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Abstract 

The perovskite material, Lao8Sro.2Coo.8Feo.2O3 (LSCF), substituted by Sr and Fe at the A and B sites, was prepared using the sol-gel (SG) 
method, followed by heating at 900 °C for 4 h. The X-ray powder diffraction pattern for the SG derived LSCF material showed good agreement 
with the literature data. Scanning electron microscopy showed that the LSCF structure is highly porous, facilitating gas transfer and maximizing 
the number of active sites for the oxygen reduction reaction (ORR) at the cathode of a solid oxide fuel cell. Transmission electron microscopy 
(TEM) was employed to determine the SG-LSCF particle size and distribution. The kinetics of the ORR were investigated at SG-LSCF, 
deposited by screen-printing on a samarium-doped ceria (SDC) electrolyte, using electrochemical impedance spectroscopy and cyclic voltammetry 
at temperatures ranging from 400 to 700 CC. The results showed that the SG-LSCF cathode is stable and exhibits a high exchange current density 
(and low charge transfer resistance), yielding an apparent activation energy for the ORR of ca. 120 kj/mol. It was also found that the SG LSCF 
on SDC cathode was approximately one order of magnitude more active than standard manganite-based composite cathodes, deposited on yttria 
stabilized zirconia, studied under otherwise identical operating conditions. 
© 2005 Elsevier B.V. All rights reserved. 
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1. Introduction 

Solid oxide fuel cells (SOFC) have been described as one of 

the green energy sources for the 21st century because of their 

high energy conversion efficiency and low emission of air 

pollutants [ 1 - 3 ] . Recently, there has been much focus on the 

development of cathode and electrolyte materials with long 

life-spans and high conductivities, allowing operation in the 

temperature range of 500 to 700 °C [ 4 - 6 ] . These relatively low 

temperatures enable the utilization of alloys as interconnect 

materials vs. ceramics, thus lowering cost and extending cell 

life [7], 

The Lai_.vSrYCoi_,,Fe,.03_,5 (LSCF) perovskites have been 

identified as possible cathode materials to replace the 

conventional L a 1 _ x S r c M n 0 3 s (LSM) material. This is due 

to the high catalytic activity of LSCF for the oxygen reduction 

reaction (ORR), as well as its excellent ionic and electronic 

conductivity over a wide temperature range [8,9]. LSCF 
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perovskite-type membranes have been shown to display 2 to 

4 orders of magnitude higher oxygen permeation fluxes than 

LSM cathodes at identical operat ing temperatures [10]. 

However, LSCF has an incompatible thermal expansion 

coefficient (TEC) with yttrium stabilized zirconia (YSZ), the 

standard electrolyte material currently in use. As well, at high 

temperatures, a chemical reaction between the LSCF and YSZ 

results in the formation of by-products, such as L a 2 Z r 2 0 7 and 

SrZr0 3 , and these two insulating compounds will result in the 

degradation of the cathode [11]. Therefore, Sm and Gd doped 

C e 0 2 (SDC and GDC, respectively) are the preferred electro

lytes for use with LSCF cathodes [12]. 

The combination of SDC or GDC with LSCF results in 

rapid ORR kinetics, as well as a good match of the thermal 

expansivities of the cathode and electrolyte [10,13], Jiang 

studied Lao 6Sr0 .4Co0 2Fe0.8O3. formed by the co-precipitation 

method followed by heating at 900 °C in air, as a cathode 

material [10]. Their results showed superior ORR kinetics vs. 

LSM, better tolerance to Cr poisoning and that both surface and 

bulk diffusion processes dominate the overall ORR kinetics at 

LSCF electrodes. Others have examined 50 wt .% Ce0.8 

Sm0.2O2_,) and Lao.6Sr(>4Coo.2Feo,803 composites as potential 
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cathode materials [13] prepared using the glycine-nitrate 
process. At 750 °C, a single cell achieved a power density 
and short circuit current density of 0.103 W/cirr and 550 mA/ 
cm2, respectively [13]. For single layer cathodes, the area 
specific resistivity was attributed to slow oxygen flux and 
oxygen surface exchange, and it was reported that the 
formation of A-site deficient LSCF or rapid diffusion via grain 
boundaries may enhance the oxygen ion mass transfer rate 
[14]. 

The ratio of Sr and Fe in Lai_rSrICo,,Fei_),03_,j has also 
been examined, showing that the composition range involving 
^ = 0.0-0.8 yields the highest cathode activity, while there was 
no significant dependence on the lanthanide element content. 
With increasing Fe content, the TEC decreases, but the lattice 
energy increases and the ionic conductivity decreases monot
onously [8], On the other hand, increasing the Sr content 
increases the LSCF conductivity, with a maximum at a Sr 
content of 0.5 [15]. 

