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One of the remaining challenges for the solid oxide fuel cell (SOFC) technology is

decreasing its operation temperature to the 500e800 �C range in a cost-effective way

without diminishing the cell performance. In this work, we studied a symmetrical cell

composed of Sr0.6La0.4Co0.8Fe0.2O3�d (LSCFO) cathodes deposited on a Ce0.8Y0.2O2�d (CYO)

substrate by the simple, cost-effective and scalable spin coating technique. The nano-

structured cathode is composed of agglomerated ~100e200 nm particles with ~50 nm

crystallite size. Electrochemical impedance spectroscopy (EIS) analysis indicates that

electrolyte grain boundary conductivity strongly depends on the cathode nature. The

detailed high resolution transmission electron microscopy (HR-TEM) characterization of

the LSCFO/CYO interface reveals that the LSCFO cathode is well adhered to the CYO

electrolyte. The improved nano/microstructure of the cathodes and the cathode/electrolyte

interface yields to cathode area specific resistance (ASR) values as low as 0.4 Ucm2 at

550 �C, being these values even lower than those previously reported in literature for

cathodes in optimized LSCFO/CYO/YSZ/CYO/LSCFO cells.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Solid oxide fuel cells (SOFCs) represent an efficient and envi-

ronmentally friendly technology to convert directly the

chemical energy of hydrogen and fossil fuels into electrical

power and heat [1]. These devices require high operation

temperature to allow the transport of oxygen ions through the

ceramic components of the cell, challenging the long term

stability and inducing rapid degradation of the cell [2]. The
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development of thin electrolytes as well as the use of new

electrolyte materials allowed decreasing the operation tem-

perature from 800e1000 �C to the 500e800 �C range in the so-

called Intermediate Temperature (IT)-SOFCs [1,2]. Ceria-based

oxides are one of the materials of choice for IT-SOFCs elec-

trolytes because they present higher oxygen ion conductiv-

ities at lower operation temperatures than the conventionally

used yttria stabilized zirconia (YSZ) electrolytes. Ce1�xGdxO2�d

(CGO) is the most used ceria-based electrolyte with the high-

est ionic conductivity values among the doped-ceria family,
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Fig. 1 e X-ray diffractogram collected at the cathode surface

of the LSCFO/CYO/LSCFO cell.
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while Ce1�xYxO2�d (CYO) represents a cost-effective alterna-

tive with ionic conductivity values in between those of CGO

and YSZ [1,3].

The cathode area specific resistance (ASR) becomes sig-

nificant as the SOFC operation temperature decreases,

limiting the cell performance at intermediate temperatures

[4]. The two main strategies to overcome this issue focus

either on the use of cathode materials with enhanced trans-

port and catalytic properties (i.e. mixed ionic-electronic con-

ducting oxides and composites) [5e8] or on the development

of nanostructured cathodes with large number of active sites

for the oxygen reduction reaction (ORR) [9e12]. The more

recently developed impregnated cathodes involve the two

previously mentioned strategies [9,13,14]. A third approach

consists in improving the cathode/electrolyte interface. For

example, zirconia-based electrolytes can react with typical

mixed conducting cathodes such as La1�xSrxCo1�yFeyO3�d

(LSCFO) to form insulating phases (usually La2Zr2O7 or SrZrO3)

[15,16] which hinder the oxygen ion conduction through the

cathode/electrolyte interface, increasing the cathode ASR
Fig. 2 e (a) Cross-section (Low Magnification), (b) cross-section (

LSCFO/CYO/LSCFO cell.
values. The introduction of a CGO or CYO interlayer between

the cathode and the zirconia-based electrolyte has been re-

ported to be effective in preventing the formation of such

detrimental phases and improving the cathode performance

[17e19]. Interestingly, the cathode ASR values reported for

symmetrical cells with a zirconia-based electrolyte and a

ceria-based interlayer are at least 2 times lower than the

values obtained for the same cathode deposited on an elec-

trolyte with the same composition of the interlayer [19,20].

