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1. Introduction

Solid oxide cells (SOCs) are intrinsically reversible elec-
trochemical devices that contain a solid electrolyte. De-
pending on the polarity of the reversible cell, they can oper-
ate as Solid Oxide Fuel Cells (SOFCs), oxidising combustible 
species to generate electricity; or as Solid Oxide Electrolyser 
Cells (SOECs), consuming electricity to reduce water mole-
cules for the obtention of hydrogen gas. Ideally, they could 
allow us to handle the energy surplus/ high demand periods 
to change between SOFC/SOEC modes. [1-3] 

Nowadays, this technology is still in the research stage 
and the viability for its near future use depends strongly on 
two aspects: reducing the operating temperatures and find-
ing materials suitable for long-term operation. To reduce 
the operating temperature, at least, to the intermediate 
range (500-700 ºC) is not as easy as it seems, stemming from 
the fact that all the processes that take place in the cells are 
thermally-activated. On the other hand, the materials suffer 
from high temperatures and deteriorate rapidly, especially 
in terms of transport and catalytic properties, which trans-
lates into poor efficiency, high cost, and shorter life spans.  

The better-performing materials for air electrodes have 
perovskite-like structures and are generally mixed ionic-
electronic conductors (MIEC). Among them, Cu-substituted 

ferrites and especially, (La,Sr)(Fe,Cu)O3-, have proven to be 
an interesting alternative to its Co-containing pair due to 
their higher structural stability and mechanical compatibility 
with other cell components. Moreover, the presence of the 
Cu2+/Cu3+ pair enhances the electronic conductivity, re-
duces the polarization resistance (ORR) and increases the 
number of oxygen vacancies, making it a good candidate for 
its use in IT-SOCs. [4-8] 

In the present work, we describe the synthesis and 

structural characterisation of the La0.6Sr0.4Fe0.8Cu0.2O3- 
(LSFCu) perovskite and LSFCu-CeO2 composites (5, 10, 20 
and 50 % m/m), as well as the study of their electrochemical 
performance through Electrochemical Impedance Spectros-
copy (EIS). [4,7,9-12] 

2. Experimental

2.1 Synthesis

The materials were synthesised via an auto-combustion 
route, using ethylenediaminetetraacetic acid (EDTA) as or-
ganic fuel and chelating agent and ammonium nitrate 

(NH4NO3) as combustion promoter. Both the LSFCu perov-
skite and the LSFCu-CeO2 composites were obtained in two 
steps, the synthesis process itself and following thermal 
treatment. 

For this purpose, aqueous solutions containing stoichio-

metric amounts of La(NO3)36H2O, Sr(NO3)2, Fe(NO3)39H2O, 

Cu(NO3)23H2O, Ce(NO3)36H2O (Sigma Aldrich, >99.9%) 
were prepared according to the desired composition. An al-
kaline solution (pH=10) containing 1.1 moles of EDTA 
(>99.4%, Sigma-Aldrich) per mole of cation and NH4NO3 
(>99.0 %, Sigma-Aldrich) was also prepared and the solu-
tions above were mixed. EDTA molar excess ensures the to-
tal complexation of the cations. A 3:1 NH4NO3:EDTA molar 
ratio was chosen to promote the auto-combustion process. 
The resulting solution was heated over a hot plate at 130 °C, 
constantly stirring and keeping pH constant, until the for-
mation of a gel. Then, the magnetic stirrer was removed and 
the hot plate temperature was raised to 350 °C, where the 
gel self-ignited. 

The combustion process resulted in a sponge-like dark 
brown powder, that after a ground process in an agate mor-
tar becomes a fine and homogeneous powder. After that, 
the samples were subjected to a heating treatment in a muf-
fle furnace at 850 °C in air for 6 h, to obtain the calcined 
samples, which correspond to the desired perovskite com-
pounds, as confirmed by X-ray powder diffraction. 

