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Abstract 

The high oxygen reduction reaction (ORR) activity of the A-site deficient 
(Lao.7Sro.3)0.95(Coo.2Feo.8)03_6 (LSCF) film makes it an excellent cathode material for 
intermediate temperature solid oxide fuel cell (IT-SOFC) applications. The cathode was 
deposited by the electrostatic spray deposition (ESD) technique which provided 
microstructural details at the nanometre length scale (-100 nm).[1] The area-specific 
resistance values as low as 0.037 and 0.1 0 cm2  were measured in a symmetrical cell and 
power density of 0.87 and 0.50 W cm 2  at 0.7 V in a NiNSZ anode-supported cell at 650 
and 600 °C, respectively were obtained. The A-site deficiency resulted in the precipitation 
of a B-site spinel phase composed of CoFeO,r  (CFO), while the perovskite structure of 
LSCF was modified to closely related two-phase perovskite structures. Detailed 
microstructural analyses showed that well-dispersed, nanoscale (--10-20  nm)  CFO phase 
decorated the LSCF surfaces. Such substantial increase in the ORR kinetics was 
attributed to the catalytically active and nanostructured CFO precipitates and the very high 
active surface area of the ESD film. 

[1] O. Celikbilek, C.-A. Thieu, F. Agnese, E. Cali, C. Lenser, N. H. Menzier, J.-W. Son, S. 
J. Skinner and E. Djurado, J. Mater. Chem. A, 2019, 7, 25102-25111. 
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1. Introduction 

The low-temperature operation provides great benefits for the deployment of solid oxide 
cells (SOCs) in the mobile/transport applications.[2,3] However, the reaction kinetics of 
existing materials become sluggish at low temperatures. Microstructure and materials 
design were shown effective to improve the electrodes' performance up to an order of 
magnitude.[4] 

In terms of materials design, combinations of slight A- or B-site excess/deficiency have 
been explored in the AB03-type family of perovskites. Particularly, it was shown that A-site 
deficiency created additional oxygen vacancies to improve the ionic conductivity and the 
stability of a phase.[5] In terms of composition, (LaSr)(CoFe)03-6  (LSCF) is among the 
most studied A1303-type perovskites and still attracts a lot of interest. However, a very 
narrow stability regime was shown for these types of materials.[6] Slight deviations from A-
site to B-site ratio result in the formation of a Rudd lesden-Popper type layered perovskite 
in the case of A-site excess and a spine) oxide in the case of B-site excess. It is, however, 
unclear how the catalytic activity is affected by the secondary phase formations as a result 
of the changes in the stoichiometry. 

In this work, (Lao.7Sro.3)0.95(Coo.2Feo,8)03-6 (referred to as A-site deficient LSCF) 
composition was investigated by structural, microstructural, and electrochemical 
characterization techniques. The films were deposited by the electrostatic spray deposition 
(ESD) technique which provided microstructural features at the nanometre length scale.[7] 
Scanning electron microscopy  (SEM),  powder X-ray diffraction (XRD), scanning 
transmission electron microscopy (STEM) coupled with energy-dispersive X-ray 
spectroscopy (EDX), and electrochemical impedance spectroscopy (EIS) were employed 
to study the catalytic effect of A-site deficiency on the electrode performance. 

