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a b s t r a c t

PdCu membranes were prepared by the electroless plating of Pd membranes prepared on

ceramic tubular supports. Different PdCu membranes were prepared with Pd content

between 45 and 77 wt% and a total metal layer between 0.5 and 1.9 mm thickness. The

alloying step was performed in two ways to compare and establish the required alloying

time for obtaining high permeance membranes. The alloying was analysed with EDX

composition measurements, and full alloying was not required to obtain a stable hydrogen

flux. Finally, permeance tests were performed at different pressures, including tempera-

ture cycles in hydrogen and nitrogen, to observe membrane stability. The hydrogen per-

meance values of the membranes were high, between 1.5 � 10�3 and 4.5 � 10�3 mol/

(s Pa0.5 m2) at 673 K. The membranes recorded stable permeance values even after thermal

cycles in a hydrogen atmosphere. Metal layer thickness was calculated using both the

weight difference method and SEM images. SEM images were also used to analyse the

surface morphology of the membranes, which was generally fairly uniform and smooth.

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

reserved.

1. Introduction

Hydrogen production is increasing as it is a valuable

commodity in refining and petrochemical processes; it is also

a promising energy carrier, via fuel cells, for reducing air

pollution in the automobile sector [8]. Within this scenario,

hydrogen selective membranes are viable and promising

candidates for hydrogen purification processes due to their

high permeability, especially Pd-based membranes. Pd has the

ability to dissociate the hydrogen molecules in hydrogen

atoms, whereby the membrane separates the hydrogen from

other gases. Nevertheless, in practice, certain mechanical

problems arise due to hydrogen embrittlement. At tempera-

tures below 573 K, and pressures below 2.0 MPa [16] the

b hydridemay nucleate from the a phase. This results in severe

lattice strains (from the a to b phases the lattice expands by

about 4%), and as a result pure palladium membranes become

brittle after a few cycles of a4b transitions [12].

In order to solve, or minimize, the problem of hydrogen

embrittlement, different Pd alloys have been studied, such as

silver, gold, nickel and copper based ones [4,33,35]. The PdCu

alloy is being widely studied due to its better resistance to

hydrogen sulphide and sulphurous components [14] observed

that PdCu membranes recorded higher H2 permeance than

similar Pdmembranes and also a higher resistance to H2S. The

PdCu alloy phase diagram has been reported in the literature

[27]. This alloy can form two different crystal structures: bcc

and fcc. The ordered bcc structure is formed at temperatures

below 873 K in the composition domain from 50 to 70 mol% of

Cu. A two-phase domain is found in the neighbouring

composition ranges. The disordered fcc phase is formed for

the other composition ranges.
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The influence the PdCu alloy composition has on its

hydrogen permeance has been widely studied. The structure

change of the PdCu alloy means a restructuring of the Pd and

Cu atoms, which affects the permeability of the membrane.

Hydrogen permeation through metal dense membranes is

influenced by the thickness of the metal layer, temperature,

alloy composition (a permeability peak is observed with

a composition of around 40 wt% of Cu), pressure difference

across the membrane, and support, amongst others

[20,28,29,38,39]. In general, bcc phase membranes are more

permeable to hydrogen due to its tetrahedral configuration, as

compared to the octahedral configuration for the fcc phase [3].

There are different ways of producing PdCu membranes

such as: electroless plating, electro-plating, physical vapour

deposition (PVD sputtering) and chemical vapour deposition

(CVD). Among all these techniques, electroless plating is the

one most studied [18] found that the permeance obtained with

membranes prepared by electroless plating was higher than

when other techniques were used. This technique requires

minimal equipment, no exotic precursors and it can be per-

formed on any appropriately activated surfacewithout a power

supply. A disadvantage of this technique is that simultaneous

Pd and Cu plating (co-plating) is very difficult [2], so both

sequential plating and, therefore, alloying are required. The

alloying should be performed in such a way that the alloy

composition in the metal layer is uniform to avoid embrittle-

ment. Accurate control of the plated metal layer thicknesses is

also required to obtain a given alloy composition.

