and that the surface sulfide can be removed—and flux recovered—by high
temperature treatment in hydrogen.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen can be produced from several sources including
fossil fuels and biomass for use as an alternative energy carrier.
One especially promising technology for hydrogen production is
the membrane reactor (MR), in which chemical reactions and
product purification occur simultaneously. High efficiency, cost
reduction and flexibility of operation can be achieved by using a
hydrogen-selective membrane to extract hydrogen from the reac-
tor during the reaction [1,2]. It is well known that Pd-based
membranes are suitable for MR applications because of their
highly hydrogen selective permeability [3].

Despite its high permeability, the implementation of pure Pd
membranes is limited by embrittlement in the presence of H2 at
temperatures o573 K [4] and by membrane poisoning with
contaminants such as CO and H2S that are commonly present in
coal-derived syngas [5–7]. Alloying Pd with minor components,

such as Ag, Au and Cu, can enhance permeability and, at the same
time, improve mechanical and chemical properties [8]. It is well
known that binary alloys such as PdAu, PdCu and PdPt are more
resistant than pure Pd to poisoning by contaminants such as H2S
and CO [9–11]. PdCu alloys have been extensively studied both
experimentally and theoretically, not only because they do not
exhibit low temperature hydrogen embrittlement, but also
because, PdCu alloys with face-centered-cubic (fcc) structure are
more resistant to H2S poisoning than pure Pd. It has been reported
that fcc PdCu alloys experience only a 20% hydrogen permeance
decline when exposed to 20 ppm H2S at 593 K, while an alloy
composition in the body-centered-cubic phase (bcc) exhibited a
decrease of about 90% under the same exposure conditions [12]. At
lower temperatures (o673 K) Morreale et al. [13] reported a
complete loss of permeability for bcc PdCu alloys [13].

Even though most reports have focused on PdCu for improving
membrane sulfur resistance, the PdAu alloy is also receiving
increasing attention [10]. A reduction of �10% in the hydrogen
flux for a Pd60Au40 foil but 95% for a Pd60Cu40 alloy was reported
by McKinley [14] in the presence of 4.5 ppm H2S at 623 K. At lower
concentrations (Pd95Au5), Au prevents bulk sulfidation and
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preserves the permeability of electroless deposited PdAu mem-
branes in H2S/H2 mixtures [10]. Gade et al. reported permeabilities
for PdAu membranes with a range of compositions prepared by
magnetron sputter followed by cold working [15]. In 20–50 ppm
H2S/H2 at 673 K they observed a decrease in permeation inhibition
as the Au content increased from 7% to 20%. The authors noted a
strong dependence on the membrane fabrication technique of the
lifetime in H2S streams [15].

In the last few years, ternary alloys have been studied in an
attempt to improve both hydrogen permeation properties and the
poison tolerance of Pd-based membranes [16–18]. We previously
reported the high H2S tolerance of PdAgAu membranes synthe-
sized by electroless deposition [18]. The membranes did not
undergo bulk sulfide corrosion even after exposure to 1000 ppm
H2S/H2 at 623 K [19]. Bredesen and coworkers [17] reported H2S
resistance of several PdAgTM (TM: Mo, Y, Au or Cu) ternary alloy
membranes synthesized by magnetron sputtering. The best per-
formance was obtained with a Pd75Ag22Au3 membrane, which
exhibited the smallest permeance loss and the lowest post-
exposure surface sulfur content. For Pd80Au10Pt10 alloy membranes
synthesized by magnetron sputtering, a flux reduction of �21%
was reported when 20 ppm H2S was added to a water–gas shift
mixture at 673 K [16]. Recently, Way and coworkers [20] tested the
effect of H2S on hydrogen permeation through a Pd74Au12Ag14
membrane prepared by sequential electroless deposition. Under
exposure to a 20 ppm H2S in H2 stream, the H2 permeance of the
membrane was reduced by 52%, 60% and 75% at temperatures of
773 K, 723 K and 673 K, respectively, with respect to the
permeance in pure H2 [20]. From the data reported in the
literature, it has been shown that Au-containing ternary alloys
have the higher tolerance to sulfur poisoning.