Traditionally, SOFC cathodes have been fabricated using 
ceramic-grade materials and firing at relatively high tem
peratures, which lowers the surface area and would limit the 
exchange current density. To overcome this, the sol-gel 
(SG) method is becoming an increasingly popular route for 
the preparation of SOFC materials [16,17]. While this 
approach gives time and energy saving advantages, the main 
benefit is the formation of highly porous structures, 
providing very high surface areas, useful for many applica
tions. The SG method also allows the preparation of a 
mixture in solution, achieving homogeneity on the molecular 
scale in the solid product. Further, the composition of the 
oxide can easily be tailored by varying the ratios of the 
precursors in solution. In general, SG processing allows the 
control of the texture, composition, homogeneity, and 
structural properties of the resulting materials, which in turn 
influence the structural and electrochemical properties of 
these films [18,19], 

In this paper, the main focus is on the development of highly 
active, stable and reliable cathodes, deposited on dense, 
ionically conducting electrolytes, for the oxygen reduction 
reaction in intermediate temperature SOFCs. As it was found in 
the present work that segregation of Sr can occur with an 
increasing amount of the Sr dopant, La0 8Sr0 2Coo.sFeo.2O3  
(LSCF) was chosen as our target cathode, deposited on 
Sm02Ceo.802 (SDC) electrolyte discs. Sol-gel chemistry has 
been used for LSCF synthesis in order to achieve a high 
specific surface area and porosity. The principal parameter 
measured in this work is the ORR exchange current density, 
determined using a number of electrochemical methods at 
temperatures ranging from 400 to 700 °C, as well as the ORR 
activation energy. Based on this, it is shown that the single 
phase SG-LSCF cathodes on SDC are approximately one 
order of magnitude more active towards the ORR than ceramic-
grade (La0.8Sro.2)o.9sMn03 (LSM)-8 mol% Y 2 0 3 doped Zr02 

(YSZ) composite, deposited on YSZ, studied under identical 
operating conditions. This, as well as the stability of the ORR 
rate, is an indication of the benefits of the mixed ionic and 
electronic conducting (MIEC) character of LSCF. 

2. Experimental methods 

2.1. Cathode and electrolyte materials preparation 

2.1.1. LSCF sol-precursor preparation 
The Lao.8Sro.2Coo.8Feo.2O3 (LSCF) cathode material was 

prepared using the SG method [18,20] by dissolving the 
various metal nitrates (Sigma-Aldrich Co.), i.e., 3.0 g 
La(N03)3-6H,0, 0.4 g Sr(N03)2, 2.7 g Co(N03)2-6H20, and 
0.9 g Fe(N03)2-9H20, into 100 mL of absolute ethanol. The 
solution was then refluxed and stirred continuously for 4 
h using a water bath, cooled to room temperature, and then 
concentrated to about 1/3 of its volume by the evaporation of 
ethanol for approximately 4 h to obtain the sol-precursor 
(viscosity of ca. 0.12 cm Is). 80 uL of the sol-precursor was 
then screen-printed onto the solid electrolyte disks and 
preheated for 15 min at 120 °C, followed by the deposition 
of another 80 u.L aliquot and heating at 900 °C for 4 h in air 
(Fig. 1). Alternatively, powder samples of SG-LSCF were 
formed using otherwise identical conditions as used for cathode 
fabrication. 

2.1.2. SDC electrolyte preparation 
Using the same procedure, a Sm0 2Ce0.sO2 (SDC) sol was 

prepared using Sm(N03)3 and Ce(N03)3 as the starting 
materials (molar concentration of Ce was ca. 0.25 mol/mL). 
After condensation of the sol-precursor and heat-treatment at 
800 °C for 4 h in air, the SDC powder was obtained. The SDC 
electrolyte was produced by grinding the powder, which had 
been passed through a 400 mesh sieve, and then pressing it 
under 5 tons of pressure into discs having a diameter of 15 mm 
and a thickness of 2 mm. Green discs were densified at 1450 °C 
for 4 h in air using a heating and cooling rate of 180 K/h [21]. 

2.2. Electrochemical studies 

2.2.1. Half-cell construction 
The LSCF sol-precursor was pipetted onto SDC discs 

within rectangular patterns, defined by a taped mask, and 
then air dried at room temperature. On one side, the LSCF 
sol-precursor was deposited as the working electrode (WE) 
over an apparent surface area ranging from 0.1 to 0.2 cm2. 
The reference electrode (RE), also composed of SG -LSCF, 
was deposited 0.2 to 0.3 cm away from the WE. On the 
opposite side of the WE, the same sol-precursor was used to 
apply the counter electrode (CE) over an area of ca. 0.15-
0.35 cm2. All three electrodes were then sintered in one step 
at 900 °C for 4 h in air. 

In-house strontium doped lanthanum manganite (LSM)-
yttria stabilized zirconia (YSZ) composite electrodes were 
prepared by screen-printing (110 silk mesh) a slurry (50% by 
weight LSM) on both sides of a 0.2 mm thick commercial YSZ 
(Tosoh) plate, covering between 5 and 50 mm2. These LSM 
YSZ composite cathodes were sintered at 1100 °C for 2 
h before another thin layer of LSM was screen-printed on top 
of the composite layer to serve as a current collector. This 
procedure was followed by again sintering at 1100 °C for 

2Coo.sFeo.2O3
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Fig, 1. Flowchart showing preparation and characterization of SG-LSCF perovskite powders and cathode materials. 

another 2 h. The two sides later served as the WE and CE. Pt 
paste (Ferro 4082) was applied to the YSZ on the same side as 
the WE, ca. 0.6 cm distant, to serve as a pseudo RE. 