2. Experiments 

The cathode layer included a double layer architecture consisting of LSCF layer deposited 
by the ESD and topped by a screen-printed current collecting layer (CCL). ESD films were 
deposited using a vertical setup starting from precursor salt solutions. Appropriate 
amounts of La(NO3)3.6H2O (Prolabo, 99.99%), SrC12.6H2O (Strem Chemicals, 99%), 
Co(NO3)2.6H2O (Sigma-Aldrich, 99.999%) and Fe(NO3)2.9H2O (Sigma-Aldrich, 99.99%) 
salts were dissolved in absolute ethanol (99.9%; Prolabo) and butyl carbitol (99+%; Acros 
Organics) with a 1:2 volume ratio and a total salt concentration of 0.02 mol L-1. The 
solution was sprayed onto the substrate. ESD deposition parameters comprise a substrate 
temperature of 300 °C, a nozzle to substrate distance of 15 mm, the voltage of —5-6 kV, 
and a flow rate of 1.5 mL h-1. Crystallization of the films and sintering were achieved at 900 
°C for 2 h at a 2 °C min-' heating rate and a 3 °C min-' cooling rate. The targeted 
stoichiometry of the LSCF was Lao.6Sro.4C00.217eo,803-6  (LSCF 6428). However, analysis by 
inductively coupled plasma-optical emission spectrometry (ICP-OES) (iCAP 6500 Thermo 
Scientific, USA) showed the average stoichiometry of the film to be 
(Lao.7lSro.29)0.95Co0.17Feo.8303-6. In the text, it was simplified to (La0.7Sro.3)0.95C00.2Feo.803-6 
and will be referred to as A-site deficient LSCF. 

Scanning electron microscopy  (SEM)  was used to study the microstructure of the films, 
using a field emission gun  (ZEISS  Ultra 55) operating at an accelerating voltage of 3 kV 
and an average of 7 mm working distance. The HR-TEM analysis was carried out on a 
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JJEOL 210OF microscope equipped with an Oxford Instruments EDX detector. EDX was 
performed in STEM mode with an annular dark field detector. 

Impedance spectroscopy was used to evaluate the electrochemical response. Symmetrical 
cell measurements in open-circuit voltage (OCV) mode were carried out in ambient air with 
between 450 and 650 °C. An  Autolab  frequency response analyzer operating between 10 
kHz and 0.05 Hz was used. The amplitude of the measuring signal was adjusted to 20 mV. 
The data were fitted with electrical' 'equivalent circuits using the EC-Lab°  software 
(V10.44). 

Single-cell tests were performed on anode-supported cells prepared at  
Forschungszentrum Jülich,  Germany. The cells were based on tape-cast NiO-YSZ 
supports of —300 pm thickness, and screen-printed NiO-YSZ anodes were obtained from 
CeramTec  GmbH  (Marktredwitz, Germany). The 1.5 pm thin YSZ electrolyte was prepared 
by the sequential deposition of YSZ nano-dispersion and polymeric so[, followed by co-
sintering of the half-cell at 1400 °C.[8] Subsequently,. a — 0.5 pm thin Gdo.2Ceo.801.9  
diffusion barrier layer was deposited via Magnetron Sputtering. The LSCF cathode 
prepared via ESD had 10 x 10 mm2  dimension. A-site deficient Lao.58Sr0.4C00 _2Feo,803—b ink  
(FZ-Jülich,  Germany) was screen printed on the LSCF films deposited by the ESD to serve 
as CCL and sintered at 850 °C for 2 h in air. Measurements were performed in the 
temperature range of 450-650 °C, using an Iviumstat test apparatus in a frequency range 
between 1 MHz and 0.1 Hz. Air on the cathode side and humidified H2  on the anode side 
with a fuel composition of 97 vol. % H2  and 3 vol. % H2O at a flow rate of 200 standard cm3  
min

-1 
 (sccm) was used. A modified interconnect rib design with gold mesh with openings of 

250 pm by 250 pm was used for the cell test. Current vs voltage data were recorded 
between 650 °C and 450 °C at each 50 °C in descending order. A Solartron impedance 
analyser with an electrochemical interface (SI 1260) and an Iviumstat electrochemical 
analyser (Iviumstat, Ivium Technologies) was used to obtain these EIS and I-V-P curves. 
The AC amplitude of the impedance measurements was set to 50 mV. 