A few studies have been published on the hydrogen permea-
tion properties of PdCuAu ternary alloy membranes [21]. More-
over, no sulfur tolerance data for this alloy are unavailable
to date. Peters et al. [22] reported a hydrogen permeability of
Pd70Cu26Au4 that was 2.5–5 times higher than that of a PdCu
binary alloy with a similar Pd content. For the fcc PdCuAu
system, Coulter et al. [21,22] found that hydrogen permeability
decreases significantly with increasing Cu content, while the
effect of Au is much smaller. We recently reported our char-
acterization of the surfaces of PdCuAu ternary alloy samples that
we prepared on porous stainless steel disks by sequential
electroless deposition [23]. Alloy composition selections were
guided by high-throughput studies of sulfur-uptake conducted
at Carnegie Mellon University on composition spread alloy film
(CSAF) combinatorial libraries [24]. Annealed CSAFs were
exposed to 100 ppm H2/H2S at 673 K for 24 h and then char-
acterized for S uptake by X-ray photoelectron spectroscopy (XPS)
and energy dispersive spectroscopy (EDS). Alloy compositions
for electroless deposition onto the porous steel disks were
chosen from CSAF regions that displayed low S uptake, and
therefore have high potential for corrosion resistance. XPS
analysis of clean PdCuAu alloys revealed that the near-surface
regions became enriched in Pd with respect to the bulk compo-
sition determined by EDS. In contrast, Low Energy Ion Scattering
Spectroscopy (LEIS) and angle-resolved XPS (ARXPS) analyses
showed that the top-most surface layers in all samples were
Cu-rich compared with the bulk composition [23].

With the aim of characterizing the impact of H2S exposure on
the hydrogen permeability of the PdCuAu ternary alloys, several
membranes were synthesized by sequential electroless deposition.
The effect of H2S was characterized by feeding a 100 ppm H2S/H2

stream over the stainless steel disk followed by a flux recovery
stage in pure H2. An XPS depth profile analysis was performed to
determine the surface sulfur concentration after both H2S expo-
sure and hydrogen recovery.

2. Experimental

2.1. Membrane preparation

The PdCuAu alloy membranes studied were deposited on porous
stainless steel discs (PSSD, 1.27 cm in diameter and of 4 mm thick,
0.1 μm grade). The PSSD supports were purchased from Mott
Metallurgical Corporations. Prior to any plating experiment, the
supports were cleaned in a basic solution consisting of 0.12 M
Na3PO4, 12 M H2O, 0.6 M Na2CO3 and 1.12 M NaOH [25]. After that,
the discs were oxidized at 773 K for 12 h. In order to avoid inter-
metallic diffusion between the stainless steel elements and the
PdCuAu ternary alloy, the supports were first modified with ZrO2

using the dip coating vacuum assisted method [26]. Solutions for
activation of the substrate were prepared using acidulated solutions
of SnCl2 and PdCl2. The chemical compositions of the plating
solutions used are summarized in Table 1. The activation procedure
consisted of first dipping the PSSD substrate in the SnCl2 solution
and then in the PdCl2 solution with water rinsing between the
immersions. After dipping the support in the palladium chloride
solution it was rinsed with a 0.01 M HCl solution to avoid the re-
oxidation of palladium. This cycle was repeated as needed, normally
3 times. The electroless plating technique was used to coat the
support with a continuous metallic film. Palladium, gold and copper
were deposited by sequential electroless deposition. In all mem-
branes, palladium was deposited in two steps of 60 min each,
followed by Au deposition. After the Pd and Au depositions, the
samples were rinsed with water and dried at 393 K overnight. The
Cu plating was performed on top of the Pd–Au layers, after
activation with SnCl2 and PdCl2. The deposition of Pd onto a Cu
surface was found to be difficult because Cu on the surface partially
dissolves in the Pd plating bath [27]. Therefore, the first metal layer
applied to the support was always Pd, then Au and finally a Cu layer
was applied onto the Pd–Au layers. Plating times for Pd, Au and Cu
were adjusted to achieve the desired metal composition in all cases.
After the electroless deposition of Cu, the samples were immedi-
ately immersed in 0.01 M HCl to neutralize any residual plating
solution, followed by rinsing with de-ionized water and ethanol to
facilitate drying and preventing the oxidation of the copper layer.
The sample was then heated to 773 K in H2 atmosphere in order to
form a homogeneous Pd–Au–Cu alloy by thermal diffusion. The
desired composition of the samples was achieved by modification
of the Au and Cu deposition times while maintaining the same Pd
deposition time. The thickness of each PdAuCu layer was �4 μm. To
obtain a defect-free film a second set of Pd, Au and Cu layers was
applied followed by a second heat treatment at to 773 K in H2. The

Table 1
Chemical composition of Pd, Au and Cu electroless plating solutions and plating
conditions.

