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Abstract: The degradation of intermediate temperature solid oxide fuel cell (ITSOFC) 

cathodes has been identified as a major issue limiting the development of ITSOFCs as 

high efficiency energy conversion devices.  In this work, the effect of Cr poisoning on 

(La0.6Sr0.4)0.95(Co0.2Fe0.8)O3-δ (LSCF6428), a particularly promising ITSOFC cathode 

material, was investigated on symmetrical cells using electrochemical impedance 

spectroscopy and multi-scale structural/chemical analysis by advanced electron and ion 

microscopy. The systematic combination of bulk and high-resolution analysis on the 

same cells allows, for the first time, to directly correlate Cr induced performance 

degradation with subtle and localized structural/chemical changes of the cathode down 

to the atomic scale. Up to two orders of magnitude reduction in conductivity, oxygen 

surface exchange rate and diffusivity were observed in Cr poisoned LSCF6428 

samples. These effects are associated with the formation of nanometer size SrCrO4; 

grain boundary segregation of Cr; enhanced B-site element exsolution (both Fe and 

Co); and reduction in the Fe valence, the latter two being related to Cr substitution in 

LSCF. The finding that significant degradation of the cathode happens before obvious 

microscale change points to new critical SOFC degradation mechanisms effective at 

the nanometer scale and below. 

1. Introduction 

As a device that directly converts the chemical energy of gaseous fuels to 

electricity through electrochemical processes, solid oxide fuel cells (SOFCs) have 

become of great interest as a potential means of clean and efficient electricity 

production. The large-scale commercialization of SOFCs is currently constrained by a 
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combination of cost and durability issues. In order to address these concerns, much 

effort have been focused on reducing the cell operating temperature from 

conventionally ~ 1000 °C to below 800 °C 1. For the intermediate-temperature SOFCs 

(ITSOFCs), metallic materials have become a preferential choice for the cell 

interconnect due to their excellent physical and chemical properties. However, almost 

all commonly used metallic alloys have a significant chromium content, which has been 

found to cause poisoning of the cathode under operating conditions. Sources of Cr 

species can also come from stainless steel components found in the balance-of-plant 

(BoP) such as heat exchangers2. This poisoning has been found to lead to rapid 

electrochemical performance degradation of the cathodes 3-6, including 

(La,Sr)(Co,Fe)O3-δ (LSCF) perovskite oxides, which are considered to be a promising 

cathode material for ITSOFCs due to their significantly higher electrochemical activity 

for the O2 reduction reaction and higher oxygen ion conductivity than the conventional 

(La,Sr)MnO3 (LSM) cathode7.  

Cr poisoning is generally deemed to be caused by the reduction of volatile Cr 

(VI) species to solid Cr species, which can deposit at the cathode surface or the 

cathode/electrolyte/gas triple phase boundaries (TPBs) via vapor phase and/or solid 

state transportation8. Studies on the mechanisms of Cr deposition have proposed that 

the process is a chemical reaction between Cr (VI) with active elements in the electrode 

material such as Sr in LSCF8-9, more than an electrochemical reduction process in 

competition with O2 reduction10-11. The Cr rich phases, in the case of LSCF, have been 

suggested to be mainly SrCrO4 with a minor Cr2O3 impurity from bulk analysis using 

X-ray diffraction (XRD) and scanning electron microscopy/energy-dispersive X-ray 

spectroscopy (SEM/EDX)8, 12-13. Many studies have reported that Cr deposition tends 

to occur at the LSCF surface6, 8-9, 12, in contrast to LSM where the Cr deposition is 
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concentrated at the LSM/electrolyte interface9, 14. As a result, it has been proposed that 

the poisoning effect is mainly due to the formation of the large SrCrO4 deposits (up to 

~6 µm) that have poor electrical conductivity and block the surface pores of the 

electrode layer8. However, uniform distribution of Cr throughout the entire LSCF 

cathode at the micrometer scale has also been reported14-16. Also, it was reported that 

homogeneous Cr distribution with lower deposited Cr content at the LSCF cathode 

surface showed greater degradation than cathodes with a larger quantity of Cr surface 

deposits, but lower Cr content inside the cathode17. Therefore, it is likely that there exist 

other degradation mechanisms involving the interaction of Cr with LSCF beyond the 

surface region and at a finer scale, as suggested for some other electrode materials 