The objective of this work was to prepare a large flux PdCu

membrane by the sequential electroless plating of a thin Cu

layer on a Pd plated porous ceramic support. A study was

made of the influence the preparation steps have on

membrane performance and stability (thermal cycles).

Accordingly, Scanning Electron Microscopy (SEM) images of

the surface morphology and metal layer were taken before

and after each preparation step. The PdCu composition in the

cross-section metal layer was measured with EDX to analyse

the alloying process. The membranes prepared in this work

had a targeted thickness of less than 5 mm.

2. Experimental procedure

2.1. Membrane preparation

PdCu alloy membranes were prepared by sequential electro-

less plating. The initial membranes used in this work were Pd

over an alumina tubular support, with an outside diameter of

14 mm and a wall thickness of 3 mm, consisting of a multiple

layer structure with a top layer of a-Al2O3 with a 90 nm pore

size. Pd membranes were prepared following the procedure

reported by [9]. This workwill consider only Cu deposition and

alloying.

The reactants used for themetal and reducing solutions for

the copper plating are reported in Table 1, which are

a simplified recipe of the ones found in the literature [30]. In

the case of the Cu electroless plating of a Pdmembrane, the Pd

layer itself is the active surface. When using formaldehyde as

a reducing agent, the effect of pH is significant, with its

optimum value falling between 12 and 14, and significant also

is the temperature control of the plating bath [24]. The overall

Cu electroless plating reaction is theoretically described in

Equation (1). The amount of solution was prepared according

to themembrane length. Themetal solution was prepared the

day before actual plating and remained under shaking regime

during that time.

Cu2þ þ 2HCHOþ 4OH�4Cu0 þH2 þ 2H2Oþ 2HCO�
2 (1)

For the copper plating, the tubular Pd membranes were

hermetically sealed inside. The metal solution was put into

a plating bath equipped with a heating unit that kept the

temperature constant. When the metal solution was at the

desired temperature, 318 K, the reducing solution was added

to the bath and the electroless plating process started. The

solution was carefully shaken during plating. All the plating

solutions used for the PdCu preparation were stable, given the

[EDTA]/[CuSO4] and [NaOH]/[CuSO4] ratios used [34].

When the desired plating time had elapsed, the

membranes were rinsed and dried at 333 K. Membranes were

weighed before and after the plating process to measure the

weight increase with a view to estimating the amount of

copper deposited. The PdCu layers were then alloyed in an

inert atmosphere at 673 K for 150 h, according to the proce-

dure proposed in [13]. The alloying step is crucial in PdCu

membranes, since Pd dissociates the hydrogenmolecules into

two atoms. If Cu is on the outside of the metal layer there will

be no hydrogen flux through it. The Pd and Cu atoms mix

during and after the alloying process [1,17,40] and the required

temperature and alloying time will vary depending on the

metal layer thickness [19,23,31]. For comparing and verifying

of the alloying method, two of the prepared membranes were

alloyed in a gas permeation system. This experiment simu-

lated the alloying conditions, with the same heating rate and

inert atmosphere and with hydrogen permeationmeasures in

between.

Table 1 e Electroless Cu plating bath.

Solution Constituent

Metal solution CuSO4∙5H2O

Na2EDTA

NaOH

Triton X-100

Reducing solution Formaldehyde (37%)

Milli Q water
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Fig. 1 e Comparison of the Cu thickness obtained at

different plating times.
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All the prepared membranes were checked with a simple

nitrogen test to detectmetal layer defects that could influence

membrane permeance and selectivity results. This test was

conducted before and after Cu plating, after alloying and after

the hydrogen permeance tests in order to control the effect of

the steps on membrane morphology (defect formation). For

the leak tests, the ends of themembranes were sealed and the

membranes were then filled with nitrogen at 3 bar.

