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Abstract 

(LWO/LSC) composite is one of the most promising mixed ionic-electronic conducting 

materials for hydrogen separation at high temperature. However, these materials present 

limited catalytic surface activity towards H2 activation and water splitting, which 

determines the overall H2 separation rate. For the implementation of these materials as 

catalytic membrane reactors, effective catalytic layers compatible and stable under the 

reaction conditions have to be developed. This contribution presents the development of 

catalytic layers based on sputtered metals (Cu and Pd), the electrochemical 

characterization by impendace spectrocopy and the study of the H2 flow obtained by 

coating them on 60/40-LWO/LSC membranes. Stability of the catalytic layers is also 

evaluated under H2 permeation conditions and CH4-containing atmospheres. 

1. Introduction 

Mixed protonic-electronic conductors have been widely studied in the last years for 

their application as hydrogen separation membranes at high temperature (500 -1000 ºC). 

Membranes made with this kind of materials present several advantages: (a) membranes 

are totally dense and present infinite H2 permselectivity, (b) protonic transport occurs 

without external current application, (c) their operational window matches the 

requirements of several appealing chemical reactions; and (d) their surface has 

negligible activity towards hydrocarbon coking under non-oxidative conditions. 

Catalytic membranes reactors based on ceramic mixed protonic-electronic conductors 

enables to combine in a single step H2 separation and chemical reaction, which gives 

rise to energy savings and strong improvements in the per-pass product yield for 
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equilibrium-limited reactions
1-3

. Different reactions can be performed in this kind of 

membrane reactors: dehydrogenation reactions as methane coupling
4
, methane 

dehydroaromatization (MDA)
5-9

 or steam reforming (SMR)
10-12

. 

Composites made of La5.5WO11.25-δ (LWO) and La0.87Sr0.13CrO3-δ (LSC) have allowed 

reaching
13-14

 one of the highest H2 flows reported nowadays for ceramic-ceramic 

composites
15-19

. This high H2 flow together with their good stability under CO2 

containing atmospheres make these materials as promising candidates for their 

application as hydrogen separation membranes.
13, 20

 Nevertheless, LWO/LSC materials 

present poor catalytic activity and the development of compatible catalytic layers is 

mandatory for their industrial application
21

. The required properties of the catalytic 

layers are: high catalytic activity towards hydrogen evolution and water splitting, high 

electronic conductivity, redox stability and coking tolerance. A variety of metals have 

been used as fuel electrode materials for solid oxide fuel cell anodes
22-23

 or as catalytic 

layers in gas permeation membranes
24-25

 and several precious metals are reported to 

function as steam reforming catalyst
26

 which indicates that metals could be used also as 

catalytic layers in hydrogen separation membranes
27

. In this context, copper is a good 

candidate due to: (a) its low coking activity
28-32

 and (b) its important catalytic activity, 

proved in oxygen permeable membranes.
24

 Specifically, the incorporation of copper in a 

barium strontium cobalt based membrane forms an amorphous matrix rich in copper 

giving rise to a significant increase of the surface reaction constant, i.e., an increase of 

the catalytic activity. On the other hand, deposition of catalytic layers can be performed 

by different techniques. Sputter deposition technique is a broadly used method for 

preparation of variety of thin layers due to the control of the film thickness, thickness 

uniformity and a good layer adhesion. In addition, sputtering allows reducing the 

material costs by achieving thin layers.  

This work presents the development of different catalytic coatings based on Cu metal 

sputtered thin films compatible with LWO/LSC materials and the study of their 

influence on the H2 permeation of 60/40-LWO/LSC membranes. The electrochemical 

behavior of the two different metal sputtered layers is studied by impedance 

spectroscopy using symmetric cells supported on BaZr0.7Ce0.2Y0.1O3-BZCY72) 

electrolyte – a pure proton conductor. Finally, the stability of the catalytic layers is also 

evaluated under H2 permeation conditions and under CH4-containing atmospheres. 
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2. Experimental 

60% La5.5WO11.25-δ-40% La0.87Sr0.13CrO3-δ (hereafter 60/40-LWO/LSC) composite was 

prepared by mixing the corresponding amounts of LWO (provided by Cerprotech (NO) 

and calcined at 800 ºC) and LSC (provided by Praxair (US) and calcined at 900 ºC). 