(LSM 18,  La0.8Sr0.2CoO3 (LSC) 19, (La,Sr)MnO3-(Zr,Y)O2 
20 and LaNi0.6Fe0.4O3 

21). For 

LSCF, some attempts employing transmission electron microscopy (TEM) have been 

made to study Cr poisoning at the nanometer scale16, 22-24. However, due to the difficulty 

associated with TEM sample preparation from highly porous electrodes and the 

complexity of the materials chemistry, the few TEM analysis avalaible in the literature 

has been very preliminery with only limited level of details and accuracy, and even 

missintepreation of the data in some cases. More careful studies able to provide much 

more accurate and detailed high-resolution information are needed for a better 

understanding of the fundamental poisoning mode of Cr in LSCF cathodes, as the Cr 

behaviour is likely to be vey inhomogenous and localized.  

Electrochemical impedance spectroscopy (EIS) has been used widely to 

characterize the electrochemical properties of SOFC electrodes and microstructure is 

often a focus of electrode characterization; however, a combination of the two, 

especially with detailed (sub-)nanoscale structural/chemical investigation for Cr 

poisoning of LSCF cathodes, is missing in the literature, partly due to the above 
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mentioned difficulties associated with high-resolution analysis of the porous and 

complicated system.  In this work, we aim for a more fundamental understanding of the 

intrinsic Cr interaction with LSCF related to its poisoning. Cr poisoning of the 

(La0.6Sr0.4)0.95(Co0.2Fe0.8)O3-δ cathode (LSCF6428) was studied systematically by 

carrying out combined bulk impedance analysis and detailed multi-scale structural and 

chemical investigation with advanced ion and electron microscopy on the same 

LSCF6428/Ce0.9Gd0.1O2−x (CGO)/LSCF6428 symmetrical cell samples. With our 

ability of preparing high-quality TEM specimens from the porous structure and 

effectively combining multiple TEM techniques to extract complementary and 

quantitative information, we were able to reveal the structural and chemical origins, at 

the nanoscale and below, of the LSCF performance degradation, and showed for the 

first time new Cr incorporation behavior including grain boundary Cr segregation and 

Co deficiency, and Cr substitution in the LSCF lattice leading to the localized change 

of LSCF stoichiometry and B-site valence. These findings revealed new critical 

degradation mechanisms that will provide valuable insight for the development of 

poisoning resistant cathode materials.  

2. Experimental Section 

2.1 Electrochemical cell preparation 

Symmetric cells with LSCF6428 on a Ce0.9Gd0.1O2−x (CGO) electrolyte were 

prepared by screen printing LSCF6428 ink (Fuel Cell Materials, Lewis Center, OH, 

USA) on both sides of the CGO pellets prepared by pressing and sintering (details in 

the Supporting Information). The cells were then sintered at 1100 °C for 2 h in air with 

heating rate and a cooling rate of 5 °C min−1. The LSCF6428 thickness was ~ 20 µm as 

determined by SEM from the cross sections of the samples (Figure S1). 
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2.2 Cr poisoning 

The chemical reaction between Cr species and the cathode material has been 

proposed to be a main poisoning mechanism in the literature4, 8-9 and the objective of 

the work is to develop both the methodology and a fundamental understanding of the 

poisoning mechanisms by investigating the correlation between the material 

degradation and the intrinsic Cr/LSCF interaction modes operating at the nanometer 

scale and below. As a result, the poisoning strategy adopted in this work was 

impregnating the LSCF 6428 cathode with a Cr stock solution of 1.22 mol l-1 as 

employed in a previous study5, in order to allow for a direct reaction between Cr species 

and LSCF that could lead to a rapid and significant poisoning effect. The details are 

described in the Supporting Information. The impregnated sample was then heated at 

900 °C for 5 hours to allow for reactions between Cr and LSCF. The slightly higher 

temperature than typical ITSOFC operating temperatures was also chosen to accelerate 

the reactions and poisoning. SEM-EDX on the electrode reveals an overall Cr content 

of ~ 2.7 at.% as a result of the poisoning process. Reference samples without Cr 

impregnation were prepared and heat treated in the same condition and investigated as 

a reference. SEM-EDX confirmed the absence of Cr in the reference sample.  