Pd Au Cu

PdCl2 (g/L) 3.6 – –

AuCl3 �HCl � 4H2O (mmol/L) – 7.5 –

CuSO4 �5H2O (g/L) – – 20
NH4OH (mL/L) 650 – –

Na2EDTA �2H2O (g/L) 67 – 30
N2H4 1 M (mL/L) 10 – –

HCHO (37%) (mL/L) – – 14
NaOH (g/L) – 7.2 20
EDA (ppm) – – 100
K4Fe(CN)6 �3H2O (ppm) – – 35
(C2H5)2NCS2Na �3H2O (ppm) – – 5
Na2SO3 (mol/L) – 0.17 –

Na2S2O3 �5H2O (mol/L) – 0.15 –

L-C6H8O6 (mol/L) – 0.36 –

pH 11 11 12
Temperature (K) 323 333 298
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nomenclature adopted for the samples was PdxCuyAu100�x�y where
x and y refer to the atomic bulk composition determined by EDS.
The thickness of the metal layers was determined by the gravi-
metric method, in all cases being �14 μm.

2.2. Sample characterization

2.2.1. X-ray diffraction
The phase structure of the samples as a function of annealing

time was determined by X-ray diffraction (XRD). The XRD patterns
of the films were obtained with an XD-D1 Shimadzu instrument,
using Cu Kα (λ¼1.542 Å) radiation at 30 kV and 40 mA. The scan
rate was 1–21 min�1 in the range 2θ¼15–901.

2.2.2. 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 (SEM),
model JSM-35C, equipped with an energy dispersive analytical
system (EDS).

2.2.3. XPS-depth profile experiments
XPS depth profiles were performed using a ThermoFisher Theta

Probe instrument. The instrument has a base working pressure of
1.0�10�10 kPa; it is equipped with a monochromatic Al Kα X-ray
source. A hemispherical analyzer was operated in constant analy-
zer energy mode with a pass energy of 200 eV. The depth profiles
were performed using argon ion sputtering. A differentially
pumped ion gun was operated at 1�10�8 kPa, 3 kV and 500 nA,
conditions which delivered a sputtering rate of approximately
1 nm min�1. Sputtering was performed in 10 steps of 30 s,
followed by 10 steps of 90 s to examine the top �20 nm of the
sample surfaces. Before sputtering and then at each sputtering
step, XP spectra for Pd 3d, Pd 3p, O 1s, C 1s, Au 4f, Cu 2p, S 1s, S 2p
core levels were recorded; peak areas were determined by
integration employing a Shirley-type background. Sensitivity fac-
tors provided by the manufacturer were used for quantification of
the elemental composition.

2.3. Hydrogen permeation measurements and H2S treatment

Hydrogen single gas permeation experiments for membranes
were conducted using the permeation module previously
described [27]. In this case, the sealing was achieved by placing
a graphite gasket on both sides of the membrane. The device was
covered by heating tapes and heated to the desired temperature. A
thermocouple mounted beneath the disk was used to control the
temperature. High-purity hydrogen and nitrogen were used in all
experiments. All the gases were fed to the permeator using
calibrated mass-flow controllers. The Pd alloy side of the mem-
brane was in contact with feed gases, while the other side was
contacted with N2 as a sweep gas (permeate side) during the
heating procedure. No sweep gas was used on the permeate side
during the single-gas permeation experiments. Pressure differ-
ences across the membranes were controlled using a back-
pressure regulator. The upstream pressure was varied while
keeping the downstream pressure constant at 100 kPa. The gas
permeation flow rates of either H2 or N2 were measured using two
bubble flow meters at room temperature and pressure. The
permeation areas were 1.2 cm2. All temperature changes were
carried out in N2 atmosphere.

To evaluate their responses to H2S, initially all the membranes
were exposed to a 100 ppm H2S/H2 gas mixture at 673 K for 24 h
at a trans-membrane pressure of 50 kPa. After the H2S exposure,

pure hydrogen was fed into the system at the same temperature
and pressure in order to evaluate the flux recovery.