Both materials were ball-milled together for 24 hours. 

Crystalline phases were identified by X-ray diffraction (XRD) performed in a CubiX 

FAST equipment using CuKα1,2 radiation and an X’Celerator detector in Bragg-

Brentano geometry in the 2θ range from 20 to 70º. XRD patterns were analyzed using 

X’PertHighscore Plus software (PANalytical). 

Composite membranes used in H2 permeation measurements consisted of 800 µm-thick 

gastight discs of 15 mm diameter. Membranes were prepared by uniaxially pressing at 

72 MPa of the mixtures before sintering at 1550 °C for 6 h in air. In order to promote 

the surface reactions, three different coatings were prepared: (a) a porous Pt thick film 

(used as a reference membrane) named Pt 60/40-LWO/LSC; (b) Cu thin films 

henceforth Cu 60/40-LWO/LSC; and (c) Cu+Pd thin films hereafter Cu-Pd 60/40-

LWO/LSC.  

Pt catalytic layer was obtained by screen-printing the Pt ink (Mateck) on both sides of 

60/40-LWO/LSC membrane and the final film thickness was 10 µm. Sputtered metals 

Cu and Cu-Pd thin films were deposited with a radio frequency (13.56 MHz) Pfeiffer 

Classic 250 deposition system equipped with three magnetron guns. The thin films were 

obtained by sputtering 1 inch Cu and Pd sputtering targets on a rotating substrate holder, 

with r.f. power of 25 W. Cu thin films were deposited for 4 h and afterwards Pd was 

deposited for 1 minute. The base pressure of the chamber before the deposition was 2 × 

10
-6

 mbar or lower. In order to optimize the sputtering parameters, Cu was deposited on 

quartz substrates. The working pressure was 2.1 × 10
-2

 mbar by using pure Ar. The 

distance target - substrate was kept to 5 cm and the substrate temperature was 150 ºC. 

After the deposition films were annealed at 700 ºC for 4 h under dry 5% H2 atmosphere. 

Details of the measured membranes such as thickness and quantity of metal 

(theoretically calculated) in the catalytic layers are given in Table 1. 
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Table 1: Nomenclature and description of the measured membranes 

Nomenclature 
Membrane 

thickness (m) 
Catalytic layer 

Coated metal 

(g·cm
-2

) 

Pt 60/40-LWO/LSC 360 Pt 1.61·10
-2

 

Cu 60/40-LWO/LSC 360 Cu 1.21·10
-3

 (Cu) 

Cu-Pd 60/40-LWO/LSC 370 Cu+Pd 1.21·10
-3

 (Cu) 

8.00·10
-5

 (Pd) 

Permeation measurements were performed on a double chamber quartz reactor 

following the procedure explained elsewhere
33-36

. Argon was used as sweep gas (150 

mL·min
-1

) on the permeate side whereas a mixture of H2-He (100 mL·min
-1

) was fed to 

the hydrogen-rich chamber.  

Permeation measurements were performed under four hydration degree configurations: 

(C1) dry atmosphere in both sides of the membrane (feed and permeate side); (C2) feed 

side humidified (pH2O=0.025 atm); (C3) both membrane sides humidified (pH2O=0.025 

atm); and (C4) sweep side humidified (pH2O=0.025 atm). In addition, H2 permeation 

was checked by using 30% CH4, 50% H2 and 20% He as feed, in order to check the 

stability and catalytic activity of the sputtered layers under CH4 containing atmospheres. 