2.3 Characterization 

2.3.1 EIS 

EIS on the symmetric cell was measured at nominal temperatures from 600 to 

900°C at 50° intervals in an electrochemical analysis apparatus (Probostat, Norecs, 

Norway) using a frequency response analyzer (Solartron Modulab). The actual 

temperature was recorded by a thermocouple placed close to the specimen. Impedance 
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measurements were made over the frequency range of 0.01 Hz to 1Mhz with 30 points 

per decade and an AC perturbation of 100 mV.  

2.3.2 Characterization of bulk samples 

Characterization of the bulk sample was carried out using scanning electron 

microscopy (SEM, LEO Gemini 1525 equipped with an energy-dispersive X-ray 

spectroscopy (EDX) detector) and X-ray diffraction (XRD, Bruker D2 PHASER 

desktop diffractometer using Cu-Kα radiation in the 2θ range 20°- 90°, with a step size 

of 0.0334° and a count time at each step of 1 s).  

In order to obtain more detailed microstructural information, Focused Ion Beam 

Scanning Electron Microscopy (FIB-SEM) tomography of the LSCF6428 electrode 

was carried out using a dual beam system (Zeiss Auriga FIB-SEM). This allowed 

several of the microstructural parameters required for impedance analysis, such as the 

porosity, ε; surface area, A; and tortuosity factors, τ, to be extracted. The samples were 

first infiltrated with a commercial embedding resin (Epon_812 substitute, MNA, 

DDSA and DMP, Sigma-Aldrich Co. LLC, Dorset, UK) in order to obtainimproved 

contrast in individual SEM images (see Supporting Information). The FIB was operated 

using Ga+ ions with an accelerating voltage of 30 kV for milling and 5 kV for imaging. 

The resulting voxel (3D pixel) size was c. 35 nm × 35 nm ×27 nm, and the total volume 

of the 3D stack was c. 1800 µm3. Alignment, segmentation and statistical analysis of 

the 3D image data was performed using the Avizo software package (Visual Sciences 

Group, Bordeaux, France). The tortuosity factors of the electrode were estimated from 

the reconstructed 3D volume using a finite-difference steady-state diffusion simulation 

developed in-house (see Supporting Information for the details of the method).  

2.3.3 TEM analysis 
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TEM analysis down to the atomic scale structure and chemistry was carried out 

on a JEOL 2100F microscope operating at 200 kV equipped with a 80 mm silicon drift 

EDX detector and a Gatan Tridiem imaging filter for EELS, a FEI Titan™ 80-300 

microscope operated at 300 kV equipped with a field emission electron gun, a 

monochromator, a Cs-image corrector and Gatan Tridiem 866 imaging filter, and a FEI 

Titan3™ 60–300 microscope operated at 300 kV equipped with a high-coherence, high-

brightness field emission electron gun (X-FEG), a Cs-image corrector, a 

monochromator, a Gatan Enfina spectrometer as well as a high-speed, high-throughput, 

quad-silicon drift detector (Super-X), optimized for rapid X-ray collection. Post-

processing X-ray analysis was performed using Aztec (Oxford Instruments, UK) and 

Esprit (Bruker Nano GmbH, Berlin, Germany). The STEM probe size used for EDX 

mapping was between 0.15-0.5 nm and the EELS energy resolution was varied between 

0.8 and 2 eV depending on the experimental conditions used, defined as the full width 

at half-maximum of the zero-loss peak (ZLP). TEM foils were prepared from the 

LSCF6428 porous layer by FIB milling using a Helios NanoLab 600 instrument (2–30 

keV Ga+ incident beam energy with currents of 16 pA - 21nA). The specimens were 

FIB polished at the last stage with 5 keV and then 2 keV Ga+ to reduce the damage 

caused by the high energy Ga+ beam.   