(i) Effect of temperature on the hydrogen regeneration: After the
H2S exposure and H2 treatment at 673 K, membranes were
heated to 773 K (in H2) for 24 h. After the 500 1C treatment,
the samples were cooled to 673 K and the hydrogen flux was
measured.

(ii) Effect of temperature on H2S corrosion: To assess the effect of
the temperature of H2S exposure on the permeation proper-
ties, after experiment (i), one membrane was exposed to a
100 ppm H2S/H2 stream at 773 K, followed by the hydrogen
recovery experiment at the same temperature.

(iii) H2S cycling treatment: For a preliminary evaluation of the
response of the membrane over more than one H2S exposure–
H2 recovery cycle, a second cycle was conducted using one
membrane.

The hydrogen flux through the membrane was measured at all
the stages in the membrane treatment. No sweep gas was fed on
the permeate side during these experiments. Nitrogen transport
across the membrane was not detected at a trans-membrane
pressure of 100 kPa either before or after the H2S treatments,
showing that neither the thermal treatment nor the H2S exposure
had a detrimental effect on the selectivity.

2.4. H2S exposure of alloy samples for XPS depth profiling

For the XPS depth profiling analysis, annealed samples of a
PdCuAu coated PSSD sample were cut into four pieces and each
quarter was treated at conditions that simulated those used in the
permeation experiment:

(i) the first piece was analyzed without treatment;
(ii) the other pieces were mounted horizontally in a tube furnace

and then, exposed to a 100 ppm H2S/H2 mixture at 673 K for
24 h;

(iii) after that, two of these pieces were treated in a H2 flux at
673 K for 48 h;

(iv) then, one of these pieces was exposed to a H2 stream at 773 K
for 24 h.

After each treatment, the samples were analyzed by XPS-depth
profiling.

3. Results and discussion

3.1. Hydrogen permeation properties

To study the hydrogen permeation properties and the effects of
H2S exposure on the PdCuAu alloys, several membranes with
different compositions were synthesized by sequential electroless
deposition. The alloy composition selections were guided by high-
throughput studies of sulfur-uptake on CSAF combinatorial
libraries conducted at Carnegie Mellon University. Preparation of
PdxCuyAu100�x�y CSAFs has been described previously [24].
Briefly, a �100 nm-thick PdCuAu alloy film was deposited onto a
14�14�2 mm3 Mo substrate using three e-beam evaporative
sources. Rotatable shadow masks, located between each source
and the substrate, created a flux gradient of each component
across the substrate surface to deliver a film with continuously
varying composition that covered the entire composition space
(x¼0-100 and y¼0-100�x). The as-deposited CSAF was
annealed in vacuum for 1 h at 796 K. The annealed film was
exposed to 100 ppm H2/H2S at 673 K for 24 h. Fig. 1 shows the
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sulfur-content of the CSAF's surface as a function of alloy composi-
tion, measured as S2p XPS signal. Sulfur-uptake is lowest, and the
potential for resistance to S-corrosion is greatest, at compositions
near Pd40Cu20Au40. Alloy compositions used in the present work
are indicated in the figure; they were chosen from regions that
displayed relatively low S uptake, but with Pd contents higher
than in Pd40Cu20Au40 to maximize H2 permeability.

The hydrogen permeation behavior of the Pd60Cu37Au3,
Pd70Cu25Au5, Pd69Cu14Au17 membranes, each annealed at 773 K
in pure hydrogen for 5 days to ensure complete alloy formation
[23], was studied as a function of temperature, with H2 pressure
differences between 10 and 100 kPa. Fig. 2 shows the hydrogen
permeation flux through the Pd69Cu14Au17 membrane as a func-
tion of ΔðP0:5Þ ¼ ðP0:5

ret �P0:5
permÞ at 400 and 723 K. The hydrogen

permeation flux displayed a linear dependence on the square root
of the H2 partial pressure at both temperatures, consistent with
the solution-diffusion mechanism of hydrogen transport through a
palladium-based membrane, where the rate-determining step is
the diffusion of H in the metallic alloy bulk film. The other
membranes exhibited the same linear relationship between flux
and Δ(P0.5).