The H2 content in the permeate side was analyzed using micro-GC Varian CP-4900 

equipped with Molsieve5A and PoraPlot-Q glass capillary modules. H2 flows expressed 

as mL·min
-1

·cm
-2 

were calculated at standard conditions, i.e. expressed in Normal mL. 

·min
-1

·cm
-2

. Each condition was analyzed three times and the data are the average of 

these analyses with an experimental standard deviation ranging between 10
-3

 and 10
-4

. 

GC analyses were performed after 30 minutes of stabilization in the steady state.  

Symmetrical cells with metal/BZCY72/metal catalytic activation layers were tested by 

electrochemical impedance spectroscopy (EIS) in two-point configuration with Pt 

current collector meshes. Input signal was 0 V DC-20 mV/AC in the 0.03-1·10
6
 Hz 

frequency range (Solartron 1470E and a 1455A FRA module equipment). EIS 

measurements were performed in the 650-900 ºC range, under wet atmospheres (2.5 
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vol.% H2O) at different pH2 with a constant flow rate of 100 mL min
-1

. The contribution 

of the BZCY72 electrolyte was corrected from impedance spectra. BZCY72 dense 

electrolytes (around 1 mm-thick) were obtained by uniaxially pressing the ball-milled 

BZCY72 powder (Cerpotech commercial powder) at 120 MPa and finally firing at 1450 

ºC for 5 h.  

The microstructure of the catalytic layers and membranes was investigated using field 

emission scanning electron microscopy (FE-SEM) (Zeiss Ultra 55) after the permeation 

measurements. The integrity of the samples was also checked by XRD. 

3. Results and discussion 

Cu and Cu-Pd layers were deposited at 150 ºC by magnetron sputtering on both sides of 

the 60/40-LWO/LSC membranes. XRD patterns of 60/40-LWO/LSC membranes 

sintered at 1550 ºC with Cu and Cu-Pd layers deposited on the surface are shown in 

Figure 1 (y axis in log scale). Only diffraction peaks corresponding to the fluorite 

(LWO) and the perovskite (LSC) structure are detected in addition to the peaks 

associated with Cu from the catalytic layers, indicating the compatibility and stability of 

the LWO/LSC composite and Cu layers after the annealing in H2. No traces of Pd can 

be detected in the XRD patterns. This fact could be due to the very small amount of 

sputtered Pd, only spread on the surface of the Cu layer (see Table 1). On the other 

hand, the peak at 43.6º that corresponds to Cu is slightly shifted to the left when Pd is 

also deposited. This small shift could indicate the formation of Cu/Pd alloy as it has 

been previously reported for Cu electrodes deposited by ELP (electroless plating) and 

calcined at 750 ºC.
37

 This fact was also checked by EDX. Figure S1 shows an EDX 

mapping of the Cu-Pd sputtered layer on LWO/LSC membrane. Pd-rich grains can be 

detected on the top of the coating as it is observed in the mapping. Nevertheless, Cu is 

also detected in the same area. The detection of the Cu also in these grains can be 

ascribed to the formation of a Cu/Pd alloy or to the sampling depth that corresponds to 

1.2 m in Pd at 20 kV.
37
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Figure 1: XRD patterns of 60%-LWO/LSC membranes sputtered with Cu and Cu-Pd catalytic 

coatings. 