3. Results 

ESD is a unique technique to obtain micrometre-thick films with nanometric features.  SEM  
micrographs in Figure 1 demonstrate the micro- and nanostructure of —10 pm-thick 
cathode films made up of large columnar-like blocks separated by —1-2 pm wide 
interconnected gas diffusion channels. The grain and porosity sizes within the columnar 
blocks show a scale of —100 rim. The cross-sectional view (Figure 1d) provides an 
overview of the nanometre length scale features of the LSCF ESD films compared with 
screen printed CCL of the same material. In a previous work, the porosity, specific surface 
area and tortuosity values of LSCF ESD films were calculated as 22 ± 7 %, 19 ± 6 pm-1, 
and 1.50 ± 0.2, respectively. [7] 
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Figure 1. a-b) Plan view  SEM  micrographs of LSCF film sintered at 900 °C for 2 h in air, 
Cross-sectional  SEM  micrograph of c) LSCF film on GDC electrolyte and d) As-deposited 
LSCF film on anode-supported  bi-layer electrolyte cell. The colored bars next to d) show 
each layer in the cell. Reproduced from Ref. [1] with permission from The Royal Society of 
Chemistry. 

Figure 2a shows the XRD pattern and the structural refinement of the ESD cathode layer 
on the GDC electrolyte. Notably, three phases can be observed; the LSCF phase (ICDD: 
04-020-8368) with RE space group (No. 167), the GDC phase (ICDD: 04-012-3418) with 
Fmim space,group (No. 225), and a third phase corresponding well to a spinel crystal 
structure (Fdim) with a unit cell parameter of 8.3204(7) A. The amount of this phase with 
respect to the LSCF was found to be —6 wt. %. As can be seen in the inset of Figure 2a, 
the refinement of the LSCF with one rhombohedral phase did not yield a good fitting. 
Instead, two rhombohedral phases with slightly different a, b and c parameters gave an 
improved fit (Figure 2b). Similar behaviour was observed in previous reports on A-site non-
stoichiometric LSCF.[9] The first phase was fitted with a, b = 5.48(8) A and c = 13.50(2) A 
and the second phase was fitted with a, b = 5.47(9) A and c = 13.56(4) A. 
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Figure 2. XRD lattice parameter refinement of an LSCF film deposited on GDC electrolyte 
sintered at 900 °C for 2 h in air. a) one rhombohedral phase and b) two rhombohedral 
phases. Reproduced from Ref. [1 ] with permission from The Royal Society of Chemistry. 

Next, STEM-EDX was used to investigate the elemental composition of the minority third 
phase. The STEM-EDX maps in Figure 3 demonstrate the presence of only La, Sr, Co, Fe, 
and O elements with some particles containing solely Co and Fe and O. These particles 
are smaller than a typical LSCF grain, with an average grain size of —20  nm.  

Elemental point analysis at three different locations shows that the particle containing Co 
and Fe elements had a Co: Fe ratio of approximately 1.0. In the literature, common cobalt 
ferrite spinel structures were reported as CoFe204  (ICDD: 04-006-4147) and CO2FeO4  
(ICDD: 04-016-3952). In the rest of the text, CoFeO,, will be referred to as CFO. Point 
analyses from the other two locations gave La: Sr ratio of —3.7. It is important to note that, 
this value is higher than the value obtain from ICP-OES analysis (-2.4). The discrepancy 
can be due to the amount of investigated particles. While ICP-OES provides average 
information from the ensemble of all particles, EDX gives point analysis on a few selected 
particles. Nevertheless, both techniques gave A: B site ratio as 0.95:1.00. As mentioned 
above, the targeted stoichiometry for the cathode film was LSCF 6428. The origins of the 
A-site deficiency is not known at the moment, but it might be related to the precursor purity 
and/or solubility limits of the metal-nitrates as well as the non-equilibrium state of the ESD 
technique. 

Figure 3. STEM ADF-EDX elemental maps of the particles removed from the film. The 
intensity of the maps represents the net EDX counts after corrections for background and 
peak overlap. Reproduced from Ref. [1] with permission from The Royal Society of 
Chemistry. 
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Figure 4 shows the Arrhenius plot of area-specific polarization resistance (ASR) of various 
LSCF films on GDC electrolytes measured between 450-650 °C in air and under OCV. 
The plot shows ASR values of as low as 0.037 and 0.1 4 cm2  at 650 and 600 'C, 
respectively for LSCF (ESD). Moreover, it shows an activation energy (Ea) value of —1.5 
eV. 