Fig. 3 compares the H2 permeation fluxes at 723 K for the
PdCuAu ternary alloy membranes to those of Pd, Pd67Cu33 and
Pd91Au9 membranes prepared in our lab by electroless deposition.
In all experiments, no nitrogen permeation was detected up to 723
K and 100 kPa, which implies that the membranes were defect-
free. While none of the alloy membranes display permeabilities as
high as pure Pd, both Pd91Au9 and Pd69Cu14Au17—the ternary with
the highest Au content—have permeabilities approaching that of
pure Pd. Note also that among the three alloys with Pd �70%,
Pd67Cu33, Pd70Cu25Au5 and Pd69Cu14Au17, substitution of Au atoms
for Cu atoms significantly increases permeability.

Table 2 compares the hydrogen permeabilities of the mem-
branes from Fig. 3 to those from other relevant literature reports
at 673 K and ΔP¼50 kPa. Coulter et al. [21] reported experi-
mental and predicted hydrogen permeabilities for several
PdCuAu ternary alloy membranes. The authors presented a set
of results from PdCuAu samples with different atomic composi-
tions (Cu content 9–41 at% and Au content 4–9 at%) synthesized
by magnetron sputtering [21]. Consistent with our results, they
report an increase in hydrogen permeability with the substitu-
tion of Au for Cu: Pd72Cu26Au2 and Pd72Cu20Au8 alloys displayed

permeabilities of 3�10�9 and 6.3�10�9 mol s�1 m�1 Pa�0.5,
respectively, at 400 1C. Peters et al. [17] compared the hydrogen
permeability of several PdCuM ternary alloy membranes synthe-
sized by magnetron sputtering to those of Pd70Cu30 binary alloys.
A slight increase in permeability compared with the Pd70Cu30

binary alloy was reported for the PdCuAu system with a compo-
sition of about Pd71.5Cu27Au1.5 (4.2�10�9 mol s�1 m�1 Pa�0.5)
when the sample was exposed to a 90% H2/N2 mixture using Ar as
sweep gas.

Fig. 1. Relative S-content of the CSAF's surface as a function of alloy composition,
measured as relative S2p XPS signal. Treatment: 100 ppm H2S/H2, 673 K, 24 h.

Fig. 2. Hydrgen permeation flux at 673 K and 723 K as a function of pressure
gradient for the Pd69Cu14Au17 membrane before H2S exposure.
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3.2. Effect of H2S in membrane performance and flux recovery after
treatment

To study the effect of H2S on the hydrogen permeability of the
PdCuAu ternary alloy membranes, a stream of 100 ppm H2S/H2

was introduced into the reactor at 673 K at the end of the pure H2

gas permeation test. After 24 h of H2S treatment, the gas feed was
changed back to pure hydrogen to examine the flux recovery at
673 K. Fig. 4 shows the relative flux (J/J0 where J is the H2 flux at a
given time and J0 is the initial H2 flux measured in pure H2 at 673
K) as a function of time during H2S exposure and then during
subsequent recovery in H2 at 673 K for the Pd70Cu25Au5,
Pd69Cu14Au17 and Pd60Cu37Au3 ternary membranes; results for
Pd and Pd91Au9 samples are included for comparison. For all
samples, the flux drops immediately upon introduction of H2S.
After 24 h in H2S, the ternary membranes' H2 fluxes have
decreased by �50–57%; the PdAu binary by �60%; and Pd by
85%. As previously reported, the primary cause of the initial rapid
decline is site blocking by adsorbed H2S [10], while a slower
continuous decrease, as observed for Pd, suggests bulk sulfidation

Table 2
Hydrogen permeabilities of the PdCuAu membranes in pure hydrogen compared
with literature data.

Sample Thickness
[μm]

Permeability
[mol s�1 m�1 Pa�0.5]

Permeability
relative to
pure Pd

Reference

Pd70Cu25Au5 14 1.9�10�9 a 0.16 This
work

Pd60Cu37Au3 14 2.9�10�9a 0.24 This
work

Pd69Cu14Au17 14 8.7�10�9a 0.73 This
work

Pd91Au9 12 9.9�10�9a 0.82 [18]
Pd67Cu33 26 1.3�10�9a 0.10 [27]
Pd 14 1.2�10�8a 1 [18]
Pd72Cu26Au2 10 3.0�10�9 b 0.27 [21]
Pd72Cu20Au8 10 6.3�10�9 b 0.56 [21]
Pd56Cu41Au3 10 1.5�10�9 b 0.13 [21]
Pd83Cu10Au7 10 9.0�10�9 b 0.81 [21]
Pd71.5Cu27Au1.5 2.1 4.2�10�9 c 0.42 [17]
Pd72.1Cu24.7Au3.2 2.1 3.8�10�9 c 0.38 [17]

