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� Surface La- and Sr-enrichment
induced by aging LSCFO cathodes at
800 �C for 50 h.

� Cation redistribution can extend up
to ~400 nm depth under the LSCFO
surface.

� Surface chemical changes detected
by high resolution STEM/EDS maps at
cathode pores.

� Oxygen exchange at LSCFO/gas
interface hampered by surface
chemistry modification.

� Oxygen ion conductivity remains
constant upon aging according to
impedance analysis.
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a b s t r a c t

The modification of surface composition after long-term operation is one of the most reported degra-
dation mechanisms of (La,Sr)(Co,Fe)O3-d (LSCFO) cathodes for Solid Oxide Fuel Cells (SOFCs). Neverthe-
less, its effect on the oxygen reduction reaction kinetics of porous LSCFO cathodes has not been yet
reliably established. In this work, La- and Sr-enrichment at the LSCFO surface of porous cathodes has
been induced after 50 h aging at 800 �C under air. Such cation redistribution can extend up to ~400 nm
depth under the LSCFO surface as detected by high resolution Scanning Transmission Electron
Microscopy-Energy Dispersive Spectroscopy maps acquired inside the cathode pores. The observed
surface chemical changes hamper the oxygen surface exchange reaction at the LSCFO/gas interface.
Accordingly, a suitable Electrochemical Impedance Spectroscopy analysis revealed that the oxygen ion
conductivity remains practically unaltered during the aging treatment while the oxygen surface ex-
change resistance increases up to 1.8 times. As a result, the cathode impedance response deteriorates
within the 10e0.1 Hz frequency range during the aging treatment, resulting in a total cathode area
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specific resistance increase of 150%. The methodology adopted has demonstrated to be very valuable for
studying the degradation of SOFC cathodes produced by the modification of surface composition.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Solid Oxide Fuel Cells (SOFCs) are ceramic devices used to
convert chemical energy into electricity and heat [1,2]. The opera-
tion of these devices involves the oxygen reduction at the cathode,
the oxygen ion conduction through the electrolyte, and the
oxidation of the fuel (e.g. hydrogen, methane, carbon monoxide) at
the anode. SOFC efficiency and durability is mainly determined by
the area specific resistance (ASR) and degradation of the cathode,
the electrolyte and the anode. Since the cathode is typically the
component with the highest ASR [3], it is very important to limit its
degradation.

(La,Sr)(Co,Fe)O3-d (LSCFO) is one of the most used mixed ionic-
electronic conductors for SOFC cathodes [2]. The degradation of
the electrochemical response in these cathodes is usually ascribed
in the literature to the modification of surface composition, mostly
by Sr segregation [4e6]. This phenomenon is generally detected by
using techniques with low lateral resolution as X-ray Photoelectron
Spectroscopy (XPS) [7e11] or Scanning Electron Microscopy-
Energy Dispersive Spectroscopy (SEM-EDS) [12e14] or by using
indirect techniques such as the detection of water-soluble species
by Inductively Coupled Plasma (ICP) Spectrometry [7,15e17]. No
appreciable microstructural changes, as the formation of pre-
cipitates at the LSCFO surface, are normally observed in porous
cathodes [7e9]. Consequently, the investigation of such degrada-
tion mechanism turns out to be challenging. Independently, several
authors have reported the observation of Sr-rich and/or Co-rich
precipitates in dense LSCFO pellets sintered at high temperature
(i.e. � 1250 �C) [12e14,18] or in dense La1-xSrxCoO3-d thin films
prepared by Pulse Laser Deposition (PLD) [10,11]. This suggests that
surface compositional changes induced by aging are more likely to
occur in dense samples than in porous ones. Nevertheless, it is not
clear towhat extent the results obtained with dense samples can be
extrapolated to porous cathodes used in practical SOFCs. Therefore,
it is necessary to investigate LSCFO cathodes under conditions
which maximize the occurrence of surface chemistry degradation
without losing the porous structure of practical cathodes.