2.2. Permeance measurements

The hydrogen permeance of 10 cm long membranes

(mol H2m
�2s�1Pa�n) wasmeasured in a Gas Permeation System

(GPS). This system, which includes a dead end module with

bleed flow, can control feed and permeate pressure, tempera-

ture, and feed gas type and flow. Before starting the hydrogen

permeance tests, a leak test was conducted with N2 at 298 K, as

a reference, and then the membranes were heated, in N2 to

673 K. Once at the desired temperature, another N2 leak test

was carried out. The membranes were then kept in hydrogen

followed by permeation readings, at 9, 7, 5 and 3 bar feed

pressure with 2 bar of pressure difference across the

membrane. These measurements were repeated three times.

The membranes were then cooled to 423 K and subsequently

heated again to 673 K in N2 followed by three permeance

measurements in a hydrogen atmosphere. The next step

involved cooling and heating the membranes again, but this

time in H2. Finally, before the last cooling, threemeasurements

were taken of hydrogen permeance at different feed pressures.

2.3. Membrane characterization

Different membrane parameters were measured: the thick-

ness of the Pd and Cumetal layers, the surface morphology of

the metal layer and the alloy composition. The Cu layer

thickness values obtained using the weight difference tech-

nique were compared to the ones determined by SEM. The

weight differencemethod is non-destructive, but as the layers

were very thin its accuracy was low.

The composition of the alloyedmembranes was calculated

from the metal layer thickness measured with Field-Emission

SEM (JEOL JSM 6550F with 8 nm resolution). The thickness of

the Pd and Cu was measured at different points on a cut ring,

and the average of these values was calculated. To analyse the

alloying of the metals, the composition was measured by

Electron Dispersive X-Ray analysis (EDX) of the outside and

inside of the metal layer. EDX measures an average compo-

sition of 1 mm layer. As the metal layers of the prepared

membranes in this work were around 1e2 mm, these values

were not exact, but these data allowed a rough analysis of

metal diffusion during alloying.

Membrane morphology was analysed firstly by visual

observation of the brightness [36] and secondly using SEM

images. These images were obtained after Cu plating, after

alloying and after the permeance tests, in order to check how

the surface changed throughout the entire process. The

intensity of the electrons used in the SEM images was 15 kV.

3. Results and discussion

3.1. Kinetic study of the Cu plating of a Pd membrane

It is important to know the amount of Cu that will be plated in

a fixed period of time, in order to predict the final alloy

composition. The thickness of the Cu plated was measured in

two ways, namely, weight analysis and SEM analysis. Fig. 1

shows the Cu thickness calculated with the two methods

after the different Cu plating times of the Pd membranes.

Fig. 2 e Membrane colour before Cu plating (left), after plating (middle) and after alloying (right). (For an interpretation of the

references to colour in this figure legend, the reader is referred to the web version of the article).
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Fig. 3 e EDX composition of twomembranes on the outside

and inside of the metal layer after alloying.
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There was no direct and repetitive correlation between time

and thickness. There was a general tendency for the thickness

calculated from weight differences: the plating rate increased

at the beginning, then stabilized and, finally, prolonged

plating times did not result in further Cu deposition.

Both methods for determining the layer thickness had

mayor experimental limitations, even leading to the recording

of negative values using the weight method. This was prob-

ably due to atmospheric conditions and to the fact the weight

gained was very small compared to the membranes’ total

weight. Differences between the thickness calculatedwith the

weight differencemethod and the SEM images have also been

reported in the literature [25]. The thickness calculated with

the SEM images was the average of three or four measure-

ments, with a standard deviation lower than 0.2 mm.

Regarding the weight values, an error of 1 mg in themeasured

weight would have involved a standard deviation of 0.018 mm.

In this case, as the Pd is already on top of the membrane,

metal thicknesses measured by SEM images were used for the

composition estimations of the prepared membranes.

3.2. Alloying of membranes

After Cu deposition, Pd and Cu were alloyed to obtain the

desired composition and H2 permeance characteristics. The

diffusion of the metals was visually monitored as the colour

changed from Cu colour, before alloying, to Pd colour after

alloying, see Fig. 2.