a Before H2S exposure, temperature¼ 673 K , ΔP¼50 kPa.
b Data reported at 673 K
c Feed: 90% H2/N2, Ar sweep gas, temperature¼ 673 K
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[10]. The Pd membrane exhibited only a minor flux recovery upon
H2S removal, again consistent with formation of a bulk sulfide. In
contrast, the PdCuAu ternary membranes displayed a fast partial
recovery of H2 permeability, likely related to reductive desorption
of sulfur that had been blocking surface sites. After the first
recovery stage, the alloy samples exhibited additional, but slower
recovery that stabilized after about 50 h. However, none of the
alloys recovered all of their original pure H2 permeability at 673 K.
The recovered flux for the Pd70Cu25Au5 and Pd69Cu14Au17 mem-
branes was about 75% of the original value at 673 K, similar to the
recovery of Pd91Au9. At 70%, Pd60Cu37Au3 membrane recovered

slightly less of its lost flux than the other alloys. Complete recovery
at 673 K is likely prevented by strongly adsorbed S and/or
formation of thin two-dimensional sulfide layers, as previously
reported for other systems [10,18]. The ideal H2/N2 selectivity of
the ternary alloy membranes remained unchanged after H2S
treatment followed by hydrogen recovery, suggesting that the
exposure/recovery process did not impair the structural integrity
of the membranes.

To study the effect of temperature on the H2 recovery, after the
H2 recovery at 673 K, the Pd70Cu25Au5 membrane was heated to
773 K in H2 for another 24 h. Fig. 5 shows the relative hydrogen

Fig. 8. SEM top view of the Pd70Cu25Au5 and the Pd60Cu37Au3 membranes after H2S exposure and subsequent hydrogen recovery treatment.

µ

Fig. 9. SEM cross-section view and EDS measurements along the line through the Pd60Cu37Au3 membrane.
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flux for this sample as a function of the time on stream. Upon
heating to 773 K, the hydrogen flux increased for about 7 h before
reaching a new steady state. After 24 h at 773 K, the sample was
cooled back to 673 K, where the H2 flux was the same as it was at
the beginning of the experiment—in other words, the membrane
had fully recovered from the 673 K H2S exposure. This pattern of
recovery can be explained by considering two types of S adsorbed
on the surface of the alloys: a weakly adsorbed S, which can be
removed at 673 K and a strongly adsorbed sulfur/surface sulfide,
which needs a higher temperature to be removed (773 K).
Consistent with our results, Chen and Ma [10] reported nearly
complete recovery of 673 K permeability, upon H2 treatment of an
H2S-exposed Pd95Au5 membrane at 773 K. They suggested that
because the dissociative adsorption of H2S on a metal surface is
exothermic, reductive desorption of adsorbed sulfur becomes
more favorable at higher temperatures due to the shifting of
equilibrium toward gas phase [10]. Furthermore, temperature
would also influence the kinetics of the reductive desorption
process and so, further studies are needed to understand the
effect of temperature on the hydrogen recovery of Pd-based alloys.

After the 773 K flux recovery experiment, Pd70Cu25Au5 was
exposed to a 100 ppm H2S/H2 stream at 773 K to evaluate the
effect of temperature on H2S poisoning (starting at about 130 h in
Fig. 5). As was the case at 673 K, introduction of H2S at 773 K
caused a significant and rapid decline in H2 flux. After 24 h in the
H2S/H2 stream, the flux had dropped to 45% of its pre-exposure
value at 773 K, less than the 56% loss was observed at 673 K. Upon

removal of H2S (still at 773 K), the sample recovered 86% of its
original flux, higher than the recovery of 74% observed at 673 K.
This difference can be explained by exothermic nature of the
dissociative adsorption of H2S on metals, as described above.
Consistent with our results, Way et al. recently reported a lower
flux inhibition and greater flux recovery at higher temperature
(773 K) for a Pd74Au12Ag14 membrane exposed to 20 ppm H2S in
H2 [20]. For a PdAu membrane, Chen and Ma [10] reported a 97%
hydrogen recovery after 54.8 ppm H2S exposure at 773 K for 4 h.
The time required to obtain this recovery was about 70 h. In the
same work, the authors stated that longer H2S exposure times
increased the time required to recover the steady-state flux. While
for an exposure time of 4 h at 673 K the membrane reaches a
steady-state after about 70 h, for an H2S exposure time of 24 h, this
value was reached after 180 h in a hydrogen stream.

