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a b s t r a c t

PdAg model films and real composite membranes were prepared by sequential electroless

deposition on top of porous stainless steel supports. Their surface properties were inves-

tigated by X-ray photoelectron spectroscopy (XPS), Angle resolved XPS and sputtering

depth profile. It was shown that the surface of the alloy was strongly enriched in silver

after the annealing treatment up to 500 �C on hydrogen stream. A relationship between the

Ag 3d5/2 core-level binding energy shift and the silver surface composition was observed

from the XPS data obtained with the model samples. The surface composition of real

membranes after both hydrogen permeation and reaction experiments showed silver

enrichment, in agreement with the data obtained from the model sample.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction leading to adsorbate-induced segregation or disegregation of
Surface composition is an important parameter in under-

standing the behavior of alloys in a wide range of applications

such as catalysis and corrosion, and it is often different from

bulk composition. The exposure of an alloy to different

atmospheres and temperatures can produce preferential

surface segregation in either beneficial or detrimental ways.

For this reason, a quantitative description of the phenomenon

is necessary in order to make the appropriate changes in the

bulk alloy composition to enhance or inhibit specific segre-

gation behavior.

Regarding surface segregation effects on PdAg alloys,

several theoretical and experimental studies have been re-

ported even though they reveal some degree of discrepancy

[1,2]. The surface enrichment of silverwas reported in the case

of PdAg alloys in a vacuum or inert atmosphere in agreement

with the lower surface energy of silver [2]. This situation could

change when adsorbates are in contact with the alloy surface
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binary metal alloys [2]. Interestingly, a reverse surface segre-

gation of palladium in a PdAg membrane after exposure to H2

was reported by Opalka and co-workers [3].

As it is well known, the component distribution on

a membrane surface and in the bulk influences the

membrane’s hydrogen permeation properties. Hence,

a deeper understanding of the relationship between the

surface states, including structure and composition of the

membrane, and its hydrogen permeability may lead to the

discovery of new materials with improved hydrogen perme-

ation properties. Sakamoto and co-workers [4,5] examined the

effect of methane, ethylene and carbon monoxide on the

hydrogen permeation of several Pd-based alloy membranes

after permeation experiments. The XPS analysis showed that

the intensity of the carbon spectrum decreased with an

increase of Arþ sputtering. They claimed that the decrease in

hydrogen permeability under the mixture gases could be

related to the adsorption of the impurity gases on the alloy
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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surfaces, and may be caused by the decrease in effective area

for the dissociation of hydrogenmolecules. Citing XPS results,

Shu et al. [6] reported that hydrogen chemisorption on palla-

dium sites drives strong palladium segregation on the PdAg

membrane surface. Bredesen and co-workers [7] used XPS and

AES to study the surface segregation effects on PdAg

composite membranes after operation. The Ag/Pd ratio

increased about 32% after testing at high temperature as evi-

denced by both XPS and AES data. Recently, Bosko et al. [8]

reported the effect of different annealing temperatures in

the surface segregation of PdAg membranes synthesized by

sequential electroless plating. The XPS data gave an indication

of Ag segregation to the PdeAg film surfaces under all the

conditions studied.

Several methods have been reported in the literature for

the deposition of Pd and Pd-alloys on porous substrates such

as chemical vapor deposition, sputtering, electroless deposi-

tion or e-beam evaporation. Electroless plating has several

advantages over the other methods since it is simple, less

expensive and allows the formation of uniform layers on

several geometries. For this reason, this method has been

used by several groups for the fabrication of Pd-based alloy

membranes [9e12]. In our group, we adopted consecutive

electroless depositions of Pd and Ag to obtain several PdAg-

alloy composite membranes [8,13]. In order to form a homo-

geneous alloy at relative moderate temperatures (w500 �C)
without affecting the performance of the membrane, the

plating times, temperatures and concentrations were opti-

mized. As previously reported, the use of short deposition

times improves the formation of an alloy with homogeneous

composition at temperatures as low as 500 �C [13].

