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PdRu  films  were  successfully  synthesized  on  top  of  non-porous  stainless  steel  supports  by electroless
co-deposition.  The  effect  of  synthesis  variables  on  morphology,  substrate  adherence,  bulk  and  surface
composition  was  studied.  The  microstructure  and  morphology  of  the  samples  were  analyzed  by  X-ray
diffraction  and  scanning  electron  microscopy.  Homogeneous  and  defect-free  PdRu  films  were obtained
employing  baths  at low  pH, moderate  to high  agitation  speeds,  high  concentration  of  hydrazine,  using
EDTA  as  a  stabilizer  and  temperatures  near  50 ◦C.  Films  characterized  by  X-ray  photoelectron  spec-

◦

dRu membrane
lectroless plating
o-deposition

troscopy  showed  Pd segregation  after  annealing  the  sample  at  400 C in  H2 (5%)/Ar  in the  load-lock
chamber  of  the  spectrometer.  The  optimized  conditions  were  employed  to synthesize  a PdRu  composite
membrane  on  top  of  a  tubular  porous  stainless  steel  substrate  (0.1 �m  grade).  Hydrogen  permeation  was
measured  over  a  350–450 ◦C  temperature  range  and  a trans-membrane  pressure  up to  100  kPa.  The  PdRu
membrane  showed  good  performance  with  a  hydrogen  permeability  of 6.5  × 10−9 mol  m−1 s−1 Pa−0.5 and

700.
a  selectivity  higher  than  1

. Introduction

Due to the increasing energy demand and high levels of pollu-
ion generated by the existing energy-producing technologies, it is
ecessary to look for and use new eco-friendly energy sources or
arriers. In this context, hydrogen appears as an energy carrier that
an be used in internal combustion engines or fuel cells, avoiding
nwanted emissions. However, one of the main disadvantages of
2 for use in low temperature fuel cells is the presence of impuri-

ies such as CO, CO2 and hydrocarbons from reforming reactions.
 well-known technology for hydrogen purification is the use of
etallic Pd and Pd-alloy membrane reactors at both laboratory

nd pilot plant scale, which allows increasing the levels of reaction
onversion and capture of CO2.

The use of Pd membranes for hydrogen purification has
ecreased due to the high cost of the membranes and to the embrit-
lement produced by their exposure to H2 at temperatures below
00 ◦C. In order to avoid these problems, binary alloys have been
eveloped. It has been reported that certain binary alloys such as
dAu and PdCu improve membrane properties, e.g. resistance to
ontaminants (CO and H2S), while others such as PdAg improve

ydrogen permeability [1–4].

The synthesis of Ru and PdRu films for application in mem-
ranes for hydrogen separation has not been widely studied [5–10].

∗ Corresponding author. Tel.: +54 342 4536861.
E-mail address: lmcornag@fiq.unl.edu.ar (L.M. Cornaglia).
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Through SEM, Gryaznov and co-workers [7] studied the influence
of temperature and atmosphere over 100 �m thick Pd94Ru6 alloy
foils. These authors reported crevices formed in foils annealed 2 h
at 200 ◦C in vacuum or H2, these gaps being larger in the reduc-
tion atmosphere by a factor of 3–5. Besides, Way  and co-workers
[8] synthesized uniform PdRu4.5–10 composite membranes by co-
deposition. They reported an increase of 78% in the film hardness
compared to pure Pd using a PdRu film with 7.2% Ru; all membranes
showed similar permeation to pure Pd. Ryi et al. [10] studied the
effect on membrane performance of a Ru thin layer deposited on top
of Pd/Al2O3-SS by sequential deposition. Using a membrane with
low Ru composition, the latter authors reported an enhancement of
40% in hydrogen permeability compared with a Pd/Al2O3-SS mem-
brane. Ma  and co-workers [9] showed a steady decline in hydrogen
permeability due to Pd film contamination with stainless steel met-
als in a Pd/SS membrane using 0.5 �m of Ru as a diffusion barrier.
Wang et al. [11] synthesized a Pd69Ag30Ru1/�-Al2O3 membrane by
electroless co-deposition. The authors reported hydrogen perme-
ability three times higher than with a PdAg membrane and about
four times higher than a Pd membrane.

On the other hand, catalytic results of PdRu membrane reac-
tors have also been published [12–14].  Nam et al. [12] studied the
methane steam reforming reaction in a membrane reactor made of
a Pd94Ru6 tube 100 �m thick. Methane conversion was  improved

as high as 80% in the membrane reactor and almost complete con-
version could be obtained at 600 ◦C.