Fig. 6 displays results of two full cycles of (1) H2S exposure at
673 K, (2) recovery in H2 at 673 K, and (3) recovery at 773 K for
Pd69Cu14Au17. As was the case for the Pd70Cu25Au5 sample, a
complete hydrogen recovery after H2 treatment at 773 K was
observed. Membrane response in the second cycle was similar to
that in the first cycle, with 99% flux recovery after the second
773 K H2 treatment. Both the Pd70Cu25Au5 and Pd69Cu14Au17
membranes were stable after a total of 550 h, including the
annealing at 773 K, the pure hydrogen permeation measurements,
and the H2S-hydrogen recovery cycles.

XRD patterns of Pd70Cu25Au5 and Pd60Cu37Au3 membranes that
were exposed to H2S and then recovered in H2 at 673 K are shown in
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Fig. 7a and b. These patterns contain only features that can be
indexed to the fcc structure of the parent alloy; there is no evidence
of formation of bulk sulfides (for reference, the locations of features
for Pd4S are shown at the bottom of Fig. 7). The XRD pattern of
Pd70Cu25Au5 is characteristic of a fcc alloy structure, which is
expected for that composition. The pattern of Pd60Cu37Au3 is
dominated by fcc features, but also contains smaller peaks that are
indexed to a bcc alloy structure. This is an interesting result because
the equilibrium structure of Pd60Cu37Au3, shown in Fig. 7c for
Pd60Cu37Au3 that had been annealed in H2 for 5 days (without H2S
exposure) at 773 K, is exclusively bcc. Probably, at 773 K the system is
close to the fcc/bcc phase boundary and some aspect of the H2S
exposure and recovery sequence destabilizes the bcc form.

Fig. 8 shows the SEM top views of the Pd70Cu25Au5 and
Pd60Cu37Au3 membranes after H2S exposure followed by H2 recov-
ery treatment at 673 K. Both samples present a uniform morphol-
ogy, with no evidence of cracks or pinholes. In agreement with the
XRD analysis, sulfur was not detected by EDS in either sample,
indicating that sulfur poisoning of the PdCuAu alloys during H2S
exposure occurs at or near the top surface of the membrane. To
evaluate variations in membrane composition across the thickness
of the membrane, the Pd60Cu37Au3 sample was characterized by
cross-section SEM–EDS. Fig. 9 shows the SEM cross section image
and the EDS composition depth profile of the sample after the
100 ppm H2S/H2 permeation measurement followed by hydrogen
recovery treatment at 673 K. The EDS results revealed a homo-
geneous Pd, Cu and Au composition across the film thickness. Note

that no sulfur was detected, even near the surface of the sample,
which is in agreement with the XRD data (Fig. 7).

3.3. XPS depth-profile characterization before and after H2S exposure

To evaluate composition changes at the top surface (�40 nm)
of the PdCuAu ternary alloys, both after exposure at 100 ppm H2S/H2

at 673 K and after the hydrogen recovery treatment, XPS-depth
profile experiments were performed. Two ternary alloy samples,
Pd71Cu26Au3 and Pd61Cu37Au2, were cut into four pieces and each
quarter was treated as follows: (1) the first piece was evaluated
without treatment; the other pieces were exposed to a 100 ppm H2S/
H2 stream at 673 K for 24 h; (2) two of these pieces were treated in
H2 at 673 K for 48 h to allow characterization of the surface after the
hydrogen recovery and, (3) one of these quarters was exposed to a
hydrogen stream at 773 K for 24 h. After the treatments, the samples
were analyzed by XPS-depth profile and SEM–EDS.