The composition of the outside and inside of the alloyed

metal layer of some of themembrane rings was analysed with

EDX to study metal diffusion during alloying. PdCu composi-

tion was measured from a cross-section of the metal layer.

Fig. 3 shows the EDX results for two of the prepared

membranes with different Cu plating times, 0.5 and 1.0 h.

Before alloying, all the Cu was on the outside and the Pd was

on the inside of the metal layer. Although after alloying there

still wasmore Cu on the outside of themembrane than inside,

metal diffusion during alloying was monitored. All the

membranes analysed followed the same pattern when

comparing the EDX composition before and after alloying.

Fig. 4 presents the results for themembranes alloyed in the

GPS with hydrogen tests in between to check the increase in

permeance and the required alloying time. H2 permeance was

zero at the beginning of both tests, when Cu was outside, and

after a sharp increase at around 15 h it continued increasing,
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Fig. 5 e Hydrogen permeance results for PdCu membranes

at 673 K using the experimental n value.

Table 2 e Hydrogen permeation performance of PdCu and Pd membranes reported in previous literature and in this work.

wt% Pd PdCu or Pd layer (mm) Temperature (K) Permeability mol/smPan Selectivity n Ref.

M1-PdCu 63.0 1.025 673 1.8 � 10�9 >300 0.653a c

M2-PdCu 64.5 1.450 673 2.1 � 10�9 >400 0.645a c

M3-PdCu 44.4 0.942 673 9.9 � 10�11 >100 0.748a c

M4-PdCu 59.8 1.000 673 9.2 � 10�10 >450 c

M5-PdCu 76.9 0.934 673 1.4 � 10�9 >1000 c

PdCu/PSS 90 5 673 2.1 � 10�9 <4 0.6 [6]

PdCu/PSS 59 10 673 7.7 � 10�13 N 1 [6]

PdCu/Al2O3 92 5.0 753 1.4 � 10�11 >1000 1 [40]

PdCu/Al2O3 95 7.0 753 1.6 � 10�11 900 1 [40]

Pd 0.35 673 1.1 � 10�12 1140 1 [37]

Pd 10 740 2.8 � 10�9 970 0.65 [15]

Pd 1 683 1.3 � 10�11 400 1 [11]

Pd 5 723 2.6 � 10�6b 3700 ns [10]

a Average n value calculated from the experimental data.

b Permeability value calculated from the data in the article assuming standard conditions and n value of 0.5.

c This work.
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Fig. 6 e Comparison of the permeance values of the PdCu

prepared in this work with the ones reported in the

literature. Circle diameter is proportional to the permeance

value. Small points represent phase limits.
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albeit muchmore slowly. As no permeance occurs when Cu is

on top of themetal layer, the beginning of H2 permeance could

be attributed to the presence of some Pd on the surface.

Therefore, around 20 h in an inert atmosphere sufficed for

alloying these membranes of around 1 mm metal thickness.

3.3. Gas permeation measures

This section will discuss the influence the variation in the H2

feed pressure has on permeation behaviour. The permeation

of the prepared membranes was tested at different feed

pressures after H2 activation and with cooling cycles. The

hydrogen flux values of themembranesM1,M2 andM3 shown

in Fig. 5 weremeasured at 673 Kwith 2 bar pressure difference

across the membrane. The experimentally calculated n value

was used in the ΔPn calculation. Richardson’s equation

(Equation (2)) was followed at all the feed pressures tested.

This can be observed from the correlation index values

obtained from linear regression, close to 1. Richardson’s

equation is based on Sieverts’ Law, with the exponent equal to

0.5 reflecting the dissociation of the gaseous hydrogen mole-

cule into two hydrogen atoms that diffuse into the metal [21].

The highest hydrogen flux, 0.81 mol1s�1m�2, was obtained for

the M1 membrane at 3 bar on the feed side and 1 bar on the

permeate side of the membrane.