The aim of this work was to study the surface segregation

behavior of PdAg alloys synthesized by electroless deposition

technique. For this purpose, we studied the behavior of two

PdAg model samples prepared by this method on top of

porous stainless steel disks. Surface and bulk alloy formation

and chemical atomic composition of these samples were

confirmed prior to surface characterization. In addition, XPS

depth profile experiments of PdAg composite tubular

membranes were carried out to analyze the surface segrega-

tion of these real samples after being exposed to the dry

reforming of methane.
2. Experimental

2.1. Sample synthesis

2.1.1. PdAg model samples
In order to study the surface properties of the PdAg binary

alloy synthesized by electroless deposition, two samples with

a theoretical composition of 10 and 25% of silver (PdAg10 and

PdAg25, respectively) were prepared on top of porous stainless

steel disks (0.2 mm grade, 12.7 mm in diameter and thickness

of 2 mm), provided by Mott Metallurgical Corporation. The

supports were cleaned in an alkaline solution and oxidized in

stagnant air at 500 �C for 12 h [14]. After that, the supports

weremodified by dip coating of Al2O3, following the procedure

previously described in Ref. [8]. The modified disks were

activated by the conventional two-step SnCl2/PdCl2 method
[15]. After the activation, the metallic electroless plating was

carried out by the sequential deposition of Pd and Ag. Two

different deposition times were used during the plating in

order to obtain different palladium and silver compositions.

After the metal deposition, all samples were annealed at

500 �C in order to promote metallic inter-diffusion and alloy

formation. The samplesweremounted in a quartz reactor and

then theywere heated up from room temperature up to 500 �C
with a heating rate of 0.5 �C min�1 in nitrogen flow. Then, to

perform the annealing process, the samples were kept at this

temperature in flowing hydrogen during 120 h. This procedure

allowed us to obtain a homogeneous alloy composition in

thickness.

2.1.2. PdAg composite membranes
Composite PdAg tubular membranes were prepared by

sequential electroless plating on the outer surface of porous

stainless steel (PSS) tubes purchased from Mott Metallurgical

Corporation (0.2 mm grade, 6.4 mm i.d., 9.5 mm o.d.). After

cleaning and oxidation, the substratesweremodified by either

dip coating of Al2O3 [8] or in-situ hydrothermal synthesis of

ZNaA [16]. Themetallic depositions were carried out using the

same bath composition and temperature reported elsewhere

[16]. In order to obtain a homogeneous alloy composition, a 40-

min deposition time was used. Further details regarding

metallic deposition were given in previous publications [8,16].

The activation-plating cycle was repeated until the composite

PdAg membrane became impermeable to N2 at room

temperature and at a pressure different from 10 kPa. The

membranes were heated at 500 �C for 110 h or at 550 �C during

24 h in H2 atmosphere. During annealing, a pressure differ-

ence of 10 kPa was applied. The thickness of the membranes

was estimated from the weight gain after palladium-silver

deposition and checked by SEM. The nomenclature adopted

for themembranes was PdAg-X-Y/M, where X refers to plating

time, Y to annealing temperature and M to the substrate

modifier.

2.2. Gas permeation measurements

Thermal treatments and gas permeation measurements

were conducted in a shell-and-tube membrane module. The

open end of the membrane was sealed to the permeator wall

with Teflon ferrules. The permeator was placed in an elec-

trical furnace and heated to the desired temperatures. A

thermocouple within the membrane tube monitored and

controlled the temperature during the experiments. All the

gases were fed to the permeator using calibrated mass-flow

controllers. Feed gases flowed along the outside of the

membrane while the permeated gases flow rates were

measured in the inner side of the membrane. A N2 sweep gas

stream was fed in the permeate side only during the heating

and cooling periods. Pressure differences across the

membranes were controlled using a back-pressure regulator.

The upstream 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 lowest flux

that could be detected by our bubble flow meter was ca.

4 � 10�5 mol m�2 s�1.
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2.3. Sample characterization

2.3.1. Surface characterization
XPS analyses were performed in a multi-technique system

(SPECS) equipped with a dual Mg/Al X-ray source and

a hemispherical PHOIBOS 150 analyzer operating in the fixed

analyzer transmission (FAT) mode. The spectra were obtained

with a monochromated Al Ka X-ray source (300 W and 14 kV)

with a pass-energy of 30 eV. The working pressure in the

analyzing chamber was less than 5 � 10�10 kPa. The spectral

Pd 3d, Pd 3p, Ag 3d, O 1s, C 1s, Si 2p, Na 1s, Fe 2p, Cr 2p and Al

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 employ-

ing a Shirley-type background. Peaks were considered to be

a mixture of Gaussian and Lorentzian functions in a 70/30

ratio. For the quantification of the elements, sensitivity factors

provided by the manufacturer were used. The depth of anal-

ysis of XPS experiments was between 5 and 10 nm.