Fig. 10 shows the atomic surface composition of Pd, Cu, Au and S as
a function of depth for the Pd71Cu26Au3 alloy after each treatment
described above. The depth profile of the as prepared sample (Fig. 10a)
showed Pd-enrichment within the first �10 nm of the alloy's top
surface. Below 10 nm, the concentrations of Pd, Cu and Au reached
steady state values that were the same as the bulk composition
determined by EDS. After H2S exposure, sulfur had penetrated
�10 nm into the sample with a maximum atomic concentration
of �15% at the top surface. Concurrently, the Pd concentration in the
top 10 nm decreased, suggesting that S atoms replaced Pd atoms in
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that region during H2S exposure. When a hydrogen recovery treat-
ment at 673 K for 48 h was performed, the sulfur content of the top
10 nm decreased significantly, leaving a maximum atomic sulfur
concentration of �5% remaining at the top surface. A subsequent

hydrogen treatment at 773 K produced a further decrease in the sulfur
content of the sample to 3%, and no S was observed beyond �2 nm
into the sample. Similar depth profile patterns were observed for the
Pd61Cu37Au2 sample (Fig. 11), but the S atomic concentration after the

Fig. 12. SEM top view of the Pd71Cu26Au3 (a, c, e) and Pd61Cu37Au2 (b, d, f) membranes: (a, b) clean samples; (c, d) after H2S exposure followed by a hydrogen stage at 673 K;
and (e, f) after hydrogen treatment at 773 K.
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hydrogen recovery stage at 673 K, �10%, was slightly higher than for
the Pd71Cu26Au3 sample. The patterns observed in S-depth profiles
parallel those of the flux measurements. The correspondence between
S content and flux suggests that the suppressed flux observed after
hydrogen treatment at 673 K is related to formation of a shallow
sulfur-containing near surface region, which extends only �10 nm
into the sample. The state of the surface can be thought of as strongly
bound surface S atoms or, perhaps a two-dimensional surface sulfide.
Unlike Pd, it is clear that PdCuAu does not form a thick bulk sulfide.
High temperature (773 K) H2 treatment of the H2S exposed ternary
alloy can reduce the surface sulfide and return the alloy to its original
permeability.

Top-surface SEM micrographs of the Pd71Cu26Au3 and Pd61Cu37Au2
alloys after each treatment are shown in Fig. 12. Note that none of the
PdCuAu alloys exhibited a significant morphological change upon
exposure to 100 ppm H2S/H2 at 673 K (Fig. 11c). EDS analysis after
treatment at 773 K in hydrogen did not revealed the presence of S in
either sample, in agreement with XRD results.

We also note that, while Pd enrichment of the surface region
was observed in the depth profile of the as prepared PdCuAu alloy,
top-surface compositions measured by LEIS suggest Cu enrich-
ment at the top-most atomic layer as we previously reported [23].
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 beyond the 10 nm surface region.

4. Conclusions

PdCuAu ternary alloy membranes with different atomic com-
position were synthesized by sequential electroless deposition on
top of porous stainless steel supports. The ternary membrane with
the highest Au content, Pd69Cu14Au17, exhibited the highest hydro-
gen permeation flux, similar to that of a Pd91Au9 membrane.

Upon exposure to 100 ppm H2S/H2 at 673 K for 24 h, the PdCuAu
membranes experienced significant flux reductions of about 55%,
followed by recovery to �80% of the initial hydrogen flux upon
treatment in pure H2 at 673 K. The permeance loss and flux recovery
were temperature dependent with a lower decrease and higher
recovery at higher temperature as corroborated through the
Pd70Cu25Au5 membrane. For the complete hydrogen recovery flux
after H2S exposure, a treatment at a higher temperature was needed.
After exposure to 100 ppm, H2S/H2 the membranes displayed a fcc
diffraction pattern with no evidence of bulk sulfide formation. In
agreement with XRD and SEM results, sulfur was not detected in the
bulk of PdCuAu ternary alloy samples by EDS.

The XPS-depth profiles of the Pd61Cu37Au2 and Pd71Cu26Au3

samples show low sulfur content on the top-surface after H2S
exposure, which disappears about 10 nm into the bulk. The depth
profiles of the samples after the hydrogen recovery treatment at
673 K for 48 h, followed by treatment at 773 K for 24 h, show very
low sulfur content (�3%), in agreement with the hydrogen flux
recovery observed through the Pd70Cu25Au5 membrane.

The data presented in this work suggest that the PdCuAu alloys
are promising materials to be applied as membranes for hydrogen
purification and exhibit high resistance to H2S contamination.
However, further studies are needed to achieve both high perme-
ability and high chemical resistant membranes.
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