In this work, we have investigated the degradation of
La0.6Sr0.4Co0.2Fe0.8O3-d cathodes induced by aging at 800 �C for 50 h
in ambient air. The studied cathodes have an intermediate micro-
structure between that of a dense pellet and that of a porous film
since they are indeed porous but are mainly composed of particles
within the micrometric range (as the dense pellets). This particular
microstructure was chosen because our preliminary results [19]
suggest that it facilitates the occurrence of noticeable surface
microstructural and compositional changes under the aging con-
ditions mentioned above. The evolution of the cathode electro-
chemical properties was continuously monitored by
Electrochemical Impedance Spectroscopy (EIS) during the aging
treatment while the cation distribution was investigated by high
resolution Scanning Transmission Electron Microscopy and Energy
Dispersive Spectroscopy (STEM-EDS) before and after the aging
treatment.
2. Experimental section

2.1. Symmetrical cells

Commercial Ce0.9Gd0.1O2-d (CGO) electrolyte powders (Fuel-
cellmaterials, USA) were uniaxially pressed and sintered in air at
1350 �C for 12 h for obtaining two dense substrates with 9.75 mm
diameter and 1 mm thickness. Separately, La0.6Sr0.4Co0.2Fe0.8O3-

d (LSCFO) cathode powders were prepared by solid state reaction.
Stoichiometric amounts of SrCO3, La2O3, Co3O4 and Fe2O3 were ball
milled and sintered in air at 1000 �C for 5 h. An ink was prepared by
mixing the LSCFO powders with isopropyl alcohol, alpha-terpineol,
polyvinyl butyral (PVB) and polyvinyl pyrridone (PVP) in a weight
ratio of 70:20:9:0.65:0.35. The LSCFO-based ink was deposited on
both sides of the two CGO substrates by the spin coating technique.
Cathode layers completely covered the electrolyte having a geo-
metric area of 0.75 cm2 each. LSCFO/CGO/LSCFO symmetrical cells
were sintered in air at 1250 �C for 12 h. The obtained LSCFO cath-
odes were 8.5 ± 2 mm thick with grain sizes within the
40 nme3.8 mm range and a volume median diameter [20] of
1.68 mm as determined by analyzing SEM images with the software
ImageJ [21].
2.2. Cell characterization and aging treatment

One of the cells was also aged at 800 �C in air for 50 h and
characterized by EIS, TEM and STEM-EDS. The other non-aged cell
was studied only by TEM, and STEM-EDS as reference.
2.2.1. Microstructural characterization
The microstructure of the non-aged and the aged LSCFO/CGO/

LSCFO were previously characterized by SEM and reported else-
where [19]. Additionally, representative zones for TEM lamellae
extraction were precisely selected in each sample by using a W-
filament SEM (Philips 515) and a FEG-SEM (FEI Nova NanoSEM
230). Thin lamellae of ~15 � 8 � 0.1 mm3 were extracted from the
cathode/electrolyte interface by the Focused Ion Beam (FIB)/Lift-
out [22] technique and deposited on a holey carbon-film supported
by a copper-grid. This procedure was carried out in a FEI FIB-200
system with a Ga ion source and an acceleration voltage of 30 kV.
Pt was applied on the cathode surface as a protection layer. TEM
images were acquired with a Philips CM 200 UT microscope oper-
ated at 200 kV. The distribution of metal atoms within the cathodes
was investigated by the acquisition of compositional maps using a
JEOL-JEM 2100F microscope available at the Nanotechnology Na-
tional Laboratory (LNNano) (CNPEM, Campinas, SP). The X-ray En-
ergy Dispersive (XED)-Spectrum Imaging technique was employed
with a Digital Micrograph 1.8 system (Gatan, Inc.) controlling a
Thermo-Noran XEDS. The spectrum images (SI) were acquired with
a dwell time of 0.5 s/pixel using the drift correction facility at every
100 s. XED spectra were acquired in the 0e20 keV energy range at
each pixel. Electron probe sizes of ca. 1.5 nm were obtained oper-
ating the JEM 2100F instrument in the STEM mode, allowing
enough current density at each sample point for the acquisition of
statistically significant X-ray counts for the investigated elements.