2.2.2. Electrochemical analysis 
A half-cell configuration (Fig. 2) was employed for ORR 

studies at SG-LSCF cathodes on GDC, as well as at LSM-
YSZ composite cathodes, deposited on YSZ, using cyclic 
voltammetry, impedance spectroscopy and potentiostatic meth
ods. Pt gauze, attached to a Pt wire, was press-contacted to the 
WE, CE and RE surfaces with the aid of a spring-loaded 
ceramic cap, thus serving as the current collector. 

Half-cell experiments, involving air (pC>2=0.21 atm), were 
carried out over temperatures ranging from 400 to 700 °C in a 
tube furnace (Lindberg). CV measurements (sweep rates from 2 
to 1000 mV/s) between +0.1 and - 0 . 7 V vs. the RE were 

Fig. 2. Holder for 3-electrode SOFC cell for high temperature electrochemistry. 

performed using an EG&G PARC 273 potentiostat or a Soiartron 
1287 interface, with control and data collection handled by 
Corrware software. The series resistance was determined from 
the impedance measurements and was used post factum in order 
to establish the resistance-free current (/)-overpotential (n) 
characteristics. For AC impedance measurements, a Soiartron 
1255 frequency response analyzer was coupled with the PAR 
273 or Soiartron 1287 potentiostat. The frequency applied 
ranged from 100 kHz to 0.05 Hz and the measurements were 
carried out at the open circuit potential (OCP), using a 
perturbation amplitude of 10 mV rms. The impedance measure
ments and fitting analysis were controlled with commercial 
software (ZPLOT). Potentiostatic studies were carried out at 
various constant cathodic potentials in air for 20 h, with the 
current density plotted vs. time by the Corrware software. 

2.3. Microstructure characterization 

2.3.1. X-ray powder diffraction (XRD) studies of SG-LSCF on 
SDC cathode 

The X-ray powder diffraction technique was employed to 
determine the crystalline phases and the average crystallite size 
of the SG-formed LSCF cathode material. The XRD patterns 
were collected using a Rigaku multiflex diffractometer (De
partment of Geology and Geophysics, University of Calgary) 
equipped with a Cu target and using an operating voltage and 
current of 40 kV and 40 mA, respectively. The scanning range 
was varied between 10° and 70° at a rate of 2°/min. The average 
crystallite size was calculated using the Jade 6.5 software. 

2.3.2. Transmission electron microscopy (TEM) studies of SG-
LSCF on SDC cathode 

A Hitachi H-7000 and a Tecnai F20-T high resolution 
transmission electron microscope (HRTEM) (Health Sciences 
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Center, University of Calgary), with electron diffraction (ED) 
and X-ray dispersive spectroscopy (EDX) capabilities, were 
employed in this work in order to obtain nanostructural and 
compositional information about the SG-formed LSCF 
cathode. Selected area ED spectra were obtained at a 75 
kV accelerating voltage. Atomically resolved lattice fringes 
of the SG-LSCF materials were characterized using the 
HRTEM, operating at 200 kV and equipped with a slow scan 
cooled CCD (Gatan) camera with digital micrograph 
software. The digital micrograph software allowed processing 
and quantifying of the images and performed nanoscale 
phase analysis in real time. The HRTEM images were 
collected at a magnification of 1.35 M times with a point 
resolution of 0.2 nm. 

2.3.3. Scanning electron microscopy (SEM) studies of SG-
LSCF on SDC cathode 

The thickness and morphology of the SG-LSCF cathode 
were determined using a Philips environmental scanning 
electron microscope (ESEM) (Health Sciences Center, Univer
sity of Calgary). An accelerating voltage of 20 kV and a high 
vacuum of 1.7 x 10~ mbar were employed. SG-LSCF on 
SDC cathodes was mechanically fractured using a diamond 
blade, enabling an easier determination of the cathode layer 
thickness. The samples were then attached to Al stubs using 
conducting carbon tape (E. T. Enterprises) and then sputter-
coated with a thin layer of Au/Pd to improve the surface 
conductivity. 

3. Results and discussion 

3.1. Microstructure characterization of SG-LSCF cathode 
materials 

3.1.1. X-ray powder diffraction (XRD) studies of SG-LSCF 
cathode layer 

Fig. 3 displays the X-ray powder diffraction (XRD) pattern 
obtained for the SG-formed La0.sSr0 2Co0 sFe0 203 (SG-
LSCF) cathode layer, on Sm-doped ceria (SDC), after heating 
at 900 °C for 4 h in air. The pattern is generally aligned well 
with that of a LSCF perovskite phase in a tetragonal structure 
(JCPSD no. 48-0125), consistent with earlier reports [18,22], 
while in some cases, the pattern showed a slight distortion from 
tetragonal to orfhorhombic. The XRD patterns show that a 
crystalline structure has been achieved. Notably, the intensity 
of the (110) peak at 20 of 32.8° is the strongest and the peak 
splitting, likely due to the difference of the lattice constants c 
and a, may result in some lattice distortion (<5= 1.25) and non
uniform microstresses. The deformation of the crystal may be 
due to the Fe3+ ion dopant having a larger radius than the Co3+ 

ion, or to the stronger F e - 0 vs. Co -O bond. Similar to these 
observations, a phase transition of LSCF from rhombohedral to 
cubic was reported by Wang et a l , who prepared their samples 
by co-precipitation and heating at 1250 °C [23]. 