The XPS analyses were performed on the PdAg composite

tubular membranes after being exposed to the dry reforming

of methane or hydrogen permeation measurements. After

that, the tubular membranes were exposed to ambient

conditions, then they were cut in small pieces to be intro-

duced in the ultra high vacuum (UHV) chamber. These

membrane pieces were heated up in flowing H2(5%)/Ar

mixture at 400 �C in the reaction chamber of the spectrometer.

Later, they were transferred to the XPS spectrometer and the

surface characterization was performed.

The PdAgmodel sampleswere also analyzed by XPS. Before

their introduction into the main chamber of the XPS spec-

trometer, both samples were annealed at 500 �C in hydrogen

flow during 120 h to allow the formation of homogenous PdAg

alloys. The XPS spectra were taken on the samples after being

exposed to ambient conditions (without in-situ treatment)

and after heating in H2/Ar mixture during 10 min at 400 �C in

the pre-treatment chamber attached to the spectrometer.

The effect of the in-situ UHV heat on the surface atomic

composition was subsequently studied. The samples, intro-

duced into the main chamber of the spectrometer, were

heated up to the desired temperature during 10 min and

cooled down to RT; then the XPS spectra were taken. After this

measurement, the samples were heated up again to another

temperature and subjected to the same procedure described

above. The UHV-annealing temperature was increased from

150 to 550 �C.

2.3.2. Angle resolved X-ray photoelectron spectroscopy
(ARXPS)
By varying the take-off angle between the direction of the

escaping photoelectron and the surface plane of the sample, it

was possible to obtain a surface segregation trend in the near-

surface region of the reference samples. The measurements

under different angles were carried out by tilting the sample

with respect to the analyzer. For each ARXPS experiment,

measurements were performed at six different angles up to

60� to the surface normal on the model samples after UHV

annealing at 500 �C. All spectra were taken in medium area

mode, with a spot area about 3 mm. The peaks of the Pd 3d5/2

and Ag 3d5/2 were employed for the quantitative analyses.
2.3.3. Elemental depth profiles
XPS depth profiles were acquired on a ThermoFisher Theta

Probe instrument, with a base working pressure of

w1.0 � 10�10 kPa. A monochromated Al Ka X-ray source and

a 50 eV analyzer pass energy were used for the analyses.

These analyses were performed on the used PdAg composite

membranes after being exposed to ambient conditions and

without in-situ treatment in the load-lock chamber of the

spectrometer. For each sample, spectra were recorded for Pd

3d, Pd 3p, Ag 3d, Ag 3p, O 1s, C 1s, Fe 2p and Cr 2p photo-

electrons. Elemental concentrations were calculated from

peak areas, using sensitivity factors and software provided by

the instrument manufacturer. Elemental depth profiles were

performed using argon ion sputtering. The differentially-

pumped ion gun was operated at 1 � 10�8 kPa and 3 kV,

conditions which delivered a sputtering rate of approximately

5e10 nm min�1. The sputtering was performed in 5 steps of

10 s, followed by 20 steps of 60 s and 1 step of 600 s to examine

the top w100e200 nm of the membrane surfaces.
3. Results and discussion

To further analyze and compare the surface segregation

behavior of several real PdAg membranes, a deeper study was

carried out on PdAgmodel samples synthesized by sequential

electroless deposition. Surface alloy formation, atomic

composition and segregation at different UHV-annealing

temperatures were studied using these samples.

3.1. PdAg reference samples

3.1.1. Surface alloy formation and atomic composition
In order to study the surface properties of electroless plated

membranes, two references samples of about 10 mm thick

were synthesized on top of Al2O3 modified porous stainless

steel disks, one of them with a composition similar to the real

membranes (PdAg25), and the second one with a lower silver

concentration (PdAg10). The low concentration was selected

taking into account that the optimal silver atomic composi-

tion employed in Pd ternary alloys is close to 10% [17,18].