Ji ¼ Po

l
exp

��Ea
RT

��
Pn
feed � Pn

perm

�
(2)

Table 2 shows the hydrogen permeation performance of the

five PdCu membranes tested in the GPS. All the membranes

prepared in this work were tested at 673 K and with 2 bar

difference pressure. As shown in Table 2, these membranes

had a good permeation performance as compared with the

reported values for alloyed PdCu and Pd membranes in the

literature. The selectivity of the tested membranes was high,

>300 mLH2/mLN2, and the thickness of the metal layers was

around 0.9e1.5 mm. The experimental values of the n coeffi-

cient, for a better correlation between permeance values and

pressure differences across the membrane, were between 0.64

and 0.74. As the membrane thickness decreases, the pressure

exponent is expected to be higher than 0.5, as occurred with

themembranes prepared in this work. The hydrogen transport

through Pd-based membranes occurs via a solution and diffu-

sion mechanism, including several surface processes and bulk

diffusion. These two processes could be the rate-determining

step for hydrogen permeation [5]. If the pressure exponent is

close to 1, this indicates that the surface reactions become rate-

limiting in hydrogen transport [16,26]. For n values between 0.5

and 1, both the surface and bulk diffusion processes are

responsible for hydrogen flux resistance [32] compared Pd

membrane thickness and n values and found that for thick-

nesses of less than 10 mm the n value is higher than the theo-

retical one of 0.5. The n value is not only affected by the

thickness of the metal layer, but also by, amongst others, the

preparation method, surface composition, mass transfer

resistance and experimental conditions [40].

Fig. 6 compares the permeance values obtained in this

work (darker cycles) with the ones from the literature for PdCu

alloys on ceramic supports (lighter colour), depending on the

membrane composition and temperature. The permeance

values of the membranes reported in this work, proportional

to circle diameter, were consistent with the literature. The

membrane with 45 wt% Pd is the one with the lowest per-

meance value, and the ones around 60 wt% Pd are the ones

with the highest values, as expected from the literature [3,20].

Nevertheless, permeance is influenced by so many variables

that it is not easy to establish a maximum permeance

membrane simply specifying its composition. At 673 K and

with the composition calculated from the SEM images, the

membranes with the highest theoretical permeance values

had bcc þ fcc and fcc structures. The membrane with the

lowest Pd percentage (44.4 wt% Pd) was also the one with the

lowest permeance value, and it had a bcc þ fcc structure.

Temperature cycles were performed in inert and hydrogen

atmospheres to test the stability of the prepared PdCu

membranes. Fig. 7 shows the permeability values of three of

the tested membranes in the GPS: M1, M2 and M3. On around

the third day, themembraneswere cooled to 423 K and heated
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Fig. 7 e Hydrogen permeability stability with temperature

cycling at 673 K. A thermal cycle was performed in nitrogen

between first and the second groups of data and in

hydrogen between the second and third groups of data.

Fig. 8 e SEM image of the M2 after plating (A), after alloying (B), and after the hydrogen permeance test (C).
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again to 673 K in an inert atmosphere. Between the fourth and

the fifth days, the same thermal cycle was performed, but this

time in a hydrogen atmosphere. As can be observed, the

permeability of the membranes was kept stable after the

temperature cycles, even after the one in hydrogen. This test

showed that the membranes were stable and did not become

brittle. This is because the H atoms in the Pd alloys travel

through the Pd-X lattice, but are not incorporated into the

structure, thereby minimising embrittlement problems [22].

