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Progress in Ce0.8Gd0.2O2-δ protective layers for improving the 
CO2 stability of Ba0.5Sr0.5Co0.8Fe0.2O3-δ O2-transport 
membranes 
Cecilia Solísa, María Balaguera, Julio Garcia-Fayosa, Elena Palafoxa, and José M. Serraa,* 

Ce0.8Gd0.2O2-δ (CGO) thin films were deposited by radio frequency (RF) magnetron sputtering and temperature deposition 
was changed in order to optimize the microstructure and transport properties of the obtained films. Afterwards, the films 
were deposited on Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) oxygen separation membranes as CO2 protective layers. Oxygen permeation 
was finally measured by sweeping both Ar and CO2, and the obtained results compared with bare BSCF membrane. It was 
found that the oxygen permeation of the BSCF is improved by this CGO layer, with a 4-fold improvement in the oxygen 
permeation flux when using pure CO2 as sweep gas at 900 °C. Therefore, these CGO protective layers are a promising way 
for overcoming the limitations of BSCF membranes under CO2-containing environments, associated to surface competitive 
O2-CO2 adsorption and carbonation of Ba at low temperatures.

Introduction 
Actual industry of fuel and chemicals relies on the syngas 
production as a previous step of the gas-to-liquids conversion 
(GTL). The mixture of hydrogen and carbon monoxide that 
composes the syngas can be upgraded in a second step like 
Fischer-Tropsch (FT) or methanol production, while hydrogen 
can be used in the Haber-Bosch process for ammonia synthesis. 
Conventional technologies for syngas production include steam 
reforming (SR) and autothermal reforming (AR), which are very 
costly, accounting for over the 50% of capital costs. Catalytic 
Partial Oxidation (CPO) reactors provide a more energy efficient 
alternative to SR and AR since it is an exothermic reaction with 
fast kinetics. Therefore, the process requires smaller reactor 
vessel and large amounts of superheated steam can be avoided. 
CPO consists in the substoichiometric partial combustion of fuel 
(coal or methane), creating a hydrogen-rich syngas through the 
following reactions: 
3𝐶𝐶 + 𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 ⇆ 3𝐶𝐶𝑂𝑂 + 2𝐻𝐻2     (1) 
𝐶𝐶𝐻𝐻4 + 1 2⁄ 𝑂𝑂2 ⇆ CO + 2𝐻𝐻2      (2) 
Some disadvantages are the emergence of hot spots on the 
catalyst due to the exothermicity of the reaction, the relatively 
low hydrogen production yield, the tendency to soot formation 
and the requirement of pure oxygen for the reaction, which can 
be all alleviated by the use of an oxygen transport membrane 
(OTM) reactor. 1 
OTM based on mixed ionic and electronic conducting (MIEC) 
ceramics have attracted much interest as an inexpensive 
alternative for industrially established cryogenic air separation.2 