H2 permeation flows for the membranes coated with Pt (as reference sample), Cu and 

Cu-Pd layers were measured under four different hydration conditions (C1, C2, C3 and 

C4) feeding 50% H2 in He. Obtained H2 flows (expressed as mL·min
-1

·cm
-2

 and mol·s
-

1
·cm

-2
) as a function of the temperature are plotted in Figure 2. The behavior depending 

on the hydration configuration is very similar for the three membranes under C1, C2 

and C3 conditions: in C1 conditions, H2 flow is very low due to the lack of protonic 

charge carriers under dry conditions. When H2 feed side is humidified (C2), H2 flow 

increases due to the hydration of the membrane and the consequent incorporation of 

protons in the structure. When both sides are humidified (C3), the H2 flow increases 

reaching values up to 0.22 mL·min
-1

·cm
-2

. This important rise is ascribed to the higher 

H2 flux through the membrane because of the higher hydration in addition to the H2 

formation by water splitting reaction in the sweep side as a result of the oxide-ion 

transport from the sweep side to the feed side.
33-34, 38

 Finally, when only the sweep gas 

is humidified (C4), different behaviors are observed: Pt and Cu-Pd membranes present 

lower H2 flow under C4 than under C3 as it is expected from the higher proton character 

of the material in this range of temperature. The lower hydration degree of the oxide 

leads to the reduction of the proton flux through the membrane. However, for Cu coated 

sample, H2 flow is higher under C4 above 650 ºC. This effect could be related with the 

lower catalytic activity of Cu for the H2 bond breaking, as compared with Pt and Cu-Pd 

that leads to a higher contribution of the water splitting to the total H2 flow.  
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Figure 2: H2 flow (expressed as mL·min

-1
·cm

-2
 and mol·s

-1
·cm

-2
) as function of temperature for 

60%-LWO/LSC with different catalytic coatings: (a) screen-printed Pt, (b) Cu and (c) Cu-Pd 

sputtered metals in four different hydration degree configurations: C1, C2, C3 and C4 feeding 

50% H2. Experimental standard deviation ranges between 10
-3

 and 10
-4

. 

 

Normalized H2 flows (expressed as mL·min
-1

·cm
-1

, in order to disregard the influence 

of the membrane thickness) for the Pt, Cu and Cu-Pd coated membranes are compared 

in Figure 3 for C2, C3 and C4 conditions. Cu-Pd coated membrane presents slightly 

lower H2 flows than Pt activated membrane in the whole range of temperatures under 

C2 and C3 conditions. This fact can be ascribed to the lower catalytic activity toward H2 

exchange of Cu-Pd coating as compared with Pt. Conversely, the values obtained under 

C4 are practically the same, indicating a similar catalytic activity for O2 exchange. On 

the other hand, Cu coated membrane presents the lowest permeation under the three 

configurations which can be attributed to the lower catalytic activity toward both H2 and 

O2 exchange. These results are in agreement with the reported lower activity that Cu 

presents as compared with Pd and Pt for oxygen reduction and hydrogen evolution 

reactions.
22, 39

 On the other hand, the catalytic surface area plays an important role, in 

addition to the intrinsic catalytic activity of each metal. The catalytic surface area differs 

depending on the coating process and the metal, i.e., Cu particles are smaller than Pd 

ones, that form a smooth layer as can be observed in Figure 8 and Figure 9. The 

catalytic activity of these layers could be further improved by controlling the particle 

size grown. 
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Figure 3: Comparison of the normalized H2 flow (mL·min

-1
·cm

-1 
and and mol·s

-1
·cm

-1
) obtained 

for 60/40-LWO/LSC with the sputtered metals and Pt as activation catalytic layers in hydration 

degree configurations (a) C2, (b) C3 and (c) C4. Experimental standard deviation ranges 

between 10
-3

 and 10
-4

. 

 

With the aim of evaluating the H2 permeation and the stability of the Cu-Pd 60/40 

LWO/LSC membrane, permeation test was performed by using 30% CH4-50% H2-20% 

He as feed gas under C4 conditions at 700 ºC. H2 flows obtained as a function of time 

are plotted in Figure 4. H2 flow steeply decreases when CH4 is introduced in the feed 

stream and after a progressive decrease, it remains stable with a value of 0.12 mL·min
-

1
·cm

-2
. When CH4 is removed from the stream, the H2 flow increases but the initial 

values are not fully reacovered, stabilizing in 0.134 mL·min
-1

·cm
-2

. The H2 flows 

obtained and the stability of the measurement indicates that Cu-Pd 60/40 LWO/LSC 

membrane could be integrated in catalytic membrane reactors for steam methane 

reforming or methane dehydroaromatization reactions. 