The samples containing pure La0.6Sr0.4Fe0.8Cu0.2O3-, and 

La0.6Sr0.4Fe0.8Cu0.2O3--CeO2 mixtures with 5%, 10%, 20% and 
50% CeO2, will be called LSFCu, LSFCu-CeO2 5, LSFCu-CeO2 
10, LSFCu-CeO2 20 and LSFCu-CeO2 50, respectively. 

2.2 Structural characterisation 

2.2.1 XRD 

Conventional X-ray powder diffraction (XRD) measure-
ments were performed over the prepared samples in a 

Rigaku ULTIMA IV diffractometer of 285 mm radius in - 
geometry, using CuKα sealed-tube radiation (λ=1.5418 Å) op-
erating at 40 kV and 30 mA. A diffracted-beam curved Ge 
monochromator and NaI scintillation detector were used for 
data collection. The data, used for confirmation of phase pu-
rity and preliminary structural characterization, were col-
lected at room temperature in the 2θ=10-70° range in 0.04° 
steps for 3 s/step and 2θ=10-120° range in 0.02° steps for 10 
s/step. The fit of the data by the Rietveld method was per-
formed using the GSAS-II software suite [13]. 
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2.2.2 SEM 

The samples’ topography and microstructure were stud-
ied by Scanning Electron Microscopy (SEM). Digital micro-
graphs were acquired in the energy range 1.5-20 kV in a 
Zeiss Auriga microscope (Germany) using different detec-
tors. The elemental composition of selected areas of the 
samples was determined through an Energy Dispersive 
Spectrometry (EDS) probe (EPMA-WDX, JEOL JXA-8230).  

2.3 Chemical compatibility 

The LSFCu-CeO2 10, 20 and 50% samples were fired at 
1100 ºC for 12 h in air, and XRD patterns of the resulting ma-
terials were collected to study the cathode-electrolyte 
chemical compatibility (method described in 2.2.1).  

2.4 Electrochemical characterisation 

2.4.1 Materials processing  
Electrolyte-supported symmetrical cells were prepared 

by painting layers of the electrodes on GDC pellets prepared 
with commercial powder. The GDC pellets were prepared by 

pressing 2 g of the GDC powder (Kceracell) in disks of 25 
mm in diameter at 8 MPa and then annealed at 1450 ºC for 
6h (2º/min up and 1 ºC down). The sintered pellets' dimen-

sions are 21 mm in diameter and 800 m in thickness. A 
GDC ethanol-based ink (0.1 g GDC, 1 g EtOH, 1% PVP) was 
deposited on top of the GDC pellets (both faces) through an 
airbrusher (Print3D Solutions) to create a roughness layer 
that offers better adherence for the electrode. The rough-
ness layer was sintered at 1150 ºC for 2 h (5 º/min). 

The electrode’s inks were obtained by dispersing 400 mg 
of the powders in PVA (Sigma Aldrich, Mw 89k), PVP (Sigma 

Aldrich, Mw 55k), -terpineol (AESAR 96%) and isopropanol 
(35, 1.7, 0.9, 23.6 y 38.8 % respectively), and manually de-
posited on the pellets. The attachment temperature of the 
electrode was determined by firing three different 
LSFCu/GDC/LSFCu symmetrical cells at 900, 950 and 1000 ºC 
for 6 h; the selected treatment was repeated on the other 
samples.  

2.4.2 EIS 

The symmetrical cells’ Electrochemical Impedance Spec-
trometry (EIS) characterisation was carried out partially on 
the Cryssmat-Lab using a commercial ProboStat™ ((NorECS 
AS, Oslo, Norway)) station, a high-temperature vertical tub-
ular furnace, and an Ivium spectrometer (Ivium Technolo-
gies B.V., The Netherlands), and partially on the Catalonia 
Institute for Energy Research (IREC), using a Novocontol 
spectrometer (Novocontrol Technologies GmbH & Co., Ger-
many). The impedance measurements were conducted in 
potentiostatic mode from 0.1 Hz to 1MHz and 50 mV ampli-
tude, between 800 and 500 ºC (50 º step) and synthetic air 
atmosphere. Gold paste (Fuelcellmaterials, Lewis Center, 
USA) and meshes (Fiaxell Sarl, Switzerland) were used to 
ensure the current collection. ZView software (version 3.2, 
Southern Pines, USA) was used to fit the impedance spectra. 