Despite these promising results, the incorporation of an

interlayer implies a more intricate production process and

higher associated costs. Therefore, research efforts are still

necessary in order to obtain high performance cathodes with

simple, straightforward, and cost-effective deposition

methods.

In this work, we have studied the performance of nano-

structured Sr0.6La0.4Co0.8Fe0.2O3�d cathodes deposited on a

Ce0.8Y0.2O2�d electrolyte by the scalable and cost-effective spin

coating technique. The constituent phases were identified by

X-Ray Diffraction (XRD), while the microstructure was char-

acterized by Scanning Electron Microscopy (SEM) and Trans-

mission Electron Microscopy (TEM). The electrochemical

response of this assembly was studied by Electrochemical

Impedance Spectroscopy (EIS).
Material and methods

Ce0.8Y0.2O2�d powders were prepared by the mechanical

milling method [21,22] using CeO2 and Y2O3 as starting ma-

terials and a milling time of 18 h. The obtained powders were

uniaxially pressed with a pressure of 5 MPa to form pellets

with ~10 mm diameter and ~1.1e1.4 mm thickness, and then

sintered at 1500 �C for 5 h Sr0.6La0.4Co0.8Fe0.2O3�d powders

were synthesized by an Acetate method reported elsewhere

[11] and sintered in air at 800 �C for 6 h. These powders were

dispersed in a mixture of isopropyl alcohol, terpineol, polyvi-

nyl butyral (PVB), and polyvinyl pyrridone (PVP) with a pow-

der:alcohol:terpineol:PVB:PVP weight ratio of

35:38.8:23.6:1.7:0.9 obtaining an ink with a viscosity of ~130 cP.

This inkwas deposited at room temperature onto both sides of

a CYO substrate by the spin coating technique with a spinning
High Magnification), and (b) surface SEM images of the
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speed of 4000 rpm and a spinning time of 20 s. Each cathode

completely covered the electrolyte surface having all a geo-

metric planar area (A) of ~0.95 cm2. Afterwards, this assembly

was heat treated in air at 900 �C for 6 h, resulting in a sym-

metrical cell configuration used for electrochemical mea-

surements. Separately, both sides of a CYO substrate were

painted with Pt paste and then heat treated in air at 800 �C for

2 h. This symmetrical cell was used to determine the elec-

trolyte contribution to the impedance spectra.

The LSCFO/CYO/LSCFO symmetrical cell was characterized

by XRD, SEM and TEM. XRD measurements were performed

on the cell surface at room temperature using a Philips

PW1700 diffractometer with Cu Ka radiation and a graphite

monochromator. Diffractogramswere collected over the 20� �
2Q � 90� range with 0.025� step and 1 s/step counting time.

Average crystallite size was estimated by Scherrer formula

[23]. LSCFO/CYO/LSCFO cell was mechanically fractured and

mounted in a SEM sample holder in order to observe its
Fig. 3 e (a) TEM image of the cell assembly. (b) Magnification at

observed. (c) Bright Field TEM image showing the interface with

cathode/electrolyte interface; the white arrows indicate the atom

pattern of the cathode/electrolyte interface. (f) Dark Field image d

“a” in Fig. (e)).
surface and cross-section by using a FEI Nova NanoSEM 230

scanning electron microscope. Thicknesses and particle sizes

were determined manually by using the ImageJ software [24].

TEM site-specific lamella including the cathode/electrolyte

interface were prepared by a Dual beam SEM/FIB (Focused Ion

Beam) Quanta 200 3D microscope from FEI where a thin Pt-

layer was deposited on the surfaces of the selected areas to

protect the underlying material from the milling process.