Experimental Cliff & Lorimer k factors were obtained from standards to 

improve the EDX and EELS quantification in TEM. To analyze the B-site valence, the 

common white-line ratio method 25-26 that relates the transition metal white line ratios 

(L3/L2) in EELS with their valences was employed. Details on the measurement of k 

factors and white-line ratio are described in the Supporting Information. 

3. Results and Discussion 
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3.1 Electrochemical degradation of the cathode 

The impedance spectra of the reference sample (Cr free) and the Cr poisoned 

sample obtained at 780 °C and 600 °C are shown in Figure 1. The impedance data were 

fitted using an equivalent circuit composed of an inductance, L, resulting from the 

instrumentation, an ohmic resistance, Ro, and two RQ elements (a resistor in parallel 

with a constant phase element), as shown in the inset in Figure 1a. The fitting results 

for all measurements are shown in Table S1.  

 

Figure 1 Representative impedance spectra of LSCF6428 cathodes with/without Cr poisoning at (a) 780 ◦C and (b) 

600 ◦C. The impedance is normalized to the total electrode area (ohm cm2). 

 

For the Cr free reference sample, the capacitances associated with the low 

frequency arc obtained from fitting at higher temperatures (690-780°C) are between 

2.74 and 6.45 F cm-2. Such a large capacitance is unlikely to be from any 

electrochemical process and is attributed to the gas phase diffusion process27. Apart 

from this low frequency arc seen at higher temperatures for the Cr free sample, all other 

measured impedance for both samples exhibit associated capacitances in the range of 

10-2 to 10-3 F cm-2. These impedances are therefore assumed to result mainly from the 

oxygen exchange at the electrode surface and oxygen lattice diffusion through the 

electrode 28-29. The total electrode resistance related with the oxygen reduction process 
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Relectrode, was then regarded to be R1+R2 for most of the cases, but only R1 for the Cr 

free samples measured at higher temperatures, where R2 is the gas phase diffusion 

impedance (Table S1 and Figure 2a). It can be seen that the Cr poisoning has 

significantly degraded the LSCF6428 electrode, indicated by the increase in Relectrode by 

more than one order of magnitude for the Cr poisoned sample compared to the reference. 

In addition, the disappearance of the gas diffusion resistance has also been suggested 

to be correlated with poor electrode performance27. The activation energy for the 

electrode process before and after Cr poisoning is similar, being 1.55±0.02 and 

1.61±0.01 eV respectively, which is in good agreement with a previous study on similar 

LSCF electrodes (1.54 eV) 7 and Cr poisoned LSCF using the same approach as here 

(1.50 eV) 5.   

 

Figure 2 Arrhenius plots of the temperature dependence of (a) the cathode resistance Relectrode, (b) oxygen diffusion 

coefficient D0 and (c) the oxygen surface reaction equilibrium exchange rate constant k0. Literature data on D0 and 

k0 are shown for comparison. 

The impedance spectra corresponding with Relectrode has the asymmetrical 

characteristic shape of the Gerischer impedance, which is expected for a mixed 

conducting cathode such as LSCF. This can be analyzed by the Adler-Lane-Steele 

(ALS) model30 for mixed conducting cathodes assuming the impedance is dictated by 

oxygen exchange at the electrode surface and solid state diffusion of oxygen in the 

electrode, as suggested by the capacitance values associated with Relectrode. In this case, 

the impedance can be expressed as: 
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𝑍𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒√
1

1−𝑗𝜔𝑡𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
                              (1) 

where telectrode is the characteristic relaxation time related to the process. Relectrode and 

telectrode can be written in the following form using oxygen transport and microstructural 

parameters: 

𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =
𝑅𝑇

2𝐹2 √
𝜏

(1−𝜀)𝑎𝑐𝑂
2 𝐷0𝑘0

                                          (2) 