Before their introduction into the main chamber of the XPS

spectrometer, both samples were annealed at 500 �C in

hydrogen flow during 120 h to allow the formation of

homogenous PdAg alloys. The bulk alloy formation was

corroborated by XRD analysis and EDS measurements of the

film thickness. The bulk atomic Ag composition measured by

EDS was 29 and 10%, respectively.

The annealed PdAg25 reference sample was analyzed by

XPS after being exposed to ambient conditions (without in-

situ treatment) and after heating in H2/Ar mixture during

10 min at 400 �C in the pre-treatment chamber attached to the

spectrometer. The XPS surface atomic composition of Ag

before and after in-situ treatment was about 44% and 42%,

respectively. These values were higher than the bulk compo-

sition determined by EDS (about 29% Ag). Under annealing up

to 500 �C in hydrogen, silver surface segregation took place,

which could be due to the lower surface tension of silver with

respect to palladium (1.2 and 1.7 J m�2 for Ag and Pd,

respectively).

http://dx.doi.org/10.1016/j.ijhydene.2011.12.128
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On the other hand, it is important to note that the surface

concentration of Pd on the in-situ hydrogen-treated sample is

slightly higher than the value obtained for the sample exposed

to ambient conditions, probably due to the palladium segre-

gation to the surface induced by the higher interaction of Pd

with hydrogen. In the same way, Shu et al. [6], through XPS

surface characterization of PdAg self-supported membranes,

concluded that the chemisorption of H2 induces palladium

segregation.

The possibility of the reversed surface segregation of PdAg

alloys in the presence of adsorbed hydrogen has also been

reported by Opalka and co-workers from density-functional

band-structure investigations [3]. This phenomenon is

presumably a consequence of the stronger interaction of

hydrogen with Pd. This observation is in agreement with the

data reported by Lukaszewski et al. [19]. From Auger electron

spectroscopy data, they observed that hydrogen electro-

sorption on PdAg electrodes significantly affected the surface

segregation process [19]. The results revealed that the surface

concentration of Pd on the hydrogen-treated samples was

significantly higher than before the hydrogen treatment,

ranging from 50 to 80%.

Fig. 1A shows the Ag surface composition as a function of

the bulk composition for both model samples with different

silver concentrations (about 10 and 29%) after being in-situ

exposed to H2. As it can be observed, silver surface segrega-

tion with respect to the bulk composition took place in both

cases. For comparison purposes, experimental data reported

by other groups were added to Fig. 1A. From Auger spectros-

copy, Kuijers and Ponce [20] observed a silver surface enrich-

ment for samples prepared by evaporation. It is important to

note that the data obtained from the samples studied in the

present work are in complete agreement with those reported

by Kuijers and Ponec [20].

To complement this study of the surface properties of PdAg

samples synthesized by electroless deposition, we also

investigated the electronic structure as a function of silver

concentration. A pure electroless deposited silver sample was
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samples. PdAg reference samples: data taken after exposure to

(PdAg-40-500/Al2O3, PdAg-40-550/Al2O3 and PdAg-40-550/NaA-
measured as reference resulting in a Ag 3d5/2 binding energy of

368.3 eV, in agreement with data previously reported for Ag

foils [21]. A shift toward a lower binding energy of the Ag 3d5/2

peak (367.5e367.7 eV) was observed in both samples after

annealing when compared to the metallic silver (368.3 eV),

suggesting the alloy formation on the surface. On the other

hand, the binding energy for the Pd 3d5/2 feature did not

present a significant shift with respect to that of metallic Pd

(BE¼ 335.1� 0.1 eV). Fig. 1B shows the Ag 3d5/2 binding energy

as a function of [Ag/(PdþAg)] for the PdAg25, PdAg10 and pure

Ag reference samples (close symbols). Data from the PdAg real

membranes were included for comparison (open symbols).

From this figure, it is clear that as the Ag concentration is

increased there is a monotonous shift toward the higher

binding energy of the Ag 3d5/2 core-level peak. Chae et al. [22]

reported a study of electronic structure in ion-beam-mixed

PdAg alloys and found that the Ag 3d5/2 core-level generally

shifts to a lower binding energy for samples with higher

palladium composition. The redistribution of the valence

electrons associated with the change of the chemical bond

leads to a change of energies of the core levels of atoms

participating in the bond. Similarly, for thick co-evaporated

PdAg-alloy films, Steiner and Hüfner [23] reported an almost

linear shift of the Ag 3d peak position with increasing Pd

concentration.