Rough cuts were carried out with an acceleration voltage of

30 kV and 5 nA while the final thinning was achieved at 10 kV

and 50 pA. TEM and HR-TEM images were obtained using a

Philips CM 200 UT microscope equipped with an ultra-twin

objective lens. The electron source used was a LaB6 filament

operated at 200 keV. The nominal resolution was 0.2 nm for

high resolution mode. EIS measurements were performed on

both LSCFO/CYO/LSCFO and Pt/CYO/Pt symmetrical cells in

the 100e550 �C temperature range under pure oxygen.

Impedance spectra were recorded using a potentiostast/
the interface. Pores and zones of excellent adhesion can be

higher contrast. (d) High resolution (HR)-TEM image of the

ic planes orientation. (e) Selected Area Electron diffraction

one with points that belong to both phases (indicated with
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impedance analyzer Autolab (Eco Chemie BV) within

10�3e106 Hz frequency range. Gold grids, slightly pressed on

electrodes, were used as current collectors. All spectra were

fitted using the software ZView 2.8d [25].
Results and discussion

Microstructural characterization

XRD data collected at the cathode surface of the LSCFO/CYO/

LSCFO cell are shown in Fig. 1. All the peaks can be identified

as belonging to the LSCFO phase (PDF card 00-048-0124) or the

CYO phase (PDF card 01-075-0175). The absence of any other

phase indicates that there was no chemical reaction between

the cathode and the electrolyte. Crystallite size is ~50 nm for

the LSCFO phase, while it is larger than the maximum

detectable crystallite size for the CYO phase.

Fig. 2 displays SEM images from the cross-section and the

surface of the LSCFO/CYO/LSCFO cell. In Fig. 2a and b, LSCFO

cathode is the porous layer at the top with a thickness of

~5 mmwhile CYO electrolyte is the fully dense substrate at the

bottom. It can be also observed that the cathode is composed

of agglomerated ~100e200 nm particles with a homogenously

distributed fine porosity (see Fig. 2b and c).

A FIB lamella containing the interface between the cathode

layer and the electrolyte was analyzed by TEM (Fig. 3). The

cathode can be recognized as a nanoparticulatedmaterial and

the electrolyte presents micrometric grains and high density

(Fig. 3a). The interface is composed of well-connected zones

and pores (Fig. 3b). The first ones are observed in Fig. 3c and d.

The high resolution images show an orientation relationship

of 120� between the atomic orientation of the cathode and the

electrolyte. Between both phases, no other materials (such as

parasitic secondary phases) or signs of degradation or

amorphization are observed. Indeed, a selected area electron

diffraction (SAED) pattern obtained at the interface (Fig. 3e)

shows two kind of patterns: a single crystal pattern corre-

sponding to the CYO grain and a polycrystalline one,

composed of concentric circles that corresponds to the

nanocrystalline cathode. A Dark Field image (Fig. 3f) donewith

the diffraction point “a” in Fig. 3e produces signals in both the

cathode and the electrolyte. Similar situations were reported

in CGO/LSCFO assemblies [26].

Electrochemical impedance spectroscopy

Typical impedance spectra recorded at different temperatures

for the LSCFO/CYO/LSCFO and Pt/CYO/Pt cells are shown in

Fig. 4. At low temperatures, a complete arc starting at the

origin of the coordinate axes can be observed along with part

of a second arc located at intermediate frequencies (see

Fig. 4a). As the temperature increases, a third arc starts to be
Fig. 4 e Nyquist plot of EIS spectra for the LSCFO/CYO/

LSCFO and Pt/CYO/Pt symmetrical cells recorded under

pure oxygen at (a) 150 �C, (b) 250 �C, and (c) 400 �C. EIS
spectra were normalized by the cathode area divided by 2.

The numbers indicate the frequency in Hz.
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observed at low frequencies (see Fig. 4b). The high frequency

arc shifts to frequencies above the measuring range for tem-

peratures higher than 300 �C (see Fig. 4c), and the low fre-

quency arc becomes fully distinguishable (see inset in Fig. 4c).