𝑡𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =
(1−𝜀)𝑐𝑉

𝑎𝑐𝑂𝑓𝑡ℎ𝑒𝑟𝑚𝑜𝑘0
                                                    (3) 

where D0 and k0 are the oxygen diffusion coefficient and the oxygen surface reaction 

equilibrium exchange rate constant for LSCF, CO the molar concentration of oxygen 

ions in LSCF, ɛ the porosity (pore volume fraction), τ the tortuosity of the solid phase, 

a the solid surface area per unit volume and 𝑓𝑡ℎ𝑒𝑟𝑚𝑜 the so-called thermodynamic factor 

for the vacancies. For the Gerischer impedance, telectrode is related with the frequency at 

which the imaginary impedance is maximum (fmax) by telectrode × fmax = 0.275. As a result, 

D0 and k0 can be calculated based on equations (2) and (3) by using the microstructural 

parameters (τ, ɛ and a) obtained from FIB tomography (see section 3.2) and cv ~ 2.3×103 

mol/m3, cO ~ 8.5×104 mol/m3 estimated from the non-stoichiometry data for LSCF 31,  

and fthermo ~209 for LSCF6428 at 800 °C from32. The results are plotted in Figure 2(b) 

and (c) together with k0 and D0 deduced from experiments including isotopic exchange, 

electronic conductivity and gravimetric relaxation on LSCF reported in the literature5, 

31, 33-37. If chemical diffusion, Dchem, and chemical surface reaction rate, kchem, were 

reported, they were converted to k0 and D0 assuming 𝐷𝑐ℎ𝑒𝑚 = 𝐷0𝑓𝑡ℎ𝑒𝑟𝑚𝑜
𝑐𝑂

𝐶𝑉
 

and 𝑘𝑐ℎ𝑒𝑚 = 𝑘0𝑓𝑡ℎ𝑒𝑟𝑚𝑜
𝑐𝑂

𝐶𝑉
 38. 

For the Cr free reference sample, good agreement between the calculated and 
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literature data for D0 is obtained and the values of k0 are within the wider range of the 

literature data. The scatter in k0 is likely due to large variations in the material surface 

conditions such as Sr surface segregation, which depends on many factors including 

thermal history, humidity, oxygen activity and electrode bias. Importantly, the results 

show clearly that Cr poisoning has led to a significant decrease in the values of both D0 

and k0 by 1-2 orders of magnitude, explaining the degradation of the electrode 

conductivity. The activation energies of D0 and k0 are 2.23 ± 0.04 eV and 1.03 ± 0.08 

eV respectively, and the average value is close to the activation energy obtained from 

the Relectrode. After poisoning, the activation energy of D0 decreases slightly to 2.04 ± 

0.03 eV while that of k0 increases to 1.50 ± 0.06 eV.  

3.2 Degradation of the cathode at the macro and micrometer level   

XRD results reveal that the reference LSCF layer exhibits significant peaks that 

match best to a rhombohedral structure with a = 5.4953 Å and c =13.4125 Å39 (Figure 

S3), in agreement with literature reports for LSCF with similar stoichiometry 

(La0.6Sr0.4Co0.2Fe0.8O3-δ) at room temperature40-41. The principle structure remains the 

same after Cr impregnation. Additional peaks with low intensities arise in the Cr 

poisoned sample, which matches to a monoclinic SrCrO4 phase.  

At the micrometer scale, it can be seen that the morphology of the LSCF layer 

is similar for samples before and after Cr poisoning (Figure 3a), even though the Cr 

content in the poisoned sample was found to be ~ 2.7 at. % by SEM-EDX. However, 

distinct sub-micron to micron size Sr rich phases, as previously reported for LSCF 

poisoned for a prolonged period (as long as 380 hours) and/or with polarization8, 42 were 

not identified in the current study, likely due to the different poisoning conditions used. 

Compared to other Cr poisoning experiments, which either directly contact high content 
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Cr alloys with the LSCF cathode or heat-treat samples in Cr oxide vapor, the 

concentration of Cr species available to react inside the LSCF cathode is expected to 

be higher due to the impregnation process, although the reaction time is much shorter.    

 

Figure 3 (a) SEM micrographs of the LSCF6428 cathode with and without Cr poisoning. (b) Sections from the 

reconstructed 3D volume of the pores in the reference (Cr free) and the Cr poisoned LSCF6428 electrodes. 