3.1.2. Effect of the UHV-annealing temperature on the surface
composition
After the previous experiments, the effect of the UHV-

annealing temperature on the surface composition of the

PdAg electroless plated samples was investigated using XPS.

Fig. 2 shows the XPS data taken from the PdAg25 reference

sample as a function of the UHV-annealing temperature for

two different emission angles. It can be observed that the

relative surface concentration of the metals as a function of

temperature shows three different regions. At low tempera-

ture (between 150 and 300 �C), themetal surface concentration

remained practically constant, with a Pd and Ag surface
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Fig. 2 e Ag (A) and Pd (B) atomic surface composition as a function of the in-situ annealing temperature for the PdAg25

reference sample. (C) Scheme of the ARXPS measurement.
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concentration of about 57% and 43% at the lower emission

angle, respectively. From 300 �C, the silver percentage on the

surface increased with temperature up to about 475 �C. At
higher temperatures, the Ag concentration decreased with

increasing temperature. It should be noted that for both

emission angles the trend is similar, being more pronounced

in the most surface region (higher emission angle) (Fig. 2). For

the PdAg10 alloy, the same behavior was observed when the

UHV-annealing temperature was increased (Fig. 3).

The behavior observed as a function of temperature could

be explained by the adsorption of H2 during the thermal

treatment in the load-lock chamber of the spectrometer. As

expressed above, due to a higher interaction between Pd and

H2, palladium surface segregation is predicted to occur [3]. At

about 300 �C [24], hydrogen started to desorb from the surface,

and silver atomic composition on the surface increased up to

about 475 �C. At higher temperatures, where the alloy reached

equilibrium (between the bulk and surface composition), it

was possible to observe a behavior similar to the one predicted
B
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Fig. 3 e Ag (A) and Pd (B) atomic surface composition as a func

reference sample.
by the McLean equation (Figs. 2 and 3). For a PdCu alloy, Miller

et al. [25] found a similar effect in the surface composition as

a function of temperature through ISS andXPSmeasurements.

At about 520 �C, the PdCu alloy reached the equilibrium state,

then at higher temperatures, the XPS surface composition

followed the tendency predicted by the McLean equation.

In order to further support the above explanation, the

desorption of hydrogen at about 275e300 �C was followed by

the use of a mass spectrometer. The PdAg10 reference sample

was reduced in H2 5%/Ar at 400 �C during 10 min, and then

introduced into the main chamber of the spectrometer. After

that, the heating procedure was repeated at 150 and 300 �C
with the mass spectrometer turned on. From these experi-

ments, an increase in the base pressure of the spectrometer

and a desorption peak assigned to H2 were observed, which

was in agreement with the surface segregation behavior of the

samples as a function of temperature.

The near-surface region depth profile for the PdAg25

sample was obtained using ARXPS after UHV annealing up to
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500 �C in the main chamber of the spectrometer (Fig. 4). It is

possible to note that the silver concentration increased with

the emission angle (more surface sensitive), showing that

silver segregation took place in the near-surface region.

The behavior of the valence-band spectra for the reference

sample is shown in detail in Fig. 5. The spectrum of the

sample clearly shows two well-resolved bands at about 5.5

and 2.8 eV assigned to Ag, and Pd, respectively. Close to the

Fermi level, we can observe the Pd 4d bands, which extend

over a region of about 5 eV below the Fermi level as reported

in the literature [26]. On the other hand, the pure silver

spectrum has two features at about 4.5 and 6.5 eV, corre-

sponding to the Ag sp band and d state band, respectively [7].

The valence-band spectra of sample PdAg25 as a function of

the emission angle shows a slow increase in the Ag contri-

bution (about 6e8 eV) as the emission angle increases (Fig. 5).

These results are in agreement with the ARXPS data of the

core levels (Fig. 4).

3.2. Performance and surface states of real PdAg
composite membranes

Surface segregation behavior and alloy formation of several

real PdAg composite membranes were investigated after high

temperature hydrogen permeation and reaction measure-

ments. The membranes were synthesized by electroless

deposition technique on the outer surface of porous stainless

steel tubes using a metallic short deposition time (40 min) in

order to obtain a homogeneous bulk composition. Similar

membranes were previously synthesized and evaluated at

high temperature. In these samples, the Knudsen and viscous

contributions to the total hydrogen flux were quantified [13].