In the literature, the high frequency contribution is generally

attributed to the oxygen ion conductivity throughout the

electrolyte bulk, the intermediate frequency contribution is

associated to the grain boundary conduction, and the low

frequency contribution is ascribed to the oxygen reduction

reaction at the cathode [27e32].

Conductivity values (si) were estimated by si ¼ L/(Ri A)

where L is the electrolyte thickness, Ri is the resistance of each

contribution estimated by fitting the EIS spectra, and A is the

geometric area of the electrolyte. The resistances of the bulk

and grain boundary contributions were estimated by fitting

the high frequency and the intermediate frequency arcs with

two R//CPE subcircuits connected in series, being each sub-

circuit composed of a resistance (R) in parallel with a constant

phase element (CPE). In the case of the total electrolyte con-

ductivity, Ri is defined as the sum of the bulk and the grain

boundary resistances. Fig. 5 shows the Arrhenius plots of the

bulk, grain boundary and total conductivity values of the CYO

electrolyte corresponding to the LSCFO/CYO/LSCFO and the

Pt/CYO/Pt cells. For comparison, some results previously re-

ported in literature for symmetrical cells with Ce0.8Y0.2O2�d

electrolytes and Ag [27e29] or Pt electrodes [30] are also

included. Bulk conductivity values are practically the same for

LSCFO/CYO/LSCFO and Pt/CYO/Pt cells. In contrast, grain

boundary conductivity values are ~1.1e2 times higher for the

LSCFO/CYO/LSCFO cell indicating that the grain boundary

conductivity is noticeably influenced by the electrode nature.

This is in agreement with the findings of Duncan et al. [33],

who observed that the grain boundary conductivity values of

CGO electrolytes strongly depend on the composition and

microstructure of the electrodes while the bulk conductivity

values are not affected. Bulk and total conductivity values

obtained for the LSCFO/CYO/LSCFO and the Pt/CYO/Pt cells

are among those reported for Ce0.2Y0.8O2�d electrolytes, while

grain boundary conductivity values are within the lowest

ones. Some scatter between the electrolyte conductivity

values reported by different authors is expected to occur,

since they are determined by several factors. Bulk conduc-

tivity is mainly influenced by the electrolyte porosity, while

grain boundary conductivity is mostly affected by the elec-

trolyte porosity, the grain size and the presence of impurities

[34e36]. The capacitance values for the high frequency arc are

within the 7.8� 10�11� 1.3� 10�10 F/cm2 range for the Pt/CYO/

Pt cell and within the 5.2 � 10�11 � 6.4 � 10�11 F/cm2 range for

the LSCFO/CYO/LSCFO cell, while those corresponding to the

intermediate frequency arc are within the 2.3 � 10�8 �
3.9 � 10�8 F/cm2 range for the Pt/CYO/Pt cell and within the

2.9 � 10�8 � 3.3 � 10�8 F/cm2 range for the LSCFO/CYO/LSCFO
Fig. 5 e Arrhenius plots of (a) bulk, (b) grain boundary and

(c) total conductivity values of the electrolyte measured

under pure oxygen for the LSCFO/CYO/LSCFO and Pt/CYO/

Pt cells. The dotted lines represent the linear fitting of

values. Data from literature [27e30] is also displayed.
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cell. These capacitance values of the high frequency arc are

within those reported in the literature for bulk conduction

through CYO electrolytes, whereas the capacitance values

corresponding to the intermediate frequency arc are within

those reported for grain boundary conduction [30,37]. Based

on all the above, the high frequency and the intermediate

frequency contributions of the impedance spectra can be

safely assigned to electrolyte bulk and grain boundary con-

ductivities, respectively.

Cathode area specific resistance (ASRcathode) values were

determined with the procedure described in Ref. [38] and

plotted in Fig. 6. Data from several symmetrical cells with

different configurations previously reported by other authors

[39e41] are also shown. Our Sr0.6La0.4Co0.8Fe0.2O3�d/

Ce0.8Y0.2O2�d/Sr0.6La0.4Co0.8Fe0.2O3�d cell presents the lowest

ASRcathode values (closed star symbol) in the 400e550 �C tem-

perature range with an activation energy of 1.1 ± 0.1 eV.