 

 
Figure 4: H2 flow as a function of time for Cu-Pd sputtered membrane feeding 50% H2 in He 

(black squares) and 30% CH4-50% H2  in He under C4 conditions at 700 ºC. 
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In order to check the higher catalytic activity of the Cu-Pd as compared with Cu layer, 

the electrochemical behavior of the two different metal sputtered layers was studied by 

EIS using symmetric cells made of BZCY72 electrolyte. First, compatibility of metal 

sputtered layers with BZCY72 was checked by XRD measurements and the 

morphology of the layers was studied by SEM and EDX analysis. Cu and Pd do not 

react with BZCY72 as can be observed in Figure 5a where only the diffraction peaks 

attributed to Cu and BZCY72 can be detected. Pd is not observed as it was explained for 

the LWO/LSC composite, but it can be detected by SEM analysis as it is shown in 

Figure 9 and Figure S1. Figure 5b and c show the SEM images of the Cu surface and 

the cross-section of the sample, respectively, where it can be observed that the thickness 

of the Cu layer was around 1.5 m. Figure 5d-h presents the EDX mapping of the Cu 

sputtered layer on BZCY72 and it can be confirmed that there is no reaction between Cu 

layer and BZCY72 electrolyte, in agreement with previous reports
37

. 

 

 

Figure 5: Characterization of BZCY72 electrolytes sputtered with Cu and Cu-Pd catalytic 

coatings: (a) XRD patterns; (b) SEM analysis of the top surface of the membrane; (c and d) 

fracture cross-sections; and (e-h) EDX mapping of the Cu sputtered layer on BZCY72 

electrolyte. 

 

 

The impedance spectra recorded at 700 ºC in wet 100% H2 for the two metal sputtered 

catalytic layers are represented in Figure 6a and b (Nyquist and Bode plots, 

respectively). 

20 30 40 50 60 70

  

2 (º)

Cu

 

 I
 (

a
.u

.)
 (

lo
g
 s

c
a
le

)

Cu BZCY72

BZCY72Pd

 

  

Cu-Pd BZCY72

Cu Zr Ce Ba1 m

1 m 1 m

a) b) c)

d) e) f) g) h)



10 

The electrochemical performance is notably improved by the incorporation of Pd that 

decreases or eliminates low frequency (LF) contribution, and the performance slightly 

improves from 0.35 Ω·cm
2
 for Cu to 0.29 Ω·cm

2 
for Cu-Pd.  

The polarization resistances (Rp) together with the fitted low (LF) and high frequency 

(HF) contributions in wet (2.5% H2O) 100% H2 and 5% H2 in Ar are displayed as a 

function of temperature in Figure 6. LF contribution decreases one order of magnitude 

when Pd is sputtered whereas HF contribution is higher. The reduction of the LF 

process with the minor Pd addition can be directly associated with the improvement in 

surface kinetics since LF resistance are related to surface processes as catalytic reactions 

between chemisorbed species, adsorption/desorption reactions from/to the gas phase 

and surface diffusion of intermediate species.
40-44

 

 

Figure 6: Nyquist (a) and Bode (b) plots of impedance spectra recorded in wet (2.5 % vol. H2O) 

H2 at 700 ºC for Cu/BCZY and Cu-Pd/BCZY. Modeled LF and HF resistances as a function of 

the temperature under wet 100% H2 (c) and 5%H2 in Ar (d). 

Integrity of the samples was checked by XRD after the H2 permeation measurements 

(including the measurements by feeding CH4). No impurities or secondary phases are 

detected after the permeation measurements as can be observed in the XRD patterns 
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plotted in Figure 7. However, in the EIS experiments, continuous degradation of the Cu 

layer performance was observed when the sample was oxidized and then reduced again. 