OTMs present 100% selectivity, being their performance 
dependent on the ambipolar conductivity of the constituent 
material and on the operation conditions. An OTM-based 
membrane CPO reactor injects oxygen into the reactor in a 
controlled manner, in such way that the stoichiometry could be 
continuously adjusted, and the equilibrium of the reaction 
shifted to the products, enhanced by the continuous extraction 
of the syngas. Besides, the exothermic reaction taking place 
would maintain the high temperature in the membrane. 3, 4 
MIEC perovskites with the general formula ABO3-δ, as 
SrCo0.8Fe0.2O3-δ (SCF), Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), are up to date the most promising 
candidates for OTM applications.5-9 BSCF supported 
membranes have achieved up to 12.2 ml·min-1·cm-2 at 1000 °C 
under Air/Argon gradient,9 but the main problem of these 
materials is their low stability in operation conditions on CO2 
containing atmospheres, which will be present to some extent 
in the CPO reaction. Several strategies to improve the stability 
against CO2 include the doping of the perovskite structure with 
other transition metals like Zr or Y,10 the combination of BSCF 
with a CO2 stable material in a dual-phase composite 11, 12 (e.g. 
gadolinium doped ceria) or, as the goal of this work, the 
development of CO2 protective layers of ionic or MIEC 
materials.13,14, 15  
The material for the protective layer must fulfil several 
characteristics as chemical and mechanical stability in acid gas 
atmospheres, good ionic conductivity and thermo-structural 
compatibility with the protected BSCF. Among all the different 
predominant ionic conducting materials, doped ceria has shown 
very high chemical stability and can be considered as promising 
components for the development of stable ionic protective 
layer for BSCF membranes. The thermal expansion coefficient 
(TEC) difference of both structures (11.9×10-6 K-1 of Ce0.9Gd0.1O2-
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δ and 19.95×10-6 of BSCF)16, 17 force to use a suitable deposition 
technique for the ceria layer growth in order to preserve the 
membrane structure, avoiding cracks formation. In relation to 
this, Schulz et al. conducted oxygen permeation measurements 
on BSCF membranes spin-coated with CGO layers,18 however 
the use of this technique resulted in the appearance of 
scattered defects in the CGO layers after sintering, and finally 
leading to a permeation breakdown at high CO2 concentrations. 
Therefore, it is necessary the use of techniques ensuring proper 
layer deposition. In previous works, NiFe2O4-Ce0.8Gd0.2O2-δ 
(NFO-CGO) protective layer showed the possibility of obtaining 
competitive oxygen flux while extending the stability of the 
material in CO2 14 Other CGO layers on LSCF made by spray 
pyrolysis showed a protection effect with little decrease of 
permeation. 13  
Aiming for the application in syngas production conditions, this 
work is focused on the study of the BSCF membrane stability 
against CO2 when applying a thin CGO protective layer.16, 19, 20 
The CGO was deposited by RF-sputtering in order to ensure the 
crystallinity properties together with a small thickness, 
necessary for preserving the high BSCF permeation properties. 
First the growth of different CGO films was studied as a function 
of different deposition temperatures, and then the best film 
was grown on a BSCF bulk membrane for permeation 
measurements under CO2 containing atmospheres. This CGO 
protective layer study will provide information to be compared 
with different protection layers (as composites) in terms of 
performance and stability. 

Experimental Section 
CGO powder was purchased from Treibacher Industries AG. 
One-inch ceramic targets were prepared by uniaxially pressing 
CGO into pellets at 30 kN for 3 min and subsequently sintering 
5 h in air at 1400 °C. X-ray diffraction (XRD) of the sintered 
targets confirmed the complete formation of the corresponding 
fluorite structures.21 The thin films were deposited with a 
Pfeiffer Classic 250 deposition system equipped with two 
radiofrequency (13.56 MHz) sources. The films were deposited 
on a rotating substrate holder, with RF power of 25 W and a 
target - substrate distance of 5 cm. The substrate was heated 
from room temperature (RT) up to 600 °C. The base pressure of 
the chamber before the deposition was below 2 × 10-6 mbar. 
The working pressure was 6.2 × 10-2 mbar with mixed argon-
oxygen gas ratio 9/1. Different thicknesses were deposited and 
controlled by deposition duration. All samples were deposited 
on Si (100) and amorphous quartz substrates in order to 
perform different thin film characterization.  
The crystal structure of the films was checked by XRD 
measurements carried out by a PANalytical Cubix fast 
diffractometer, using CuKα1,2 radiation and an X’Celerator 
detector in Bragg-Brentano geometry.  
The surface morphology of the films and the fracture cross 
sections were analyzed by ZEISS Ultra55 field emission scanning 
electron microscope (FESEM). The thickness of the films was 
determined from the fracture cross section FESEM images. 