Alloy or non-alloy bimetallic films could be synthesized by
sequential or simultaneous deposition. The synthesis of the PdAg

dx.doi.org/10.1016/j.memsci.2011.08.019
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:lmcornag@fiq.unl.edu.ar
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lloy has been widely studied in the Pd-alloy membrane area. This
lloy has been synthesized by sequential [15–19] and simultane-
us [20–24] deposition using the electroless plating technique.
ifferent annealing strategies have been used for both routes of
eposition in order to obtain homogeneous composition alloys.
ilms obtained by sequential deposition need stronger heat treat-
ents, longer times or higher temperatures compared with films

btained by co-deposition. These severe treatments cause diffu-
ion of stainless steel metals and losses of permeability [25,26].
owever, simultaneous deposition presents certain difficulties in
btaining films with homogeneous morphology and desired bulk
omposition.

Due to the advantages of using electroless deposition in the
ynthesis of binary and ternary Pd alloys membranes, the influ-
nce of synthesis variables on the quality of the film should be
tudied. Ayturk and Ma  [27] analyzed the influence of tempera-
ure, hydrazine, palladium and silver concentration, and stirring
ate on the Pd and Ag deposition kinetics. These authors reported
hat the electroless plating of both Pd and Ag was strongly affected
y the external mass transfer in the absence of bath agitation.
eung and co-workers [20] reported the proper conditions for co-
eposition of palladium and silver from a mixed plating bath. The
uthors studied the Pd/Ag molar ratio, hydrazine, total metal and
mmonium hydroxide concentration effect on plating rate and film
roperties such as composition and microstructure. To synthesize
d membranes with 0–10 wt.% ruthenium, Gade et al. [8] employed

 carbonless co-deposition bath to avoid carbon contamination in
he finished film.

This study presents a detailed analysis of the influence of differ-
nt plating variables as bath temperature, pH and stirring rate on
orphology, substrate adherence, bulk and surface composition of

o-deposited PdRu films. PdRu films were fabricated by simultane-
us electroless plating supported on top of non-porous discs and
n both porous stainless steel discs and tubes. Surface composition
nd segregation of PdRu films were studied by X-ray Photoelectron
pectroscopy (XPS) and Angle Resolved XPS. For the PdRu tubular
embrane, hydrogen flux measurements were performed during

he annealing stage at 500 ◦C. After this treatment, the H2 per-
eation was measured between 350 and 450 ◦C up to a 100 kPa

ressure difference.

. Experimental

.1. PdRu films deposition optimization

PdRu films were deposited by simultaneous electroless plating
n top of non-porous stainless steel 316L discs (NPSSD) of 0.9 cm in
iameter and 0.2 cm thickness. Before the metal deposition, discs
ere polished with 380, 500, 800, 1000 and 1200 grit sandpa-
ers and finally with a ∼1 �m-grade paste and with a suspension
f �-alumina (50 nm). After grinding, the discs were immersed in

 mixed solution of concentrated HCl (37 wt.%) and concentrated
NO3 (69 wt.%) during 5 min  in order to create surface rugosity [28].
he molar ratio of [HCl] to [HNO3] employed was  1.6. Finally, the
iscs were washed with an alkaline solution consisting of 0.12 M
a3PO4·12 H2O, 0.6 M Na2CO3 and 1.12 M NaOH using the proce-
ure reported by Ma  et al. [29] and calcined 12 h at 500 ◦C. Prior
o the electroless plating, the discs were activated. The sensitizing-
ctivation of the substrate was conducted in an acidic SnCl2 (1 g/l)
olution followed by an acidic PdCl2 solution (0.1 g/l) at room tem-
erature. The sensitizing-activation process was repeated six times.

fter the substrate was pre-seeded with Pd nuclei, the simulta-
eous electroless plating was carried out by immersing the disc

nto a plating bath containing Pd and Ru. After the first three 1 h
o-depositions, the activation process was repeated three times.
 Science 382 (2011) 252– 261 253

The conditions and concentrations of the solutions used in the
activation, modification of pH and plating baths are detailed in
Table 1. The plating bath solution used in the PdRu co-deposition
was  obtained by mixing a palladium complex with ruthenium solu-
tions, maintaining a total metal concentration of 10 mM in all the
experiments.