For both the SG-LSCF powder and cathode layers, peaks, 
which were suspected to be due to SrO, are seen at 26 of ca. 
37°. This may be the result of a slight Sr excess in the 

Fig. 3. X-ray powder diffraction pattern of SG-LSCF cathode layer, deposited on the SDC disc, and heated at 900 °C for 4 h. 
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Fig. 4. (a) Typical morphology and selected area electron diffraction pattern 
(inset) of SG-LSCF powder heated at 900 °C for 4 h. (b) Atomically resolved 
HRTEM image of SG-LSCF powder heated at 900 °C for 4 h. 

perovskite. An earlier work by Jiang et al. [24] also showed a 
small amount of Sr not incorporated into the perovskite lattice, 
suggesting that the perovskite has an A-site deficiency. This 
may result in the presence of some oxygen vacancies, perhaps 
contributing to rapid oxygen reduction kinetics. 

The average SG-LSCF crystalline size was calculated 
according to the Scherer equation [25], using the Jade 6.5 
software. For SG-LSCF, the crystallite size ranged between 20 
and 40 nm. This will result in a high specific surface area and a 
high triple phase boundary (TPB) length. Therefore, the 
exchange current density of the ORR at SG derived LSCF 
can be expected to be enhanced compared with cathodes 
formed using traditional solid-state chemistry. Fig. 3 shows that 
it is mainly in a cubic structure, matching the standard 75-0158 
JCPDS file with no other phases detected in the SDC pattern. 

3.1.2. Transmission electron microscopy (TEM) studies of 
SG-LSCF powder 

Fig. 4a shows the typical morphology of the SG-LSCF 
cathode material, revealing pseudo-spherical particles from 20 
to 50 nm in diameter, consistent with the crystallite size of 20 
to 40 nm calculated from the XRD data. For SG-LSCF 
powders synthesized either by EDTA pyrolysis, by a modified 

citrate pyrolysis process, or via solid-state processes [26], TEM 
images and photo-extinction sedimentation analysis showed 
the average particle sizes to be 20, 12 and 180 nm [26], 
respectively. In general, smaller particles will result in a longer 
TPB length. However, ultra-fine particles can cause mechanical 
problems, such as a loss of strength when the particles become 
smaller than 20 nm. From the present study, it will be shown 
that crystallite sizes from 20 to 50 nm result in very good 
oxygen reduction kinetics and excellent mechanical strength 
and stability. 

The inset to Fig. 4a shows a selected area electron 
diffraction pattern, which is consistent with the perovskite 
LSCF crystalline structure based on the JCPDS (No. 48-0125) 
standard. Fig. 4b demonstrates an HRTEM image for a single 
particle unit. The atomically resolved image for the particle of 
interest reveals a highly crystalline plane (110) with a few 
stacking faults. The distance between adjacent fringes is 
approximately 0.48 nm, which is similar to the c/-spacing of 
the (110) plane of the standard, Lao.8Sro.2Coo.8Feo.2O3. 

3.1.3. Scanning electron microscopy (SEM) studies of 
SG-LSCF cathode layers 

Fig. 5a and b shows the cross-sectional and top-view 
morphology, respectively, of a SG-LSCF cathode after running 
a range of electrochemical measurements (see below). From the 
examination of ten locations on the cross-sectional image, the 
cathode layer thickness was determined to be ca. 30 urn, which 

Fig. 5. (a) SEM cross-sectional image of SG-LSCF on SDC cathode heated at 
900 °C for 4 h after running electrochemical experiments, (b) SEM top-view 
image of SG-LSCF on SDC cathode heated at 900 °C for 4 h after running 
electrochemical experiments. 

Lao.8Sro.2Coo.8Feo.2O3
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Fig. 6. AC impedance data of the ORR at pure SG-LSCF cathodes on SDC at OCP, in air, at various temperatures. Impedance conditions: 10 mV rms, 10" to 0.05 
Hz. Inset: Equivalent circuit used to model the data. 

is much thicker than that reported by Jin et al. [18]. In their 
work, a mesoporous Lao^Sro.sCoo.sFeo^O^^ membrane was 
prepared according to the Pechini method and its thickness was 
determined to be 0.7 urn. The SG-LSCF on SDC cathode layer 
in our work is seen to be essentially uniform for a range of 
samples examined, either before or after electrochemical 
investigation. 