The planar electrical conductivity of the films was measured by 
standard four-point DC technique on films deposited on quartz 
substrates, by using silver wires and paste for contacting. 
Measurements were recorded as the temperature decreases 
from 800 to 400 °C at 1 °C/min at a constant atmosphere, in 
different oxygen partial pressures (pO2).16 
Oxygen permeation studies were carried out in a lab-scale 
quartz reactor (Fig. S1). Synthetic air (21% O2 in the feed stream) 
was fed into the oxygen-rich chamber, while mixtures of argon 
and carbon dioxide were used as the sweep gas on the 
permeate side. Both streams were fed at atmospheric pressure. 
Inlet gases were preheated in order to ensure the correct gas 
temperature for contact with the membrane surface. This is 
particularly important when high gas flow rates are employed. 
All streams were individually mass flow controlled. The 
temperature was measured by a thermocouple attached to the 
membrane. A PID controller-maintained temperature variations 
within 2 °C of the set point. The samples consisted of gastight 
membranes and membrane gas leak-free conditions were 
achieved using gold rings heated to 970 °C for 4 h immediately 
prior to the measurement. The permeate was analyzed at 
steady state by online gas chromatography using a micro-GC 
Varian CP-4900 equipped with Molsieve5A, Pora-Plot-Q glass 
capillary, and CP-Sil modules. Membrane gas leak-free 
conditions were ensured by continuously monitoring the 
nitrogen concentration in the product gas stream. An 
acceptable sealing was achieved when the ratio between the 
oxygen leak flow and the oxygen flux was lower than 1%. The 
data reported here were achieved at steady state after 1 h in 
the reaction stream. Each GC analysis was repeated three times 
to minimize the analysis error. The experimental analytical error 
was below 0.5%. 
In order to check the protective features provided by means of 
CGO deposition, oxygen permeation tests were performed on 
two BSCF membranes: one bare membrane, and the other with 
CGO RF sputtered coating. The membranes were obtained by 
uniaxially pressing BSCF powder (Fraunhofer IKTS, Germany) 
into pellets at 30 kN for 3 minutes and subsequently sintering in 
air at 1100 °C for 5 h. Thus, dense gastight membranes with a 
thickness of 0.8 mm were obtained. The CGO coating was 
deposited on the BSFC membrane by using the aforementioned 
RF sputtering system with a power of 25 W, and a target - 
substrate distance of 5 cm. The substrate temperature was 400 
°C, for a deposition time of 4 h and a working pressure of 6.2 × 
10-2 mbar (with mixed argon-oxygen gas ratio 9/1). Oxygen 
permeation tests consisted of the variation of temperature 
under an Air/Argon gradient in the range 950-800 °C, and the 
effect of varying CO2 content in the sweep stream at 900 °C. 
During all the tests belonging to the membrane coated with 
CGO layer, synthetic air was fed into bare membrane side, 
whereas sweep streams (made of argon and CO2 mixtures) were 
fed into CGO-protected membrane side. 

Results and discussion 
Figure 1 shows the XRD patterns of the obtained CGO thin films 
deposited at RT, 400 and 600 °C as deposited (a) and after an 
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annealing process at 800 °C for 2 h (b). As deposited, the film 
grown at RT is amorphous, as indicates the absence of any 
diffraction peaks. When the deposition temperature is 
increased, the crystallization of the CGO films occurs, and the 
obtained films show different preferential orientations 
depending on the growth temperature. Thus, CGO film 
deposited at 400 °C shows (111) preferential orientation 
(deduced from the only presence of the (111) and (222) 
peaks).21 When the growth temperature increases up to 600 °C 
the texture of the film changes to a (200) preferential 
orientation (although some other peaks appear). Similar 
temperature-dependent texture orientations were previously 
reported for other CGO and CeO2 thin films obtained by 
different deposition techniques, although no unified 
explanation about (200) and (111) textures exist from 
theoretical and experimental points of view.22-32 The 
preferential texture orientation prevails after the annealing in 
air at 800 °C for 2 h. The samples deposited at RT and 400 °C 
present the (111) orientation while the sample grown at 600 °C 
maintains its (200) orientation. 

 
Figure 1: XRD patterns of three different CGO films deposited at RT, 400 and 800 °C (a), 
and after annealing in air for 2 hour at 800 °C (b), respectively. CGO reference patterns 
is also showed for comparison21. * marked peaks correspond to the XRD stainless steel 
holder 