In the pH effect study a solution of NaOH was used as a pH mod-
ifier. In order to obtain a curve (not shown) of the pH vs. volume
of NaOH, different amounts of alkaline solution were added to the
PdRu plating bath. For the bath agitation a magnetic stirrer was used
to regulate the agitation rate, measured in revolutions per minute
(rpm) up to 800 rpm. The disodium ethylenediaminetetraacetic
acid (EDTA) effect on the PdRu deposition rate and film morphol-
ogy was also studied. The hydrazine concentration was  studied at
10 mM  and 30 mM being in excess in both cases compared with
the metal total concentration. The palladium and ruthenium redox
reactions involved in the electroless co-deposition are presented
below:

2Pd (NH3)4
+2 + N2H4 + 4OH− → 2Pd + N2↑ + 4H2O + 8NH3 (1)

4Ru+3 + 3N2H4 + 12OH− → 4Ru + 3N2↑ + 12H2O (2)

All the experiments were carried out with a volume of plating
bath/support area ratio equal to 5.7 cm3/cm2. The thickness was
calculated from the disc weight gain and the density of Pd and Ru.

2.2. PdRu membrane preparation and permeation measurements

A porous stainless steel tube 0.1 �m grade (PSST, 0.64 cm i.d. and
0.95 cm o.d.) and a porous stainless steel disc 0.2 �m grade (PSSD,
1.27 cm in diameter and thickness of 2 mm)  were used as supports
of the PdRu membranes. The supports were purchased from Mott
Metallurgical Corporation. Prior to any plating experiment, they
were cleaned with the same procedure used for the non-porous
supports. After that, the tube and disc were oxidized at 500 ◦C for
12 h. In order to avoid intermetallic diffusion between the stainless
steel elements and the PdRu alloy, the supports were modified with
alumina by means of the dip coating vacuum assisted method [30].
The activation sequence used for both substrates was the same used
in the optimization stage for the non-porous supports.

Prior to the PdRu co-deposition on top of the tubular support,
two 1 h depositions of Pd were performed in order to achieve
a uniform surface. Palladium and ruthenium were deposited by
simultaneous electroless deposition using the previously opti-
mized conditions: T = 50 ◦C, [N2H4] = 30 mM,  [EDTA] = 180 mM,
[Ru] = 1 mM,  no stirring. The volume of plating bath/surface area
ratio was  4.7 cm3/cm2. The synthesis procedure was  repeated until
the composite membrane became impermeable to N2 at room tem-
perature and at a pressure difference of 10 kPa. The film thickness
was  estimated from the weight gain after metal deposition and
checked by SEM.

Thermal treatments and gas permeation measurements were
conducted in a shell-and-tube membrane module [25]. The sample
was  then heated up to 500 ◦C in a H2 atmosphere in order to pro-
mote metallic inter-diffusion, homogeneous metals composition
and permeation stabilization. The temperature was increased from
room temperature up to 500 ◦C with a heating rate of 0.5 ◦C min−1

in nitrogen flow and then, the annealing process was conducted in
hydrogen atmosphere and a trans-membrane pressure of 10 kPa.
The membrane module was  placed in an electrical furnace and
heated at different temperatures. All the gases were fed to the per-
meator using calibrated mass-flow controllers. Feed gases flowed

along the outside of the membrane and the permeated gases
were measured in the inner side of the membrane. A N2 sweep
gas stream was introduced in the permeated side only during
the annealing process. Pressure differences across the membranes
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Table 1
Chemical composition of Pd and Ru electroless plating solutions, activation and plating conditions.

Activation/pH modifier Plating bath

Pd Ru

SnCl2 (g/l) 1 – –
PdCl2 (g/l) 0.10 – –
HCl  (M) 1 – –
NaOH (g/l) 102 – –
Hydrazine (mM) –  10/30
28–30% NH4OH (M)  – 9.85 –
Na2EDTA (mM) – 180 –
PdCl2 (mM)  – 20.30 –
HCl  (mM) – – 0.12
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ere obtained using a back-pressure regulator to vary the pressure
n the upstream side and keeping the pressure constant down-
tream at 100 kPa. The gas permeation rates were measured using
wo bubble flow meters at room temperature and pressure.

.3. Film characterization

.3.1. X-ray diffraction
The phase structure of the samples was determined by X-ray

iffraction. The XRD patterns of the films were obtained with an
D-D1 Shimadzu instrument, using Cu K� (� = 1.542 Å) radiation
t 30 kV and 40 mA.  The scan rate was 1–2◦ min−1 in the range
� = 15–90◦.

.3.2. Scanning electron microscopy and energy-dispersive X-ray
nalysis

The outer surface and cross-section images of the samples
ere obtained using a Zeiss FEG-SEM instrument, model SUPRA

0, equipped with an energy dispersive analytical system (Oxford
nstruments). For the cross-section views, the discs were placed
nto a plastic tube; then epoxy resin was added. After harden-
ng, they were cut in halves. The grinding was carried out with

aterproof abrasive paper of 180, 280, 500, 800 and 1200 grit. The
olishing was done with a ∼1 �m-grade paste, and finally with a
uspension of �-alumine (50 nm). The grinding and the polishing
ycles lasted 5 min; after each cycle, it was necessary to clean the
amples with ethyl alcohol in ultrasonic bath.