Fig. 1. TEM images of the LSCFO/CGO lamellae extracted from (a) the non-aged cell and (b) the cell aged at 800 �C in air for 50 h. Pt was deposited as a protective layer.
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2.2.2. Electrochemical characterization
The electrochemical response evolution of the aged cell was

monitored by EIS during aging treatment at 800 �C under 100 ml/
min ambient air flow. Impedance spectra were recorded every 2 h
with a total measuring time of 16 min per spectrum. EIS
Fig. 2. STEM images (top) and compositional EDS maps (bottom) around a pore of (a) th
compositional map (spectrum image) was acquired along with the zone used for drift corr
arrow in (b) points out a wrinkle at the LSCFO surface. The black circles of the La La and Sr K
uneven. Pixel size of compositional maps is 25 nm in (a) and 32 nm in (b).
measurements were performed by applying a 50 mV root mean
square AC signal between 3 � 104 and 1 � 10�2 Hz with a poten-
tiostat/impedance analyzer Autolab (Eco Chemie BV). Pt grids,
mechanically pressed onto the cathode, were used as current col-
lectors. The setup and the electrolyte resistances were subtracted
e non-aged cell and (b) the cell aged at 800 �C in air for 50 h. The zone where the
ection (spatial drift) are indicated by the black squares in the STEM image. The white
a element maps in (b) indicate the zones where the concentration of these elements is
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from all the spectra, which were then divided by 2, normalized by
the cathode geometric area, and fitted with the software ZView
[23]. The reported error of the fitted parameters represents the
range of values which produces similar goodness of fit.

3. Results

3.1. Microstructural characterization

Fig. 1a and b show cross-section TEM images of the non-aged
and the aged cells. The LSCFO/CGO interface of the aged sample
looks sharp, indicating that no cathode delamination has occurred
even after the aging treatment. In addition, no measurable chem-
ical reaction [24e26] between the cathode and the electrolytewere
detected.

STEM images with higher magnification were acquired around
the pores of the non-aged and the aged cathodes (Fig. 2). A region
with a distinctive contrast can be distinguished at the pore bottom
in the aged cathode (indicated with a white arrow in Fig. 2b). The
surface of this region forms a small bump or wrinkle comparable in
size to those previously detected by SEM [19]. EDS element maps
were acquired in order to investigate if such degradation phe-
nomenon is also related with changes in the composition. The
Fig. 3. Detailed EDS compositional analysis of the aged cathode in the same area of Fig. 2b
labeled as spectrum image indicates where the compositional map was acquired while the
were acquired using a pixel size of 15 nm. (c) Normalized point EDS spectra acquired in th
distribution of La, Sr, Fe and Co is homogeneous in the non-aged
cathode (Fig. 2a) while only Co and Fe are uniformly distributed
in the aged cathode (Fig. 2b). In contrast, La is concentrated and Sr
is depleted in the regions marked with circles in Fig. 2b indicating
that the distribution of these elements is uneven in the aged
cathode. EDS point spectra and compositional maps acquired with
higher spatial resolution allow distinguishing zones with different
cation concentrations in the aged sample (see Fig. 3). The zonewith
the highest proportional concentration of La and the lowest pro-
portional concentration of Sr (Zone 1) is at the pore surface and has
an extension of 125 nm � 135 nm approximately. Zone 2, located
next to zone 1, has similar La and Sr concentration that zones 3 and
4 which extend towards the bulk. Zones 1 and 2 are surrounded by
zone 5which is the richest in Sr and the poorest in La, has awidth of
50e80 nm, and extends up to ~400 nm under the surface. Co and Fe
concentration is similar in all the measured EDS spectra.