To evaluate the performance of the membranes presented

in this work, hydrogen permeation measurements were
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carried out at 400, 425 and 450 �C as a function of trans-

membrane pressure. A linear increase of the H2 permeation

flow with the difference of the square root of the hydrogen

partial pressure was observed for all composite membranes

(data not shown). This behavior suggests that the diffusion of

hydrogen in the metallic film mainly obeys Sieverts’ law. For

these membranes, the hydrogen permeance and H2/N2 ideal

selectivity (defined as the ratio between the flux rates of H2

and N2) are given in Table 1. In order to study the performance

of the samples under reaction conditions, the membranes

PdAg-40-500/Al2O3 and PdAg-40-550/NaA-HS were used in

a membrane reactor for the dry reforming of methane at

450 �C, using a Rh/La2O3 catalyst. In both cases, the value of

CH4 conversion at 450 �C (between 12 and 15%) were higher

than those obtained in the fixed-bed reactor, with a hydrogen

recovery between 65 and 79%.

The XRD and EDS data suggest that a PdAg homogeneous

alloy was formed throughout the whole thickness of the

membranes. From the EDS data a volumetric silver composi-

tion ca. 25% was observed in the three samples. Neither the

crystalline structure nor the morphology of the membranes

were affected by the permeation and reaction conditions.

From the XPS data, a shift toward a lower binding energy of

the Ag 3d5/2 peak (367.6e367.8 eV) was observed in the

membrane when compared to the pure metallic silver

(368.3 eV), suggesting the alloy formation on the surface. On

the other hand, the binding energy for the Pd 3d5/2 feature did

not present a significant shift with respect to that of metallic

Pd (BE ¼ 335.1 � 0.1 eV). The Ag surface concentration (XPS)

was considerably higher than the volumetric one determined

by EDS (Table 1, Fig. 1A). In agreement with the results
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Table 1 e Main properties of the PdAg real membranes.

Membrane Permeance � 104

(mol m�2 s�1Pa�0.5)
Ideal selectivity

(H2/N2)

Treatment Ag XPSd Ag EDS surfacee

PdAg-40-550/Al2O3 9.1 110a Permeation 47.4 30

PdAg-40-550/NaA-HS 21 215b Permeation-reactionc 46.5 28

PdAg-40-500/Al2O3 5.6 170a Permeation-reactionc 44.0 26

a Data obtained at 100 kPa.

b Data obtained at 40 kPa.

c Time on reaction ¼ 52 h.

d Measured in the Spect instrument, after reduction in H2 (5%)/Ar during 10 min.

e Value measured in a top view of the membrane with a magnification of 60�.
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obtained from the reference samples, this behavior can be

related to the low Ag surface tension with respect to Pd. In

Fig. 1A, the silver surface composition as a function of the bulk

composition is presented for the membranes PdAg-40-500/

Al2O3, PdAg-40-550/Al2O3 and PdAg-40-550/NaA-HS. Note that

the extension of the silver surface segregation on the real

membranes was in agreement with the data reported for the

PdAg25 model samples.

3.3. XPS depth profile analysis of real PdAg membranes

In order to analyze the surface segregation effects under

reaction conditions and after permeation experiments, the

PdAg-40-500/Al2O3, PdAg-40-550/Al2O3 and PdAg-40-550/NaA-

HS membranes, which showed a homogeneous cross section

concentration from EDS, were analyzed by XPS as a function

of Arþ sputtering time. XPS wide scan spectra revealed that

the impurities of carbon and oxygen were present besides

palladium and silver. Carbon contamination concentration at

the top surface of the membranes decreased with sputtering

time and was no longer detectable after 60 s. No signal for

either Fe or Cr was detected. The Ag and Pd relative surface

composition as a function of the sputtering time is shown in

Fig. 6. After about 50 s of sputtering, the three samples reached

a homogeneous composition (about 30%), showing silver

enrichment with respect to the bulk composition determined

by EDS in the three samples (Table 1). It is important to note
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Fig. 6 e XPS [Ag/(Pd D Ag)] and [Pd/(Pd D Ag)] ratio as a function

40-550/Al2O3 (B) and PdAg-40-550/NaA-HS (C) membranes. : D
that no significant difference was observed with Arþ sputter-

ing time for the PdAg-40-550/Al2O3 sample, which was

analyzed after permeation experiments and the other

samples which were measured after being used in the

membrane reactor for the dry reforming of methane reaction.