.3.3. X-ray photoelectron spectroscopy
XPS analyses were performed in a multi-technique system

SPECS) equipped with an Al-monochromatic X-ray source, and a
emispherical PHOIBOS 150 analyzer operating in the fixed ana-

yzer transmission (FAT) mode. The spectra were obtained using
 monochromatic Al K� radiation (h� = 1486.6 eV) operated at
00 W and 14 kV. The pass energy for the element scan was 30 eV.
he working pressure in the analyzing chamber was  less than

 × 10−10 kPa. The XPS analyses were performed on the anneal-
ng samples and after different treatments in the main chamber.
efore introducing the samples in the main chamber of the spec-
rometer, they were heated in a 5% H2/Ar mixture in the load-lock
hamber. The spectra of Pd 3d, Pd 3p, O1s, C 1s, Ru 3d, Ru 3p, Fe 2p
ere recorded for each sample. The data treatment was performed
ith the Casa XPS program (Casa Software Ltd, UK). The peak areas
ere determined by integration employing a Shirley-type back-

round. Peaks were considered to be a mixture of Gaussian and

orentzian functions. For the quantification of the elements, we
sed the sensitivity factors provided by the manufacturer.

In order to study the effect of different annealing treatments on
urface segregation, the XPS spectra of Pd and Ru were recorded at
– 3.08
11.5–14
30–80

room temperature after annealing the sample at different temper-
atures in situ in the main chamber.

2.3.4. Angle resolved X-ray spectroscopy
By varying the take-off angle between the direction of the escap-

ing photoelectron and the surface plane of the sample, it was
possible to obtain the surface segregation trend in the near-surface
region. 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. All spectra were taken in medium
area mode, with a spot area of about 3 mm.

3. Results and discussion

3.1. Plating bath variables

This section presents the results obtained from studying the
influence of the plating variables as pH, bath temperature, [N2H4]
and stirring rate on the deposition rate, morphology and film com-
position.

3.1.1. pH effect on PdRu deposit morphology
The influence of pH in the plating bath on PdRu film deposition

rate and morphology has not been previously reported. In this work
the effect of pH was  studied between 11.5 and 14, using a NaOH
solution as a pH modifier.

A decrease in PdRu film thickness and bulk precipitation was
observed by increasing the pH above 11.5 (Fig. 1). This could be
due to the instability of the plating bath with the addition of NaOH.
The micrographs in Fig. 2 show the surface morphology of the PdRu
film obtained at pH 11.50, 12.75 and 14, respectively. By increas-
ing pH, a reduction in film adhesion to the substrate and more
heterogeneous morphologies were obtained. The PdRu film synthe-
sized at the highest pH value showed regions where the non-porous
substrate was not covered, which could be produced by film detach-
ment or no deposition. Therefore, the lowest pH value (pH = 11.5)
was  selected to study the effect of agitation rate, hydrazine concen-
tration, plating temperature, EDTA and Ru/Metal ratio. At pH lower
than 11.5, Pd bulk precipitation could be produced. Yeung et al. [31]
studied the effect of ammonium hydroxide concentration on the Pd
plating rate. These authors observed a decrease in the plating rate
when increasing the ammonium hydroxide concentration and Pd
bulk precipitation at low ammonium hydroxide concentration.
3.1.2. Bath stirring effect on deposition rate and film morphology
With the aim of reducing mass transfer limitation on the electro-

less plating kinetics and to improve the deposition morphology of
PdRu films, the co-deposition was  performed by stirring the plating
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ynthesis conditions: [Pd + Ru] = 10 mM,  [Ru] = 1 mM,  T = 50 ◦C, [N2H4] = 30 mM,
EDTA] = 180 mM.  Three 1 h co-depositions.

ath. Fig. 1 shows the co-deposition plating rate measured as thick-
ess obtained in three 1 h depositions as a function of the agitation
ate. The results show a significant influence of bath agitation on

he deposition rate. An increase in thickness is obtained by increas-
ng the agitation rate, from 3.6 �m for the non-stirred sample up
o 6 �m for the sample synthesized at 800 rpm. The non-agitated

ig. 2. pH effect on the PdRu film morphology: (a) pH = 11.50, (b) pH = 12.75 and (c) pH =
EDTA]  = 180 mM.  Three 1 h co-depositions.

ig. 3. Stirring rate effect on morphology. (a) 0 rpm, (b) 200 rpm and (c) 800 rpm. 