On the contrary, if the sample is always in reducing conditions, the performance 

remains stable (wet and dry conditions). 

 
Figure 7: XRD patterns of 60%-LWO/LSC sputtered with (a) Cu and (b) Cu-Pd after the H2 

permeation measurements. 

 

SEM analysis was also performed after H2 permeation measurements. Figure 8 shows 

different magnifications of the surface of both sweep (a and b) and feed (d and e) sides 

together with the fractured cross sections (c and f, for feed and sweep sides 

respectively). The images show a continuous and porous Cu film of around 200 nm 

thickness and the formation of agglomerates, up to 2 µm size, in the sweep side. 

However, as can be seen in the low magnification image of the feed side (Figure 8g) the 

Cu grains are interconnected. Despite some Cu particles can be observed in some 

depressed areas due to the rough surface of the membrane, no conglomeration of the Cu 

particles could be detected in an specific area, as the grain boundaries, as it was 

previously observed for Ag catalytic layers.
25

 The Cu films exhibited very good 

attachments to the composite membrane and no delamination occurs during permeation 

testing. However, the thickness of the sputtered layer was significantly reduced during 

the permeation tests (lasting ≈10 days). The initial thickness of the sputtered layer was 

around 1.5 m and this was verified by the sputtering of a Si substrate at the same time 

than the LWO/LSC membranes (see SEM image in Figure S2).  
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Figure 8: SEM analysis of the on top of the sweep (a and b) and feed (d, e and g) sides and 

corresponding fractured cross-sections (c and f, respectively) of the LWO/LSC sputtered with 

Cu after the H2 permeation measurements. 

Figure 9 shows the SEM analysis of the Cu-Pd catalytic layer with different 

magnifications of the surface morphology (a, b and c) and the cross section (d). From 

EDX analysis the Cu and Pd grains were identified (Figure 9b and Figure S1). Thus 

while the Cu grains present a very small grain size (of around 200 nm as can be 

observed in Figure 9a) the Pd grains are several microns long and spread along the 

surface of the Cu layer as can be seen in Figure 9c. Although the Pd grains do not cover 

completely the surface of the Cu layer they are connected, which allows a continuous 

effect of the Pd catalytic properties without blocking Cu ones. The cross section image 

(Figure 9d) shows a dense 60/40-LWO/LSC membrane and the Cu-Pd layer. This 

morphology, after the high temperature permeation measurements confirms the integrity 

of the catalytic layers under operation conditions.  
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Figure 9: SEM analysis of the fractured cross-section of the 60/40-LWO/LSC membrane 

sputtered with Cu-Pd after the H2 permeation measurements at different magnifications (a-d). 
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4. Conclusions 

Metal sputtered catalytic layers were developed as potential H2-activation layer for 

ceramic mixed protonic-electronic conducting membranes to be integrated in catalytic 

membrane reactors for steam methane reforming or methane dehydroaromatization 

reactions. Cu and Cu-Pd layers were deposited and the highest performance was 

obtained for the sample Cu-Pd 60%-LWO/LSC, reaching H2 flows up to 0.22 mL·min
-

1
·cm

-2
 under C3 conditions. This value is slightly lower than the corresponding when 

the composite membrane was screen-printed to produce a porous Pt thick-film. The 

higher surface catalytic activity of Cu-Pd coatings -compared to Cu coatings- was also 

observed in electrochemical test using a purely-protonic electrolyte (BZCY72) in 

symmetrical cell configuration. The electrochemical performance was improved by 

adding minor Pd loadings. Specifically, the resistance of LF processes was strongly 

reduced by Pd incorporation and this is directly associated to the surface kinetics 

enhancement. Finally, the integrity of the thin layers under permeation conditions was 

confirmed by XRD and SEM analysis. 
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