To separate the catalytic activity of CFO nanoparticles from the structural changes due to 
A-site non-stoichiometry, new experiments were designed. Stoichiometric LSCF 6428 
(Sigma-Aldrich, 10-14 m2  g-1) were measured as bare samples. Then, a CFO solution was 
infiltrated into the LSCF backbone. The infiltration method was selected as it can mimic the 
amount and the particle sizes of CFO, as obtained in ESD films. The infiltrated films were 
measured on-heating and then on-cooling. The Arrhenius plots show a substantial 
decrease in both the ASR and the Ea  values on heating, suggesting that the increased 
catalytic activity is in fact due to CFO nanoparticles. It can be seen that during cooling, 
both values increased. Notably, the Ea  value increased from —1.0 (on heating) to —1.5 eV 
(on cooling) and became similar to LSCF (ESD) films. This is attributed to the 
agglomeration of CFO nanoparticles, similar to those reported for C0304  at elevated 
temperatures.[) 0] 

These experiments suggest that CFO nanoparticles indeed improve the catalytic activity 
when decorated on LSCF films. We would like to point out the importance of micro- and 
nanostructure optimisation of cathode layers. Architectural engineering of ESD films 
topped with CCL can decrease the ASR values up to an order of magnitude. 

T (°C) 

750700 650 600 550 500 450 

Figure 4 Arrhenius plot of ASR of total polarization losses of symmetrical LSCF 

6428 bare (commercial powder), CFO infiltrated LSCF 6428, and LSCF (ESD). 

Reproduced from Ref. [1] with permission from The Royal Society of Chemistry. 
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Figure 5 shows the current-voltage-power (I - V - P) curves and the corresponding 
Nyquist plots measured at 0.75 V. The current density at a cell voltage of 0.7 V was 1.2 
and 0.7 A cm-2  at 650 and 600 °C, respectively. The peak power density at 600 °C in this 
work is among the highest values for LSCF-based cathodes.[11,12] Unlike this work, the 
electrodes in references [11,12] contain an LSCF/GDC layer either as a barrier layer or as 
a current-conducting layer. On the other hand, similar to our columnar-like LSCF cathode 
microstructure, Hsu et al. also used the ESD technique to deposit an LSCF cathode on Ni-
SDC based anode-supported cells.[13] They reported a 0.9 W cm

-2 
 peak power density at 

600 °C with a significantly lower current density at 0.7 V in comparison to this work. 
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Figure 5. I-V-P curves and corresponding Nyquist impedance plots of LSCF/GDC/YSZ/Ni-
YSZ cells measured at 0.75 V with 3 % humidified hydrogen in the anode side. The green 
points are frequency values on a logarithmic scale. Reproduced from Ref. [1] with 
permission from The Royal Society of Chemistry. 

4. Conclusions 

A-site deficient (La0.7Sro.3)0.95C00.2Fe0.803_6  (LSCF) films prepared by the ESD technique 
were investigated as air electrodes for high-performance SOCs. A-site deficiency caused 
the precipitation of B-site elements and also led to the separation of single-phase 
rhombohedral LSCF into two closely related rhombohedral phases. The precipitated 
nanoparticles of B-site elements -CoFeO, (CFO) had an average particle size of -20  nm  
and they homogeneously decorated the LSCF surfaces. The films gave very low ASR 
values of 0.037, 0.100 O cm2  on symmetrical cells, and power densities of 1.2 and 0.7 A 
cm 

_2 
 at 0.7 V on a Ni/YSZ anode-supported cell at 650 and 600 °C, respectively. The 

catalytic effect of CFO nanoparticles was investigated on an additional set of controlled 
experiments. CFO solution was infiltrated on the stoichiometric LSCF phase to separate 
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t✓h Ie~A-site non-stoichiometry effects from the catalytic activity of CFO nanoparticles. A 
decrease in both the activation energy and ASR values was observed. These findings 
demonstrate that high performance is partly due to the nanostructured B-site precipitates 
decorating the LSCF surfaces and partly to the unique microstructural details in the ESD 
films. 
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