EDTA] = 180 mM,  pH = 11.5. Three 1 h co-depositions.
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plating bath presents an external mass transfer limitation, as evi-
denced by the increase in thickness when increasing the stirring
rate. Comparing micrographs of the samples agitated at 200 and
800 rpm (Fig. 3b and c), a decrease in the size and number of pores
onto the surface of the PdRu film is observed. As shown in Fig. 1,
no further effect was observed beyond 400 rpm, probably due to
the fact that the PdRu co-deposition is controlled by the chemical
reaction kinetics.

Ayturk and Ma  [27] studied the deposition kinetics of Pd and
Ag by electroless plating in agitated plating baths. In the case of Pd
plating, at an agitation rate of 200 rpm and even more at 400 rpm,
the micrographs suggested that the Pd deposition was noticeably
more uniform and smooth. The SEM images of the Ag deposits at
a rate of 100 rpm showed more uniform clusters in comparison to
the regular Ag deposition morphology (rpm = 0), which consisted
of randomly distributed clusters with different shapes and sizes.
The authors claimed that the uniform Pd and Ag deposition mor-
phology was originated from the fast nucleation rates achieved in
the presence of agitation [29].

3.1.3. EDTA effect on PdRu deposition rate and morphology
To avoid carbon contamination from EDTA and improve the effi-

ciency of synthesis, similar experiments were performed at 50 ◦C
with and without EDTA, varying hydrazine concentration and Ru/M
ratio.

Fig. 4 shows the thickness obtained at two  hydrazine concentra-
tions (30 mM  and 10 mM)  and at a [Ru] = 1 mM,  with and without
EDTA. In both cases, a decrease in thickness by decreasing the
concentration of hydrazine is obtained, this behavior being more
evident in the absence of EDTA. A slight decrease in the thickness
of PdRu co-deposited films were obtained by increasing the Ru/M
SEM surface analysis provides information whether the co-
deposition of metals is limited by the mass transfer, the kinetics
of reaction or by a combination of both. Dendritic or non-uniform

 14. Synthesis conditions: [Pd + Ru] = 10 mM,  [Ru] = 1 mM,  T = 50 ◦C, [N2H4] = 30 mM,

Synthesis conditions: [Pd + Ru] = 10 mM,  [Ru] = 1 mM,  T = 50 ◦C, [N2H4] = 30 mM,
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Fig. 5. Ru and hydrazine concentration effect on PdRu film morphology synthesized
[Ru  + Pd] = 10 mM,  T = 50 ◦C, pH = 11.5. Three 1 h co-depositions.
 Science 382 (2011) 252– 261

morphologies, usually characterized by vertical growth, reflect a
clear external mass transfer limitation, while uniform morpholo-
gies give an idea of chemical or mixed control [27,32]. Bhandari
and Ma  [32] studied the electroless and electro-plating conditions
and their effect in Pd and Ag deposits morphology. By means of
the linear sweep voltametry study, the authors showed that the
over potential at which the Ag deposition occurred had important
effects on the deposit’s morphology.

Fig. 5a, c and e shows the micrographs of PdRu films synthe-
sized with EDTA and Fig. 5b, d and f without EDTA. All samples
obtained without EDTA present more heterogeneous morphologies
if compared with samples prepared in the EDTA plating bath. Fur-
thermore, micrographs of samples prepared without EDTA showed
cracks, as shown in Fig. 5b. PdRu films obtained in an EDTA-free
plating bath with higher concentrations of hydrazine and different
concentrations of Ru (Fig. 5b and f) have a similar dendritic mor-
phology with growth in height, while the sample with the lowest
concentration of hydrazine (Fig. 5d) has less heterogeneous mor-
phology, probably due to a lower reaction rate. Comparing SEM
images of PdRu samples obtained in an EDTA-free plating bath, it

can be inferred that both samples with higher hydrazine concentra-
tion present severe mass transfer limitation. PdRu films obtained
with EDTA present homogeneous morphology with slight differ-
ences between them. Similar surface morphologies of the samples

 with EDTA (a, c and e) and without EDTA (b, d and f). Synthesis conditions:
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by EDS). Way  and co-workers [8] detected the Pd fcc phase and the
Ru hcp phase in the XRD pattern of the PdRu samples synthesized
by co-deposition and used the direct comparison method described
by Cullity and Stock [34] to estimate the Pd composition.
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ig. 6. High magnification SEM top-view of PdRu samples. EDTA effect on the morp

ynthesized with EDTA were observed employing a hydrazine con-
entration of 30 mM and 10 mM.