For any SOFC electrode, a certain amount of pore volume 
is necessary in order to facilitate gas transfer and to maximize 
the number of active reaction sites. From our SEM images, 
the SG-LSCF cathode is seen (Fig. 5a) to contain large pores, 
with diameters ranging from 0.2 to 2.0 urn. This pore size is at 
least 10 times larger than that reported by Jin et al. [18]. In 
our electrochemical study, it is of interest to note that there is 
no evidence of gas diffusion limitations over the operating 
temperature range of 400 to 700 °C, likely consistent with the 
excellent porosity observed here. From the SEM top-down 
view (Fig. 5b), the agglomerate size of the SG-LSCF material 
is 2 to 4 (xm, similar to prior literature reports for similar 
LSCF materials [18]. Notably, at heat-treatment temperatures 
higher than 900 °C, the porosity of LSCF can be lost, which 
can lead to poorer cathode performance. Also, the particles 
can become more rounded due to melting of the particle 
surfaces [27]. 

3.2. Electrochemical behavior of oxygen reduction reaction 
(ORR) at SG-LSCF cathodes 

3.2.1. Determination of the ORR exchange current density (i,J 
AC impedance studies were carried out on the SG-LSCF 

on SDC cathode, as shown in Fig. 6, in increments of 100 °C 
from 400 to 700 °C. High frequency noise and inductance were 
sometimes observed during the measurements, generally 
attributed to the instrument and the leads. At mid- and low 
frequencies, only one time constant is observed for the ORR on 
SG-LSCF on SDC at all temperatures. Thus, the ORR at SG-
LSCF on SDC has been modeled using a simple R\(R2/CVE) 

circuit, as shown in the inset of Fig. 6. /?, corresponds to the 
series resistance, arising from the contacts, leads and the 
resistance of the electrolyte between the WE and RE, R2 to the 
ORR polarization resistance and CPE, to the interfacial 
capacitance at the SG-LSCF WE and SDC electrolyte. The 
resistance between the WE and the RE (R\) was seen to be 
stable with time and its change with polarization is only ca. 
±2%, at any one temperature. With increasing temperature, 
both R\ (the series resistance, Rs) and R2 (the polarization 
resistance, Rp) are observed to decrease significantly, as shown 
in Table 1. 

The i0 values obtained from the AC impedance measure
ments at all temperatures are tabulated in Table 1 also. For a 
simple system, z0 can be obtained from the diameter 
(polarization resistance, Rp) of the Nyquist plot [28] and from 
circuit modeling and is calculated using, 

RTv 

'n~FR~n 

(1) 

where R is the gas constant, T the temperature in Kelvin, v is 
the number of occurrences of the rate limiting step, n the total 
number of electrons transferred for the oxygen reduction 
reaction (i.e., 4) and F the Faraday constant. 

Table 1 
Charge transfer resistance, double layer capacitance, and exchange current 
density of the ORR at single phase SG-LSCF cathodes 

T(°C) Rt=Rs /?2-/?p CPE, n" b 

(fJxnr) (ft-crri) (Fern2) (mAxm2) 

400 220 250 4 x 10" 4 0.70 0.06 
500 35 17 9x 10~4 0.68 1.0 
600 3 1.5 1.6 x 10"3 0.68 13 
700 2 0.3 3.6x 1 0 - ' 0.67 65 

* Zcfu~ 1 /CPE(/<o)", where j is the imaginary number, w is the angular 
frequency and 0 < « < 1. 

Values obtained from AC impedance data, collected at the open circuit 
potential. 
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Fig. 7. (a) IR compensated cyclic voltammograms (20 mV/s) of the ORR at 
pure SG-LSCF cathodes on SDC at 400 to 700 °C in air. (b) Tafel plot of the 
ORR on pure SG-LSCF cathodes on SDC (data from (a)). 

The Rp value of 0.3 ft/cm" at our pure SG-La0.;<Sro.2Coo 8 

Feo.203 cathode at 700 °C is about one order of magnitude 
lower than the 2.03 ft/cm value reported for Lao 6Sr0 4Co0.2 
Feo.s03 deposited on SDC, prepared by the glycine-nitrate 
process, followed by firing at 950 °C [13]. It is also similar to 
the area specific resistance of 0.287 fl/cm2 reported for 
La0 6Sro.4Coo.2Feo.803_,5 formed as a dense layer on GDC. In 
addition, our ORR charge transfer resistance obtained at pure 
SG-Lao.8Sro.2Coo.8Feo.2O3 at 700 °C is similar to what has 
been obtained at 800 °C by Jiang [10] for Lao.6Sro.4Coo.2- 
Fe0.sO.i, prepared by co-precipitation and followed by heating 
at 1000 °C. The capacitance (CPE) value also displays a 
dependence on the operating temperature, as shown in Table 1. 
n values ranging from 0.67 to 0.70 likely indicate that the SG-
LSCF cathode layer is non-homogeneous or porous, consistent 
with Fig. 5, producing a depressed semi-circle [29]. 

Cyclic voltammetry (CV) results shown in Fig. 7a indicate 
the dependence of current with respect to the applied potential 
at 400 to 700 °C. CVs obtained at higher temperatures show a 
more linear response compared to at lower temperature, as 
expected from earlier theoretical predictions [30], as the onset 
of the high field region (fully exponential) starts at higher 
overpotentials. All CVs shown in this paper are corrected for 
the IR drop between the WE and RE, using 7?s obtained from 
the EIS measurements, and all current densities refer to the 
geometric WE area. 