3.2. Electrochemical characterization

The impedance response evolution of LSCFO/CGO/LSCFO cell
with aging time is shown in Fig. 4. The total ASR significantly in-
creases during the first hours of the aging treatment and then it
tends to stabilize (Fig. 4a). The aging treatment affects the EIS
. (a) STEM image. The white arrow indicates a wrinkle at the LSCFO surface. The zone
zone named spatial drift indicates the zone used for drift correction. (b) Element maps
e zones indicated in (b).



Fig. 4. (a) Nyquist and (b) bode plots of the impedance response of a LSCFO/CGO/LSCFO cell as a function of time during aging at 800 �C in air. Points represent the raw data and
lines represent the fitting results using the equivalent circuit in Fig. 5.
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spectra only within the 10e0.1 Hz frequency range (Fig. 4b). All
measured EIS spectra were fitted by using the equivalent circuit
shown in Fig. 5. This equivalent circuit was selected based on the
shape of the EIS spectra, on previous results reported in literature
[27e32], and on the physical and electrochemical phenomena
occurring during the impedance measurements. The element Lc
denotes the inductance of the connector cables, the sub-circuit
composed of the resistance RHF in parallel with the constant
phase element CPEHF can be ascribed to the cathode/electrolyte
interface [27e29], and the impedance Zchem represents the oxygen
reduction reaction at the mixed ionic-electronic conducting cath-
ode. RHF values remain constant during all the aging treatment
(Fig. 6). Instead, RChem (i.e. the real part of ZChem) values increase up
to 1.5 times in the first 26 h of the aging treatment becoming more
stable for longer aging times.

The impedance ZChem can be derived from the well-known
Adler-Lane-Steele model [30e32] (see the Supplementary data)
leading to the following expression [33e35]:

ZChem ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rbulkrsurface

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1þ ðjuÞnrsurfaceqsurface

s

coth

 
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rbulk
rsurface

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðjuÞnrsurfaceqsurface

q ! (1)

where rbulk is a distributed resistance related to the oxygen ion
diffusion through the bulk, rsurface and qsurface are a distributed
resistance and a distributed capacitance related to the oxygen
surface exchange reaction, L is the cathode thickness, and n is a
coefficient accounting the non-ideal response of practical elec-
trodes with rough surfaces [36e38]. rbulk, rsurface, qsurface and n are
the fitted parameters while L is fixed. The n values fitted range from
0.92 to 0.96 for all the spectra. In addition, the effective ionic
conductivity of the cathode (scathode) can be estimated as 1/rbulk.
Fig. 7 shows the evolution of scathode and rsurface with aging time.
Fig. 5. Equivalent circuit used for fitting the EIS spectra in the whole frequency range.
scathode values remains practically constant during the aging treat-
ment while rsurface values increase up to 1.7 times in the first 26 h of
aging and then tends to stabilize in a rsurface value 1.8 times higher
than the initial one.
4. Discussion

The only cathode degradation mechanism detected within the
limits of this study is themodification of the cation concentration at
the LSCFO surface. While most research efforts focuses in studying
only the top surface of the samples, the use of the high resolution
STEM-EDS technique has allowed us demonstrating that such
chemical phenomena can also occur at the LSCFO surface inside the
pores. The formation of Sr- and/or Co-rich particles on the top
surface of dense LSCFO samples has been reported by several au-
thors [10e14,18] while only surface Sr-enrichment without
microstructural changes is usually observed in aged porous LSCFO
cathodes [7e9]. Instead, our STEM-EDS results indicate the pres-
ence of both Sr- and La-rich regions at the aged LSCFO surface
similarly to the findings of Bucher et al. [39]. The La-rich region is
also Sr-depleted while the Sr-rich region is La-depleted. This later
phenomenon is comparable to that reported by Druce et al. [40].
The fact that both La and Sr cations redistribute is in agreement
with the similar diffusion coefficients reported for both cations in
La0.6Sr0.4CoO3-d films [41]. In addition, our findings reveals that the
Fig. 6. Evolution of RHF and RChem values with aging time.