While results reflect an increase in the efficiency of deposition
or the samples performed without EDTA, PdRu films with den-
ritic morphologies and cracks are obtained, as shown in Fig. 5f.
his increase in thickness could be due to a lower stability of Pd
nd Ru in solution, compared with experiments performed with
DTA. Gade et al. [8],  who also worked with carbon-free plating
ath, studied palladium–ruthenium alloy membranes by electro-

ess co-deposition. They found that the structures of the resulting
dRu films were significantly different from those of pure palla-
ium, with larger surface features.

The high magnification SEM micrographs (Fig. 6) obtained from
amples synthesized with and without EDTA can also determine
hether the deposition of metals is limited by mass transfer in

he kinetics of the reaction or by a combination of both. Metal
lms obtained without EDTA have a similar dendritic morphol-
gy, while samples obtained with EDTA (Fig. 6d, e and f), present
rdered metallic structures as observed in the micrographs of the
ores.

.1.4. Temperature effect
The effect of temperature on the deposition rate of the bimetal-

ic film was also studied. Fig. 7 shows the thicknesses obtained
y varying the synthesis temperature between 30 ◦C and 80 ◦C.
dRu co-deposition rates were strongly influenced by the plating
ath temperature. A significant increase of 100% in the thickness
as obtained from 30 ◦C to 60 ◦C. Thickness decreased from 4 �m

o 1 �m between 60 ◦C and 80 ◦C. This decrease may  be due to
he decomposition of hydrazine and/or a destabilization of the
dRu plating bath. These results are in complete agreement with
he results reported by Ayturk and Ma  [27]. The authors reported
ydrazine decomposition and Pd and Ag bulk precipitation beyond
0 ◦C due to the instability of the electroless plating solution.

ogan and Kilicarslan [33] studied the process parameters on

he synthesis of palladium membranes by electroless plating and
eported a maximum in Pd deposition rate as a function of the
ath temperature.
y of the PdRu films synthesized without EDTA (a, b, c) and with EDTA (d, e, f).

3.2. XRD phase analysis

Metallic phases were investigated by XRD. Fig. 8 shows the XRD
of the non-stirred samples with and without EDTA. Two phases
were detected in both films, the fcc phase of Pd and the �-austenitic
fcc phase of the support. It was not possible to estimate Ru com-
position by XRD data because the Ru hcp phase was not detected,
probably due to the low Ru content (lower than 5% as determined
Temperature (ºC)

Fig. 7. Temperature effect on the thickness of the PdRu samples. Synthesis condi-
tions: [Ru + Pd] = 10 mM,  [N2H4] = 30 mM,  [EDTA] = 180 mM,  [Ru] = 1 mM,  pH = 11.5.
Three 1 h co-depositions.
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ig. 8. X-ray diffraction patterns of the PdRu films synthesized with and without
DTA. Synthesis conditions: [Ru + Pd] = 10 mM,  [%Ru] = 10, T = 50 ◦C, [N2H4] = 30 mM,
EDTA] = 180 mM,  pH = 11.5. Three 1 h co-depositions.

A PdRu sample heated in H2 at 500 ◦C during 24, 48 and 120 h
as analyzed by XRD (Fig. 8b). The aim of this experiment was to

nvestigate film phases during the annealing stage and the possi-
le alloy formation. As shown in Fig. 8b only the Pd fcc phase was
etected. A decrease in the FWHM peaks was observed by increas-

ng the annealing time, which may  be due to an increase of grain
ize, as reported by other authors for other Pd alloys [35,36]. It was
ot possible to detect PdRu alloy formation maybe due to the low
u membrane composition (lower than 5% as determined by EDS).

.3. Compositional surface analysis

In order to reveal possible surface segregation effects and oxide
ormation during preparation and thermal treatment, the surface
hemical composition of the samples was determined using XPS.
esides Pd and Ru, the elements present before the hydrogen treat-
ent were oxygen and carbon. The Ru/[Pd + Ru] metal ratio was

.02–0.03 for the samples without thermal treatment. After treat-
ent at 400 ◦C in the load lock chamber of the spectrometer, the

u/[Pd + Ru] ratio decreased to 0.005. This effect may  be related to
he surface segregation of Pd due to its lower surface energy (Sup.
nergy Pd = 1.7 J/m2; Sup. Energy Ru = 3 J/m2). All samples heated
howed Pd segregation compared with bulk composition obtained
y EDS (Table 2).