3. Results and discussion 

3.1 Synthesis and structural characterisation 

The selected route allowed us to successfully obtain the 
desired materials with high purity (>98%, there is a small 
quantity of CuO in some of them) in a fast and simple 
method, as confirmed by XRD. Figure 1a shows the XRD pat-
terns corresponding to all of the calcined samples.  
 

Fig. 1. (a) XRD patterns of the fired samples at 850 ºC, where the asterisks 
indicate the CuO impurity peaks; and (b) Rietveld fit for one of them, the 
LSFCu-CeO2 10 composite.  

 
The collected data was adjusted through the Rietveld 

method to obtain relevant structural parameters regarding 
the synthesised phases. In Figure 1b, we can see the Rietveld 
fit for the LSFCu-CeO2 10 composite, which depicts the pres-
ence of two different phases: rhombohedral LSFCu and cu-
bic CeO2 fluorite.  These findings, as well as the distribution 
of both phases throughout the material, were corroborated 
through electron microscopy (Figure 2). In the figures, two 
types of particles can be perceived: dark and big particles, 
and other smaller and white-ish ones.  
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Fig. 2. SEM micrographs for the LSFCu-CeO2 10 composite (left) and LSFCu-
CeO2 50 (right), obtained with different detectors: SE2 (top) (secondary 
electrons) and EBS (bottom) (backscattered electrons). 

3.2 Components compatibility 

In this case, the fact that the Gd0.1Ce0.9O2 (GDC) electro-
lyte used and the CeO2 from the composite are almost the 
same material, made it possible to conduct the study di-
rectly on the composite samples. As previously described, 
they were calcined in air at 1100 ºC for 12 h, and XRD data 
were collected to perform a Rietveld fit. The results show no 
reaction between the phases of the composite, only the CuO 
impurity (2%) already present after the first heating treat-
ment, which translates into no reactivity between the 
LSFCu/ LSFCu composites and the GDC. 

3.3 Electrochemical characterisation 

EIS measurements were performed on symmetrical cells 
with LSFCu-CeO2 20 electrodes on a GDC electrolyte. The 
data obtained allowed us to extract some preliminary values 
for the serial and polarization resistances from the Nyquist 
plots, and estimate the apparent activation energy (Ea) for 
the process (from ASRp). 

        Fig. 3. Arrhenius plot of the data acquired through EIS.  

The high quality of the linear fit of the lnASRp vs 1/T data 
(Figure 3, R2=0.998), suggests that the limiting process of the 
ORR is the same for all the temperatures studied, and as ex-
pected, is thermally activated.  

 
Table 1. Parameters obtained from the Nyquist plots for the 20% compo-
site. 

 
T (ºC) Rs () Rp () ASRp ( cm2)  (S cm-1) 

500 6.400 44.271 78.227 0.00646 

550 3.720 10.063 17.781 0.01111 

600 2.147 2.9575 5.2260 0.01924 

650 1.345 1.0359 1.8305 0.03072 

700 0.8905 0.4016 0.70963 0.04639 

750 0.6588 0.1808 0.31942 0.06271 

800 0.5066 0.09766 0.17257 0.08155 

4.  Conclusions 

We have found a one-step facile synthesis route to ob-
tain the composite LSFCu-CeO2 air electrodes for reversible 
IT-SOFC/SOEC devices; and characterised its composition, 
electrode deposition conditions over CDG, structure and mi-
crostructure and electrochemical performance. The initial 
results are very promising so far. We expect to characterise 
the full devices in the near future.  
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