At low overpotentials, i0 was determined using the low field 
approximation [31] of the / vs. t], where i0 can be obtained 
from the slope of the i vs. 17 plots within +20, 25 and 30 mVat 
600, 700 and 800 °C, respectively 

i0 = —slope (2) 

For the ORR, n and v were assumed to be 4 and 1, respectively 
(as the total number of electrons passed per molecule of oxygen 
reduced is 4 and the rate limiting step would likely have a 
stoichiometry of 1 for the oxygen reduction reaction) [32], 

For the high field (HF) approximation, /'„ can be obtained 
from the /y-intercept of the log i vs. r\ plot (Fig. 7b) and 
calculated using Eq. (3) [30], 

l0S' = l0g,0 + 2^F" (3) 

where 17 is the cathodic polarization and a, the transfer 
coefficient, =y/v + r(), where y, r and ft are, respectively, the 
number of electrons passed before the rate limiting step, the 
number of electrons passed in the rate limiting step, and the 
symmetry coefficient, normally assumed to be 0.5 [33]. 

Values for i0 obtained from Eqs. (2) to (3) are given in Table 
2. It is observed that the iQ from the low field method increases 
from 0.05 to 60 mA/cm by increasing the cell temperature 
from 400 to 700 °C, similar to the values and trends obtained 
from the AC impedance data (Table 2). However, the i0 values 
obtained from the IR-compensated HF results deviate from the 
LF and EIS values at temperatures higher than 600 °C. This 
may indicate that a polarization potential of— 0.3 V (Fig. 7) is 
insufficiently negative to allow the HF approximation to be 
made [30]. 

Notably, our work has shown no mass transport limitations 
on the ORR rate, as indicated by the independence of the CV 
currents on the sweep rate employed, from 2 to 1000 mV/s, at 
600 °C (Fig. 8). Indeed, diffusional limitations of the ORR 
within our pure SG-LSCF cathode layers should have led to a 

Table 2 
Comparison of/,, values for the ORR at single phase SG denved LSCF and on ceramic-grade composite LSM-YSZ cathodes 

T CC) („ (EIS) (mA cm2) i„ (LF) (mA-cm2) i'0 (HF)'(mA cm ) 

Single phase LSM- YSZ Single phase LSM- YSZ Single phase LSM-YSZ 

SG-LSCF composite SG-LSCF compc site SG-LSCF composite 

400 0.06 - 0.05 - 0.05 -
500 1 - 0.65 - 0.65 -
000 13 0.45 12.5 0.X 4 0.92 
700 65 5.X 60 7.3 13 10 

SG-Lao.8Sro.2Coo.8Feo.2O3
Lao.6Sro.4Coo.2-
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Fig. 8. Effect of sweep rate (2 to 1000 mV/s) on the CV response of the ORR at 
pure SG LSCF cathodes on SDC at 600 °C in air, 

current peak or plateau, but these characteristic diffusional 
features were never seen here [34]. Also, the absence of a 
Warburg feature or any other characteristics of diffusion 
controlled chemistry in the impedance data of Fig. 6 is 
consistent with these conclusions. 

3.2.2. Stability of the ORR at SG LSCF on SDC cathode 
Polarization studies at a constant applied potential of —0.5 

V indicated that the activity of the ORR at our pure SG-LSCF 
cathodes on SDC at 600 °C is very stable over 20 h, as shown 
in Fig. 9. This implies that the LSCF/SDC interface has 
remained very stable and does not degrade or poison, even at 
these high current densities of 40 niA/cm2 at —0.5 V. 
Consistent with this, after many cycles to relatively high 
cathodic potentials during the CV experiments, no significant 
change in the subsequent AC impedance results (Fig. 9 inset) 
was observed. Clearly, high currents are not damaging or 
altering the morphology or adhesion of the SG-LSCF layer on 
SDC. 

Overall, at operating temperatures above 500 °C, the pure 
SG-LSCF cathode layers, deposited on SDC, exhibit very 
stable Rp and Rs values, even after long periods of polarization. 
A decrease of only 2% and 4%, respectively, was observed 
between the initial and final Rs and Rp values. This is in stark 
contrast to the extreme variability of the response of pure LSM 
cathode layers, where the currents will increase or decrease by 
factors of 5 or even more, depending on the polarization history 
[35-38]. Even so, the still longer term stability, as well as the 
performance of LSCF-SDC composite cathode layers, remains 
to be explored in greater detail in future work. 