Table 2 shows the surface composition and binding energies of
he Pd 3d5/2 and Ru 3d5/2 peaks for the synthesized samples after
reatment in H2 (5%)/Ar at 400 ◦C. Before reduction, the Ru 3d5/2
eak appears in all cases at higher binding energy showing that
fter synthesis the Ru was oxidized. It is important to note that after
eduction, both the Pd 3d5/2 and the Ru 3d5/2 peak position could
e assigned to the metallic Pd (335.1 eV) and Ru (280 eV), respec-
ively. An influence of synthesis temperature and stirring rate on
he Ru surface composition was not observed for the samples with-
ut annealing (Table 2).

To investigate the annealing temperature effect on surface com-
osition, the PdRu 4 sample, which was not annealed ex situ up to

00 ◦C, was heated in the load-lock chamber of the spectrometer in
2 (5%)/Ar at 150 ◦C during 10 min. After the heating, the sample
as introduced into the main chamber of the spectrometer, heated
p to 150 ◦C in vacuum during 15 min  and cooled to room tem-
 Science 382 (2011) 252– 261

perature. After that, Pd 3d5/2, Ru 3d5/2 and C 1s XPS spectra were
taken. This analysis sequence was repeated every 50 ◦C until 500 ◦C.
The Ru surface composition as a function of the annealing temper-
ature is shown in Fig. 9a. A significant decrease in the Ru/[Pd + Ru]
ratio was  observed in the 200–250 ◦C temperature range, and then
it remained practically unchanged at about 0.001 or lower. For this
sample, the Ru surface ratio at 500 ◦C was  lower than 0.001, while
another sample annealed ex situ up to 500 ◦C during 24 h in H2
stream was  0.003. The difference in those results may indicate an
atmosphere effect during the annealing. A shift in binding energy
and changes in the FWHM of the Pd 3d5/2 and Ru 3d5/2 peaks was
not observed in the XPS spectra taken after heating at different
temperatures.

As stated above, in addition to palladium and ruthenium, car-
bon was  detected on the surface even after the thermal treatment,
which could be related to contamination from the EDTA used as
a complex agent. Previous publications [38,39] have reported that
carbon contamination in the Pd alloy composite membrane could
promote losses in permeability and selectivity. In order to have
a better indication of the extent of C into the PdRu film, ARXPS
experiments were performed after the in situ annealing of the
PdRu7 sample at 450 ◦C. At this point, the Ru surface concentra-
tion was just under the detection limit of the spectrometer and Ru
quantification could not be performed. In Fig. 9b, Pd and C relative
compositions are represented as a function of the emission angle.
The results showed an increment of the C composition by increas-
ing the emission angle (more surface sensitive). The reason for this
behavior could be assigned to the fact that the sample presents high
carbon bulk content and, when the temperature increases, carbon
migrates to the surface as previously reported for Pd single crystals
annealing in situ in a UHV-chamber [40].

In order to corroborate the extent of C contamination, another
PdRu sample was annealed ex situ during 120 h at 500 ◦C in H2
stream before the XPS experiments. Even after reduction in the
pre-treatment chamber of the spectrometer, C was  detected on
the surface. However, the C relative concentration was  lower
(C/[C + Pd] = 0.02) than in the PdRu sample. This could be explained
as a consequence of the removal of carbon during the annealing up
to 500 ◦C in H2 stream.

3.4. PdRu film on porous stainless steel support

After synthesis optimization of the bimetallic films, PdRu co-
deposition was  performed using the most suitable conditions on
top of the porous disc support until about 20 �m thick membrane
was  achieved. After PdRu membrane synthesis, the membrane was
cut and characterized by SEM in order to study film adhesion and
morphology of the binary film supported on top of the porous sub-
strate.

Fig. 10 shows the top (a) and cross-section (b) view micrographs
of the PdRu membrane deposited on top of a porous disc stain-
less steel 316L 0.2 �m grade (PdRu/0.2 �m PSSD). The membrane
thickness obtained by SEM was 22 �m.  Both micrographs show
a homogeneous and pinhole-free morphology. A continuous and
dense film was observed in the SEM cross-section view showed
in two magnifications (Fig. 10b). These results were in agreement
with the conditions chosen in the optimization stage.

To evaluate the hydrogen permeation properties of the metal-
lic films synthesized in this study, a PdRu film was  deposited on
top of a porous stainless steel tubular support of 0.1 �m grade
(PdRu/0.1 �m PSST). Fig. 11a shows the H2 permeation flux dur-
ing the annealing at 500 ◦C with a trans-membrane pressure of

10 kPa. The membrane showed a stable flux in the last 80 h of a total
period of 120 h, achieving a flux equal to 3.8 × 10−3 mol  s−1 m−2.
After the annealing stage, hydrogen fluxes were measured at sev-
eral temperatures between 350 ◦C and 450 ◦C, as a function of the
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Table 2
XPS and EDS data of the PdRu samples.