These ASRcathode values are ~30 times lower than those re-

ported for a LSCFO/CYO/LSCFO cell (circle symbol) [39] and

~4e8 times smaller than those reported for a LSCFO/CYO/

YSZ/CYO/LSCFO cell (triangle symbol) [40], both cells having

iron-rich La0.6Sr0.4Co0.2Fe0.8O3�d cathodes. Such a noticeable

reduction in ASRcathode values can be originated in the

different cathode composition since cobalt-rich oxides of the

La1�xSrxCo1�yFeyO3�d family usually exhibit better catalytic

properties for ORR than those rich in iron [42]. Nevertheless,

the ASRcathode values of the LSCFO/CYO/YSZ/CYO/LSCFO cell

with iron-rich cathodes are similar than those reported for a

symmetrical cell with the same configuration but having

La0.6Sr0.4CoO3�d (square symbol) [41] cathodes. This indicates

that the microstructure of the cathode and the cathode/

electrolyte interface plays a more significant role than

composition. Moreover, our cell present ASRcathode values that

are up to ~3 times lower than those obtained for an optimized

cell configuration fabricated by adding a dense LSCFO inter-

layer between the porous LSCFO cathode and the CYO inter-

layer (diamond symbol) [40]. It is worth to note that even

though the use of interlayers between the cathode and the

electrolyte usually improves the cathode performance, it in-

volves a more complicated and expensive fabrication
Fig. 6 e Arrhenius plots of the cathode ASR values measured un

line represents the linear fitting of values. Data from literature
process. In contrast, our LSCFO/CYO/LSCFO symmetrical

cells with no interlayer between cathode and electrolyte were

prepared by a simple and scalable procedure with the benefit

of having the ASRcathode values as low as 0.4 Ucm2 at 550 �C.
Such low ASRcathode values are a result of the optimal cathode

nanostructure (containing high density of active sites for the

oxygen reduction reaction) along with the well adhered

cathode/electrolyte interface (without the presence of sec-

ondary phases) which facilitates the oxygen ion transfer from

cathode to electrolyte.
Conclusions

A detailed and combined structural, microstructural and

electrochemical investigation of a LSCFO/CYO/LSCFO sym-

metrical cell with nanostructured cathodes was performed by

EIS, XRD, SEM, and TEM. EIS spectra present three contribu-

tions, namely the bulk and grain conduction through the

electrolyte and the oxygen reduction reaction at the cathode.

The comparison of LSCFO/CYO/LSCFO cell results with those

of a Pt/CYO/Pt cell indicates that electrolyte grain boundary

conductivity depends on the nature of the electrode, while the

electrolyte bulk conductivity is not affected. Cathode nano-

structure is composed of agglomerated ~100e200 nm particles

with ~50 nm crystallite size according to the SEM and XRD

analyses. HR-TEM observations at the cathode/electrolyte

interface reveal an excellent adhesion between the LSCFO

cathode and the CYO electrolyte without the presence of

detrimental secondary phases. The interlayer-free LSCFO/

CYO/LSCFO symmetrical cell reported here presents an

improved nano/microstructure of the cathode and the cath-

ode/electrolyte interface which allowed obtaining ASRcathode

values as low as 0.4 Ucm2 at 550 �C. These values are even

lower than those reported in the literature for cathodes in

LSCFO/CYO/LSCFO and optimized LSCFO/CYO/YSZ/CYO/

LSCFO symmetrical cells which require more intricate and

costly fabrication processes. In conclusion, the results re-

ported here clarify the significant role of a clean and well
der pure oxygen for the LSCFO/CYO/LSCFO cell. The dotted

[39e41] is also displayed.
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adhered cathode/electrolyte interface for IT-SOFC

applications.
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