3.2.3. Performance comparison of ORR at pure sol-gel 
derived single phase LSCF on SDC vs. at in-house ceramic-
grade LSM- YSZ composite cathodes on YSZ 

For comparison purposes, the IR compensated low field and 
high field i vs. n data (compensated post factum using the 
series resistance) and EIS data were obtained for the ORR at 
single phase LSCF cathodes, formed using the SG method, as 
well as at in-house, ceramic-grade LSM-YSZ composite 
cathodes (Table 2). Only operating temperatures of 600 and 
700 °C can be compared, as LSM is insufficiently conducting 
at temperatures below this. Based on the more reliable 
impedance and low field data, it is seen that the ORR is —10 
times more rapid at the pure LSCF cathode vs. at the LSM 
YSZ composite at 700 °C. At 600 °C, the SG-LSCF on SDC 
exhibits still better ORR kinetics (15-30 times more rapid). 
These substantially higher reaction rates can arise from a 
number of sources. First, the SG derived LSCF will have a 
significantly larger active surface area and higher porosity than 
the ceramic-grade LSM, although it may have been anticipated 
that the composite nature of the latter material would have 
offset these particle size (surface area) differences. Secondly, 
the ORR kinetics at the LSCF/SDC interface may be inherently 
higher than at LSM/YSZ. However, most significantly, these 
results suggest strongly that LSCF, which is known to be a 
mixed ionic-electronic conductor (MIEC) [8,9], is active even 
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Fig. 9. Stability of the ORR at pure SG-LSCF cathode on SDC at 600 °C for 20 h at - 0.5 V. Inset: AC impedance response at OCP at 600 T with intermittent CVs 
(20 mV/s) to - 0 . 1 [•]. -0.2 [ • ] , - 0 . 3 [ • ] , - 0 . 4 [ • ] , and - 0 . 5 V [A]. 
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in regions well away from the underlying SDC electrolyte. In 
other words, the ORR is occurring at the air/LSCF interface, as 
well as at the air/LSCF/SDC triple phase boundary (TPB), 
while in the case of LSM-YSZ, only the triple phase 
boundaries are active. These results clearly show the impres
sive advantages of using MIEC materials as electrodes in high 
temperature fuel cells. 

For efficient fuel cell operation, a value of Rp<\ fl/cm is 
desired [31]. In the present study, LSCF cathodes formed using 
the SG method display an even lower Rp of ca. 0.30 fl/cm2 at 
700 °C. However, at lower temperatures, the cathode exhibits a 
higher resistance, showing values of ca. 2 to 200 fl/cm . In 
order to further improve the cathode perfomiance at lower 
temperatures, the thickness of the SDC electrolyte could be 
lowered, thus decreasing its ohmic resistance. At the same 
time, the robustness of a thin electrolyte is a concern for fuel 
cells, since this can result in stress-related mechanical problems 
during cell testing. Therefore, the balance of rapid kinetics and 
mechanical strength must be considered. 

The temperature dependence of the i0 value for the ORR 
was determined at both pure SG-LSCF on SDC and in-house 
LSM-YSZ composites on YSZ [30] at temperatures ranging 
from 400 to 700 °C and 600 to 900 °C, respectively. From the 
slope of the line in the Arrhenius plots (Fig. 10), the apparent 
overall activation energy for the ORR was determined from the 
equation, 

Im'o InK- — 
RT 

(4) 

where K is the pre-exponential constant, which can be 
calculated from the ̂ -intercept, and £ a is the reaction activation 
energy [30]. 

The results are given in Table 3, showing ORR activation 
energies which are quite reasonable compared to the £ a values 
in the literature. From the low field CV and AC impedance 
data, the activation energy of the ORR at our single phase SG-
LSCF cathodes, deposited on SDC, is approximately 130 + 2 
kJ/mol. Murray et al. reported E.d for the ORR at single phase 
LSCF and composites of LSCF and GDC, with various relative 
ratios of the Sr and Fe dopants, to be 1.65 ±0.03 eV (159 + 2.9 
kJ/mol) [39,40], while at ceramic-grade LSM and LSM 

Table 3 
Comparison of activation energy (kJ/mol) of the ORR at single phase SG 
derived LSCF and on ceramic-grade composite LSM-YSZ cathodes 

Technique £ a of single phase 
SG-LSCF (kJ/mol) 

E„ of LSM-YSZ 
composite (k.l/mol) 

LIS 
LF 
HF 

130 
135 
105 

155 
145 
150 

composites, E.d for the ORR was reported to be in the range 
of 100 to 150 kJ/mol. 

The Tafel slope (oc-n -F/2.3 R • T), obtained from Eq. (3), is 
also a key parameter influencing the activity of an electrode 
and the power density of an operating cell. The experimental 
Tafel slopes and the region over which the slopes were 
obtained (Fig. 7b), as well as the predicted Tafel slopes for 
a = 0.5 (assuming a first electron transfer rate limiting step), are 
given in Table 4. The Tafel region used to obtain the Tafel 
slope was chosen by assuming n=A and a stoichiometric 
coefficient of v = l (the ORR mechanisms proposed in the 
literature are consistent with values of 1 or 2 [32,41,42], 
although the former is more reasonable). 

The Tafel slope for the ORR at SG-LSCF on SDC is shown 
to increase with increasing temperature, as expected, and the 
values for the ORR at single phase LSCF and LSM-YSZ 
composites, calculated over the same potential range, are quite 
similar in value (Table 4). Although a more detailed 
mechanistic study of the ORR at both SG-LSCF and LSM 
composite cathodes is still necessary, these Tafel analyses do 
suggest that the rate of the ORR is limited by the first electron 
transfer step [43]. 