Surface morphology of the different CGO films grown at RT, 400 
and 600 °C and the effect of the annealing at 800 °C in air for 2 
h, is showed in Figure 2a-f. Films grown above RT appear crack-
free and dense, independently of the deposition and post-
annealing temperatures. However, films deposited at RT show 
some small cracks along the surface that persist after the 
annealing process. All the films present very small crystal sizes 
that make very difficult a direct comparison of the grains sizes 
by employing the FESEM images. Note that the cross-section 
images of the samples deposited at 400 and 600 °C were taken 

after 3 s Pt sputter deposition, thus the real grain size is difficult 
to calculate. Furthermore, the thickness differences showed in 
the samples correspond to distinct deposition times. 
Conductivity properties of the CGO thin films after annealing 
are summarized in Figure 3. The Arrhenius behaviour of the 
different films is plotted together with the bulk material in 
Figure 3a. First of all, it should be highlighted that total 
conductivity of the films is up to one order of magnitude lower 
than that of the bulk material, as it has been previously reported 
for ionic conductivity in thin films compared to corresponding 
bulk materials.33 Activation energy (Ea) of the CGO bulk material 
is 0.73 eV, which agrees with other reported values 
independently of the sintering route.22 However, Ea of the CGO 
films is between 0.8 and 1.4 eV that agrees with reported values 
26, 32, 33 In the films Ea slightly decreases when the deposition 
temperature increases from RT to 400 °C but increases when 
film is deposited at 600 °C (which presents different crystal 
orientation). This variation of Ea is attributed, as in other 
reported CGO films, to different synthesis routes and different 
strains that the films sustain.33 
 

 
Figure 2: SEM images of different CGO films deposited at RT (a), 400 °C (b) and 800 °C (d) 
and after annealing in air for 2 hours at 800 °C (d), (e) and (f), respectively and 
corresponding cross-section images in the insets 

Figure 3b shows that the conductivity of all the films is 
independent on the pO2, as it corresponds to a predominant 
ionic conductor, regardless of the preferential crystal 
orientation of the material.34, 35 Due to the best microstructure 
and conductivity properties of the film deposited at 400 °C, this 
temperature was selected for growing the protective film on the 
BSCF membrane and for performing the permeation 
measurements.  

(a)

(b)

200 nm

As deposited at RT 

200 nm 200 nm

+Annealing at 800 ºC

(a) (b) (c)

(d) (e) (f)

200 nm 200 nm 200 nm
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Figure 3: (a) Arrhenius diagrams for electrical conductivity of different CGO thin films and 
bulk material in oxygen and (b) total conductivity at 700 °C as a function of the pO2 

XRD patterns of the pristine BSCF membrane and after the 
deposition of a CGO sputtered film can be observed in Figure 
4a, together with the CGO and BSCF reference patterns.21, 36 All 
the peaks are indexed for CGO and BSCF phases, ruling out the 
formation of secondary phases during the coating process. 
Different to the layer sputtered on the SiO2 wafer, where there 
is a preferential growth along the (111) direction, the layer on 
BSCF shows polycrystalline features. Figure 4b shows the 
fracture cross-section of a CGO thin film on a BSCF membrane 
before permeation measurements. The CGO layer is dense and 
covers the whole surface of the membrane. In line with XRD, the 
morphology of the CGO layer on BSCF is different from the layer 
grown on the Si wafer (sputtered at 400 °C), showing no 
preferential orientation as well as a good attachment to the 
substrate. 
 
 

 
Figure 4: (a) XRD pattern of the pristine BSCF membrane and after the deposition of the 
CGO thin film, and CGO and BSCF reference patterns; (b) fracture cross-section of a CGO 
thin film on a BSCF membrane before permeation measurements. 

Oxygen permeation tests were performed aiming to determine 
whether the addition of a CGO thin layer acts as a protection 
when exposed to CO2-containing environments. Indeed BSCF 
membranes exhibit dramatic losses in oxyfuel-like oxygen 
permeation.37-39 For that purpose, 0.8 mm-thick bare and CGO-
coated BSCF membranes were studied in dependence on 
temperature and CO2 content in sweep gas stream. Figure 5a 
shows oxygen fluxes for the abovementioned membranes when 
varying temperature in the range 950-800 °C under an 
Air/Argon gradient. This experiment was performed in order to 
study how CGO protective layer affects BSCF permeation 
behavior. The addition of a 300-500 nm CGO cover produces a 
slight worsening in O2 permeation at any tested temperature 
range, ascribed to the lower CGO mixed conductivity that 
subsequently leads to lower O2 permeation performance. Such 
an effect in conductivity was different to previously observed in 
a similar study conducted on BSCF membranes coated with a 
NiFe2O4-Ce0.8Gd0.2O2- (NFO/CGO) layer by RF-magnetron co-
sputtering14, in which the electronic contribution of NFO 
improved the permeation ratios over a NFO/CGO protective 
layer.40 At 950 °C, a peak O2 flux of 5.34 ml·min-1·cm-2 with the 
bare BSCF membrane is obtained, whereas oxygen permeation 
decreases down to 4.76 ml·min-1·cm-2 when adding the CGO 
layer. 