Sample Temperature (◦C) %Ruc %Rud Pd 3d5/2 (eV)d Ru 3d5/2 (eV)d %RuBulk
e

PdRu 1 40 2.5 0.4 335.4 280.1 –
PdRu  2 50 (0 rpm) 2.9 0.5 335.2 279.9 2.5
PdRu  3 70 3.1 0.5 335.4 280.1 –
PdRu  4 50 (800 rpm) 3.2 0.5 335.2 280.1 4.0

Pda – – 335.1 – –
Rub – – – 279.9 –

a Reference sample prepared by electroless plating.
b Ref. [37].
c PdRu sample prepared by electroless plating without annealing.
d After the treatment in H2/Ar at 400 ◦C/10 min  in the pre-treatment chamber.
e Bulk composition of Ruthenium obtained by EDS.
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rans-membrane pressure. Fig. 11b presents the hydrogen fluxes
s a function of (PRet

0.5 − PPer
0.5); where “PRet′′ : retentate pressure
nd “PPer′′ : the permeate pressure. The hydrogen flux shows a linear
ariation with (PRet

0.5 − PPer
0.5) at all temperatures, which reflects

he diffusion of H2 as the limiting step, as described by Sieverts’
aw. No nitrogen flow was detected with a bubble flowmeter up

ig. 10. (a) SEM top view of the PdRu/0.2 �m PSSD and (b) cross-section view of the P
N2H4] = 30 mM,  [EDTA] = 180 mM,  pH = 11.5.
g temperature and (b) Pd surface composition of the PdRu sample after the in situ

to a trans-membrane pressure of 100 kPa. The ideal selectivity,
defined as the ratio between the flow of pure H2 and N2, was higher

−1
than 1700. An activation energy of 14.3 kJ mol was  estimated by
the Arrhenius plot. The activation energy obtained for the PdRu
membrane was similar to other Pd [41,42] and PdAg [22,43–45]
membranes reported in the literature.

dRu/0.2 �m PSSD. Synthesis conditions: [Pd + Ru] = 10 mM,  [Ru] = 1 mM,  T = 50 ◦C,
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Fig. 11. H flux through the PdRu/0.1 �m PSST membrane: (a) as a function of the time in the annealing stage, �P = 10 kPa, T = 500 ◦C and (b) as a function of pressure
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Previous publications [8,10] reported higher PdRu membrane
ermeabilities compared with the PdRu membrane synthesized

n this work (6.5 × 10−9 mol  m−1 s−1 Pa−0.5). Way  and co-workers
8] reported a permeability of 1.33 × 10−8 mol  m−1 s−1 Pa−0.5 for

 Pd90Ru10 membrane synthesized by electroless co-deposition
ithout employing carbon-containing complexing agents, to

educe the carbon contamination in the alloy film. On the
ther hand, for a non-alloy PdRu membrane synthesized by
equential electroless deposition, Ryi et al. [10] reported hydro-
en permeability about 1.4 higher than the permeability of
d. The lower hydrogen permeability of our membrane com-
ared with other PdRu composites reported in the literature
ould be due to carbon contamination from EDTA of the plating
ath.

. Conclusions

In the optimization stage, the influence of synthesis variables
f the PdRu electroless co-deposition on morphology, substrate
dherence and bulk and surface composition were investigated.
he pH plating bath study between 11.50 and 14.00 showed thinner
etal films, more heterogeneous and less adherence increasing the

H. The films synthesized in an EDTA-free plating bath presented an
mprovement in the efficiency of the deposition but they also pre-
ented heterogeneous and dendritic morphologies. The optimum
esults were obtained in the 50–60 ◦C temperature range in the
dRu membrane synthesis. XPS studies showed strong Pd surface
egregation in annealed PdRu membranes.

Defect-free PdRu films were synthesized by simultaneous elec-
roless plating employing baths at pH 11.5, high concentration
f hydrazine using EDTA as a stabilizer and temperatures near
0 ◦C. Under these conditions homogenous films, high deposi-
ion rates and good substrate adhesion were obtained. These
esults are of great importance in the synthesis of bimetallic

dRu membranes for hydrogen separation. The PdRu/0.1 �m PSST
embrane showed good performance with a hydrogen permeabil-

ty of 6.5 × 10−9 mol  m−1 s−1 Pa−0.5 and a selectivity higher than
700.
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