The stability of the ORR response at pure LSCF cathode 
layers is similar to that seen for the ORR at LSM -YSZ 
composite cathodes [30,35], but is far greater than for pure 
LSM cathodes. This again likely reflects the fact that the active 
triple phase boundary (TPB) for single phase LSM layers is 
restricted to the LSM/YSZ interface, while for LSCF, with its 
excellent electronic and ionic conductivity, the ORR occurs 
throughout the bulk of the LSCF layer at the LSCF/air 
interface. The fact that the morphology and related properties 
of the single phase LSM/YSZ interface is highly susceptible to 
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Fig. 10. Determination of £ a for the ORR on pure SG-LSCF cathode on SDC (a) and on composite, ceramic-grade LSM-YSZ cathode on YSZ (b). 
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Table 4 

Tafel slope (see Fig. 7b)* of the ORR at single phase SG derived LSCF and on 
ceramic-grade composite LSM-YSZ cathodes 

T (°C) Tafel region Experimental Tafel slope Predicted 
used (mV) (mV/decade) Tafel slope 

Single phase 
SG-LSCF 

LSM-YSZ 
composite 

(mV/decade) 

400 -70 to -250 240 270 
500 -150 to -300 290 310 
600 - 175 to -250 320 365 350 
700 190 to -215 370 430 390 

'Assuming that the first electron transfer step is rate limiting. 

current flow, as has already been reported by others [38], points 
out another very significant advantage to the use of LSCF 
cathodes in SOFC applications. 

4. Summary 

The focus of this study is on the assessment of the mixed 
ionic-electronic conducting (MIEC) perovskite material, 
Lao.8Sro.2Coo.8Feo.2O3 (LSCF), as a cathode for oxygen 
reduction in solid oxide fuel cells. This particular stoichiometry 
was selected primarily as it was found to be relatively free of 
phase segregation. The LSCF, substituted by Sr and Fe at the A 
and B sites, respectively, was prepared using the sol-gel (SG) 
method by dissolving the precursor nitrate salts in ethanol, 
followed by refluxing for a period of time. It was studied both 
as a powder and after aliquot-deposition on a samaria-doped 
ceria electrolyte (SDC), also made using SG synthetic methods. 
In both cases, SG-LSCF was heated at 900 °C for 4 h after 
preparation. 

X-ray powder diffraction (XRD) studies of the SG derived 
powder and cathode layer showed a very good match to the 
LSCF literature. Scanning electron microscopy showed that the 
SG-LSCF structure is highly porous, facilitating gas transfer 
and maximizing the number of active sites for the oxygen 
reduction reaction (ORR). This structure is consistent with the 
absence of diffusional limitations observed in the electrochem
ical data. Also, cross-sectional analysis showed that the SG 
method of LSCF formation and deposition resulted in a 
uniform cathode layer thickness of approximately 30 urn. 

Transmission electron microscopy was employed to determine 
the SG-LSCF particle size, shown to be 20-50 nm in 
diameter, consistent with the crystallite size calculated from 
the XRD data. 

The kinetics of the ORR were investigated at single phase 
SG-LSCF cathode layers, deposited by screen-printing on a 
samarium-doped ceria (SDC) electrolyte, using electrochemical 

impedance spectroscopy and cyclic voltammetry (CV) at 
temperatures ranging from 400 to 700 °C. The results show 
that the impedance and low field CV methods both led to 
consistent and high exchange current densities, i0, i.e., low 
polarization resistances, while the high field CV method 
showed good agreement at low temperatures, but overestimated 
i0 at higher temperatures. The response of the pure SG-LSCF 
cathode to the ORR was found to be very stable for at least 20 

h, both after polarization at constant potentials and after 
multiple potential scans to increasingly negative overpotentials. 

This is a distinct advantage over single phase manganite-based 
cathodes (e.g., LaSrMn03), at which the ORR activity can vary 
greatly, depending on the polarization history. 

It was found that the single phase SG-LSCF cathodes on 
SDC were approximately one order of magnitude more active 
towards the ORR than ceramic-grade (Lao 8Sr0.2)o.98Mn03 
(LSM)-8 mol% Y 2 0 3 doped Zr0 2 (YSZ) composite cathodes, 
deposited on YSZ, studied under otherwise identical operating 
conditions. This may arise both from a combination of higher 
surface area and porosity of the SG-LSCF vs. the ceramic-
grade LSM-YSZ, as well as that the ORR activity at the 
former MIEC material is not restricted just to the cathode/ 
electrolyte interface. Based on the measured /'„ values, the 
apparent activation energy for the ORR at SG-LSCF was 
found to be ca. 120 kJ/mol, while that at the ceramic-grade 
composite LSM-YSZ cathodes was ca. 140 kJ/mol. Further
more, the Tafel slopes for the ORR at both cathode materials 
are found to be similar, which may suggest that the first 
electron transfer step is the rate limiting step. 
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