For PdAg membranes synthesized by deposition cycles of

90 min and annealing at different temperatures, a similar Ag

segregation was reported reaching a homogeneous composi-

tion at about 60 s of sputtering [8]. This behavior of the surface

composition as a function of the sputtering time was similar

for the samples evaluated in reaction and after hydrogen

permeation experiments. These data are in agreement with

the ARXPS results of the PdAg25 reference sample where

silver surface segregation was observed in the near-surface

region.

During the depth profile experiments, the evolution of the

Pd and Ag surface species was also analyzed. Fig. 7 shows the

Pd 3d spectra of the PdAg-40-500/Al2O3, PdAg-40-550/Al2O3

and PdAg-40-550/NaA-HS membranes at several Arþ sputter-

ing time. It can be observed that the features of the three

samples before sputtering could be fit as the contribution of

two components, one peak located at about 335.7 eV and

a second peak at 335.1 eV. The high binding energy contribu-

tion of the Pd 3d5/2 signal could be originated from the PdOx

(0< x< 1) formation at the surface level, and the lower binding

energy peak could be due to the Pdmetallic contribution. From

the curve fitting of the Pd 3peO 1s region (not shown) it was
0 600 900 1200

PdAg-40-550/Al2O3

g

Pd

 time (sec)
0 20 40 300 600 900 1200

0.0

0.2

0.4

0.6

0.8

1.0
PdAg-40-550/NaA-HS

Ag

Pd

Sputtering time (sec)

Pd
/(P

d+
Ag

) o
r  

Ag
/(P

d+
Ag

)

C

of the sputtering time for the PdAg-40-500/Al2O3 (A), PdAg-

ata taken after 1790 s of sputtering.
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Fig. 7 e Pd 3d5/2 core-level spectra at different sputtering times for the membranes: PdAg-40-500/Al2O3, PdAg-40-550/Al2O3

and PdAg-40-550/NaA-HS.
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possible to determine that the three samples contained

a similar proportion of oxygen on the surface (10e15%) which

was no longer detectable after 50 s of Arþ sputtering, indi-

cating that PdOx or PdO was present only on the top surface.

In agreement with the interpretation presented by Bosko

et al. [8], the Pd 3d5/2 higher binding energy peak could be

assigned to the formation of PdOx species after air exposure of

the membranes before the introduction into the XPS-

chamber. For sputtered as-grown PdAg films, Ramachandran

et al. [27] observed a binding energy chemical shift of about

0.61 � 0.3 eV to higher binding energy relative to the bulk Pd

contribution, due to exposure of the sample to air before

introduction into the spectrometer. In the same way, Yang

et al. [28], using XPS, reported that the presence of a higher

binding energy peak at 335.5 eV indicated a new structure

PdOx (0 < x < 1) in a PdAg membrane.

Fig. 8 shows the evolution of the Pd 3d5/2 and Ag 3d5/2 core-

level peaks with sputtering time for the PdAg-40-500/Al2O3
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Fig. 8 e (A) Pd 3d5/2 and (B) Ag 3d5/2 core-level spectra at differe

a function of Pd atomic surface concentration for PdAg-40-500/
membrane. The vertical lines indicated the binding energy

position of the Pd 3d5/2 and the Ag 3d5/2 metallic component.

As seen from the spectra, the Ag 3d5/2 peak showed a slight

shift to lower binding energy after sputtering time, which

could be related to a partial oxidation of silver during the

transfer of the sample to the spectrometer, in the sameway as

Pd showed a second peak with high binding energy. However,

Yang et al. [28] studied the effect of thermal treatment at

400 �C in air of a PdAg sample prepared by electroless plating

and reported the formation of PdOx species, while the Ag 3d5/2

core-level peak remained unchanged. From that observation,

it is possible to conclude that for the PdAgmembranes studied

in this work, the Ag 3d5/2 shift could not be due to oxidation.

This change could be related to the decrease in Ag surface

composition with sputtering time, as shown from the depth

profile experiments (Fig. 6).