Fig. 7. Evolution of scathode and rsurface with aging time. The scale of each graph was adjusted so that the error bars representing equal relative errors have the same length in both
graphs.
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cation enriched regions can be as narrow as 50e120 nm but
extending up to ~400 nm depth which is larger than the 30e75 nm
depth previously reported in the literature determined by tech-
niques with low lateral resolution as XPS [9,39]. All the above in-
dicates that modification of cathode surface after aging is a complex
three-dimensional phenomenon that requires the use of tech-
niques with high lateral resolution (i.e. at least few tens of nm) for
its appropriate characterization.

Our results also show that the high frequency contribution of
the EIS spectra (i.e. RHF//CPEHF) doesn't change with aging time,
which is consistent with the fact that no deterioration of the
cathode/electrolyte interface was detected. EIS spectra are affected
only in the low frequency range during aging treatment agreeing
with the observations reported by other authors for LSCFO cath-
odes exhibiting changes in the surface chemistry induced by
different treatments [7e9,17,42]. Our EIS analysis based on the ALS
model allowed separating the contributions of the oxygen ion
diffusion and the oxygen surface exchange to the cathode ASR in-
crease. Similarly, Wang et al. [7] have used the ALS model for
studying the evolution of the oxygen surface exchange rate and the
oxygen diffusion coefficient in porous LSCFO cathodes after aging at
800 �C for 800 h in ambient air. They found a decrease of about 50%
in both parameters even though the only chemical and micro-
structural degradation mechanism detected was Sr-enrichment at
the surface. The authors attributed the unexpected change in the
oxygen diffusion coefficient either to a limitation of the used
approach for separating each contribution or to a decrease in the
oxygen ionic conductivity produced by the Sr-depleted sub-surface.
In contrast, an increase of up to 180% in the oxygen surface ex-
change resistance without a significant change in the oxygen ionic
conductivity was detected by our EIS analysis. This is consistent
with the observed compositional changes since La- and Sr-
enrichment at the LSCFO surface has been demonstrated to
decrease its oxygen surface exchange coefficient without affecting
the bulk conductivity [39]. The decrease of the oxygen surface ex-
change coefficient, reflected by the increase in rsurface values,
therefore causes the cathode ASR increase which would deteriorate
the fuel cell performance with aging time [3].
5. Conclusions

Cation redistribution at the LSCFO surface has been induced by
aging porous cathodes at 800 �C in air for 50 h. Sr-enriched/La-
depleted and La-enriched/Sr-depleted regions (extending up to
~400 nm underneath the surface) were detected by high resolution
STEM-EDS mapping at the LSCFO/gas interface inside the cathode
pores. It demonstrates that this degradation mechanism is not only
limited to the top cathode surface as usually reported in the liter-
ature. An adequate EIS analysis, derived from the Adler-Lane-Steele
model, allowed investigating separately the evolution of the oxy-
gen ion conductivity and the oxygen surface exchange resistance.
No significant variations in the oxygen ion conductivity were
observed during the aging treatment. Conversely, the oxygen sur-
face exchange resistance increases up to 1.8 times upon aging
indicating that the oxygen surface exchange reaction is hindered by
the chemical changes observed at the LSCFO surface. As a result, EIS
spectra vary significantly during the aging treatment within the
10e0.1 Hz frequency range and the cathode ASR increases up to
150%. Based on the results above, the adopted methodology was
successful in reliably determining the effects of surface chemistry
modification on the impedance response of porous LSCFO cathodes.
Therefore, it can be surely applied for studying similar degradation
mechanisms in other cathode compositions and establishing a
correlation between the cation surface characteristics and the
electrochemical behavior.
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