3.4. SEM images

In order to analyse the effect of the Cu plating, the alloying

and the hydrogen permeance tests in membrane metal layer,

SEM images were taken, see Fig. 8 and Fig. 9. The membrane

M2 was alloyed in an inert atmosphere, being tested at 673 K

over 5 days with two temperature cycles in between: one in an

inert atmosphere and the other one in hydrogen. In the SEM

images in Fig. 8, the dark rough area on the left is the alumina

support. Moving to the right there is an area where the Pd is

anchored to the support, the next bright area is the Pd and the

last and darker one is the Cu layer. Metal diffusion during

alloyingwas not clear in the SEM images. Comparing images A

and B from Fig. 8, Pd and Cu mixing was not clearly observed,

even though the permeability value of the alloyed membrane

implied that there had been Pd diffusion to the surface. In

image C, after the hydrogen permeance and temperature

cycles, it was still possible to differentiate the Cu layer, but the

PdCu mixture was more extended. Table 3 presents the EDX

composition valuesmeasured in thismembrane after alloying

and after the hydrogen permeance test. Based on the SEM

images, EDX values, the alloying test in the GPS and the

permeation measurements performed with the membranes,

it can be concluded that from a certain point onwards, alloy-

ing has no substantial influence on permeance, even if it has

not been completed. This can be clearly observed in Fig. 7,

where the permeance value remained stable after alloying for

a week at 723 K and five days of permeance testing that

included thermal cycles.

SEM images were also taken to analyse the influence the

membrane preparation steps have on surface morphology.

Fig. 9 compares the M2 membrane surface after Cu plating (A),

after alloying (B) and after the H2 test and temperature cycles in

the GPS (C). After alloying, the surface was rougher and there

were larger metal particles in the surface. Nevertheless, after

the tests in the GPS, the large metal particles disappeared. The

white ones were probably alumina particles from the

membrane cutting prior to the SEM analysis. The surface

morphology of specific areas in some of the membranes, such

as spots and blackish areas,were analysed, but themorphology

was similar to the average surface of the membranes.

Some membrane defects could be detected with SEM

technology, such as no dense membranes, Fig. 10. Both

membranes, M9 and M10, were found to be non porous after

Fig. 9 e SEM images of the M2 surface morphology after Cu plating (A), after alloying (B) and after the hydrogen permeance

test in the GPS (C).

Table 3 e EDX composition of two membranes on the
outside (Out) and inside (In) of the metal layer after
alloying and after the hydrogen permeance test.

Out Cu wt% In Cu wt%

M2 After alloying 5.10 2.31

After H2 test 5.28 5.57

M1 After alloying 7.82 2.17

After H2 test 6.43 3.84

Fig. 10 e SEM images of two membranes that were no dense after alloying.
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the alloying step. There were some small holes and open

surfaces (A) in theM9membrane, but themetal surface inM10

was completely porous with holes between 0.2 and 0.5 mm (B).

These defects have also been observed in the literature, as the

bcc/fcc mixed phase morphology is prone to defect formation

along the grain boundary [7]. Large holeswere also observed in

the metal layer bulk (C). These results observed for the

defective membranes, highlight the importance of the leak

tests performed before testing membranes in the GPS.

4. Conclusions

Theelectroless platingmethodwassuitable for thinPdCumetal

layer membrane preparation as the resulting membranes had

high hydrogen permeability, around 9.9 � 10�11 and 2.1 � 10�9

(mol/(sPanm)), and were stable even when temperature cycles

were performed in a hydrogen atmosphere. The plating step

was quick and easy and the alloying step could be reduced to

around 20 h for the small metal layer thickness of the prepared

membranes, 0.9e1.5 mm. The weight increasemethod and SEM

images were compared for measuring the metal layer thick-

ness, with SEM being the more accurate method for such thin

metal layers. The characterization of themembranes using the

SEM images provided with valuable information about the

influence of the metal alloying and hydrogen permeance on

surface morphology. Based on the cross-section metal layer

composition measurements taken with EDX it was concluded

that a full alloyingwasnot required to obtaina PdCumembrane

with high and stable permeability.

PdCu membranes are promising candidates for advanced

hydrogen separation modules. They are stable, non-brittle

and record high hydrogen permeance values. Further work

will include testing membrane permeance and stability in the

presence of sulphur compound traces, as this is another clear

reason for studying PdCu membranes.
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