In Fig. 8C, the binding energy shift of the Pd 3d5/2 and Ag

3d5/2 peaks is shown as a function of the Pd atomic surface
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composition for the PdAg-40-500/Al2O3 membrane during

sputtering experiments. It is important to note that the Pd 3d5/

2 peak assigned to the metallic contribution remained practi-

cally constant, while the Ag 3d5/2 shifted up to about �0.2 eV.

Note that this shift toward lower binding energy observed in

the Ag 3d5/2 peak with the Arþ sputtering time (decrease in Ag

surface composition), is in complete agreement with the

tendency observed with the reference samples (Fig. 1B).
4. Conclusions

Silver surface enrichment of electroless plated films after

annealing up to 500 �C in hydrogen was corroborated by

means of XPS and ARXPS experiments. A relationship

between the Ag 3d5/2 core-level binding energy shift and the

silver surface composition was observed from the XPS data

obtained with the model samples.

Increasing the in-situ annealing temperature results in an

increase of the Ag surface composition from 300 to 475 �C. At
greater temperatures, where the equilibrium alloy was

reached, a decrease in the Ag composition was observed in

agreement with the tendency predicted by the McLean

equation.

The XPS depth profile analysis of the real PdAg composite

membranes indicated that after both hydrogen permeation

and reaction experiments, silver surface segregation took

place, showing the same behavior as the model samples.

A good agreement between the Ag atomic surface compo-

sitions of our electroless plated samples and those reported in

the literature using other synthesis methods was observed.

This fact shows that the synthesis method used to prepare

PdAg-alloymembranes has no significant effect on the surface

segregation tendency.
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[23] Steiner P, Hüfner S. Thermochemical analysis of PdxAg1-x
alloy from XPS core-level binding energy shifts. Solid State
Commun 1981;37:79e81.

http://dx.doi.org/10.1016/j.ijhydene.2011.12.128
http://dx.doi.org/10.1016/j.ijhydene.2011.12.128


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 7 ( 2 0 1 2 ) 6 0 2 0e6 0 2 9 6029
[24] Noordermeer A, Kok GA, Nieuwenhuys BE. A comparative
study of the behavior of the PdAg(111) and Pd(111) surfaces
towards the interaction with hydrogen and carbon
monoxide. Surf Sci 1986;165:375e92.

[25] Miller JB, Matranga CH, Gellman AJ. Surface segregation in
a polycrystalline Pd70Cu30 alloy hydrogen purification
membrane. Surf Sci 2008;602:375e82.

[26] Tarditi AM, Cornaglia Laura M. Novel PdAgCu ternary alloy
as promising materials for hydrogen separation membranes:
synthesis and characterization. Surf Sci 2011;605:62e71.
[27] Ramachandran A, Tucho WM, Mejdell AL, Stange M,
Venvik HJ, Walmsley JC, et al. Surface characterization of Pd/
Ag 23 wt% membranes after different thermal treatments.
Appl Surf Sci 2010;256:6121e32.

[28] Yang L, Zhang Zh, Gao X, Guo Y, Wang B, Sakai O, et al.
Changes in hydrogen permeability and surface state of
PdeAg/ceramic composite membranes after thermal
treatment. J Membr Sci 2005;252:145e54.

[29] Wouda PT, SchmidM,Nieuwenhuys BE, Varga P. STM study of
the (111) and (100) surface of PdAg. Surf Sci 1998;417:292e300.

http://dx.doi.org/10.1016/j.ijhydene.2011.12.128
http://dx.doi.org/10.1016/j.ijhydene.2011.12.128

	Alloying and surface composition of model Pd–Ag films synthesized by electroless deposition
	1. Introduction
	2. Experimental
	2.1. Sample synthesis
	2.1.1. PdAg model samples
	2.1.2. PdAg composite membranes

	2.2. Gas permeation measurements
	2.3. Sample characterization
	2.3.1. Surface characterization
	2.3.2. Angle resolved X-ray photoelectron spectroscopy (ARXPS)
	2.3.3. Elemental depth profiles


	3. Results and discussion
	3.1. PdAg reference samples
	3.1.1. Surface alloy formation and atomic composition
	3.1.2. Effect of the UHV-annealing temperature on the surface composition

	3.2. Performance and surface states of real PdAg composite membranes
	3.3. XPS depth profile analysis of real PdAg membranes

	4. Conclusions
	Acknowledgments
	References