 
Figure 5: a) Oxygen permeation in dependence of temperature for bare and CGO-
protected BSCF membranes, with the CGO film deposited at 400 ºC. Tests performed 
under Air/Argon gradient. Q = 300 ml·min-1. b) Oxygen permeation in dependence of CO2 
content in sweep stream at 900 ºC for bare and CGO-protected BSCF membranes, with 
the CGO film deposited at 400 ºC. Synthetic air feeding (300 ml·min-1).  

O2 permeation variation as a function of CO2 content in sweep 
stream is depicted in Figure 5b for the two considered 
membranes. These tests were performed at 900 °C as an 
approach to mimic oxyfuel conditions. 41, 42 Different mixtures 
of Ar and CO2 were used as sweep gases, whereas synthetic air 
was used as feed. As can be seen in Figure 5b, CO2 presence in 
permeate side affects significantly O2 permeation. The bare 
membrane suffers a dramatic loss in permeation from 4.5 down 
to 0.12 ml·min-1·cm-2 with a sweep gas containing 40% CO2, then 
dropping to 0.07 ml·min-1·cm-2 O2 at 60% CO2 and maintaining 
this rate under full-CO2 atmosphere. Similar tests on the CGO-
protected membrane revealed a noteworthy lower J(O2) 
worsening, since O2 flux drops from 3.9 to 1.24 ml·min-1·cm-2 
under 40% CO2 and down to 0.27 ml·min-1·cm-2 under 100% 
CO2. Despite the fact that O2 fluxes worsen even when 
protecting BSCF membrane (probably due to surface 
imperfections letting CO2 to be in contact with BSCF18, and/or 
because O2-CO2 competitive adsorption taking place on CGO 
layer surface), there is an evident positive effect of CGO coating 
when membrane is exposed to CO2. The 4-fold improvement in 
J(O2) obtained when using pure CO2 as sweep gas is a 
remarkable fact that protecting BSCF membranes with 500 nm 
thick CGO layers by RF-sputtering is a promising way for 
overcoming the well-known BSCF instability under CO2-
containing environments. The exploitation of this concept can 
lead the way to the use of highly permeating materials like BSCF 
in applications where high J(O2) and chemical and mechanical 
stability on harsh environments are needed. Nevertheless, 
optimization is as well needed in order to minimize O2 
permeation drops observed in the protected membrane: 
improving layer coating and layer composition, thus avoiding 
the generation of holes, cracks or un-protected areas. 
In order to check the microstructure of the membrane after 
permeation tests, Figure 6 shows the surface of the CGO films 
on the BSCF bulk membrane and a cross section of film and 
membrane after permeation. Both CGO and BSCF are dense, 
and a 300-500 nm CGO film covers the whole surface of the 
membrane. No high density of defects is observed which 
ensures the effectiveness of the CGO protection against CO2.  

200 nm

(a) (b)
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Figure 6: Superficial morphology of the CGO film (a) and cross section image (b) of the 
CGO film on the BSCF bulk membrane after permeation tests and CO2 exposure. 

Conclusions 
CGO thin films protective layers deposited by RF magnetron 
sputtering were studied and optimized on quartz substrates and 
then applied on BSCF oxygen permeation membranes. The 
oxygen permeation of the BSCF is improved by thin CGO layer, 
with a 4-fold improvement in the oxygen permeation flux when 
using pure CO2 as sweep gas at 900 °C. These CGO protective 
layers are a suitable method for overcoming the well-known 
BSCF instability under CO2-containing environments. 
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