Dimensions of the volume are indicated.  Direction X is perpendicular to the cathode/electrolyte interface. 

 

More detailed characterization of the microstructure was obtained from FIB 

tomography. Snapshots of the reconstructed 3D volume of the reference and Cr 

poisoned LSCF electrodes are shown in Figure 3b, and Table 1 gives the quantitative 

microstructural parameters extracted from the analysis, including porosity, tortuosity 

factor of the solid phase, solid surface area per unit volume and mean pore sizes. The 

serial section results provide much better statistics than that of individual SEM 

micrographs further demonstrating that the difference between the reference and Cr 

poisoned sample at this micrometer level is very small.   

Table 1 Microstructural parameters extracted from FIB-SEM tomography for the Cr free reference 

sample and the Cr poisoned sample. 
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3.3 Degradation of the cathodes at the nanoscale 

3.3.1 Cr free sample 

In order to separate any Cr effect from the rest of the processing conditions, 

samples without Cr impregnation were first studied as a reference. Figure 4a shows a 

scanning transmission electron microscopy (STEM) - annular dark field (ADF) image of 

a Cr-free sample with the elemental distribution. Co rich locations can be clearly seen, 

suggesting that Co has segregated out of the LSCF6428 grain as a result of the heat 

treatment at 900°C. Further EELS and EDX measurements (Figure S4) reveal that these 

Co rich particles also contain Fe and O and quantification with an experimental k factor 

approach (as described in the Experimental Section) indicates a composition of ~ 

CoFeO3.5. Electron micro-diffraction analysis (Figure 4b) suggests that the phase adopts 

a CoFe2O4 spinel structure. A CoFe2O4 phase was reported previously for LSCF 

poisoned with Cr at cathodic polarization 17 and a micron size Co rich phase was reported 

after annealing at 800°C for 96 hours 42. The current work confirms that Fe and Co 

segregation from LSCF into much smaller grains (~ <100 nm) happens within a very 

short period of time (5 hours at 900°C), which could not be identified with bulk XRD 

analysis due to the relatively low concentration of these segregants. Also, TEM analysis 

at the smaller scale reveals that although the particle has a spinel structure the 

composition deviates from the stoichiometric CoFe2O4 phase. It is possible that the 

CoFeO3.5 is a transient phase before evolving into CoFe2O4 as a result of lower 
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availability of Co compared to Fe from LSCF.  The previously reported LaCoO4 phase 

after firing of La0.6Sr0.4Co0.2Fe0.8O3 cathode at 1250 °C16 was not observed in the current 

work, presumably due to the different firing conditions and stoichiometry of the material.  

 

Figure 4 (a) and (c) Representative STEM ADF-EDX elemental maps of the Cr free reference sample. The intensity 

of the maps represents the net EDX counts after corrections for background and peak overlap. In (a), Co rich particles 

are circled in the map. (b) TEM bright field micrograph of a typical Fe-Co oxide particle with indexed electron 

micro-diffraction pattern confirming its spinel structure. In (c), a region deficient in Sr (arrowed) is shown. (d) The 

same Sr deficient particle with indexed electron micro-diffraction pattern confirming the structure has changed to a 

orthorhombic structure, different from the bulk rhombohedral phase. 

Sr deficient regions, as shown in Figure 4c, were identified in the annealed 

sample. EDX quantification with experimental k factors reveals that the La/Sr ratio 

increased to ~5.8 compared to 1.5 as expected for LSCF6428. The observation suggests 

that Sr has exsolved from the perovskite lattice, in agreement with the reported surface 

Sr segregation on LSCF electrodes43. However, distinct Sr rich phases were not 

observed for samples after the short heat treatment as examined in the current work. 

Electron micro-diffraction data (Figure 4d) suggests that the Sr deficient phase can be 

best matched with an orthorhombic structure with a= 5.6576 Å, b=7.8837 Å and 

c=5.4939 Å44, as expected for LSCF when the Sr content is decreased45.  

3.3.2 Cr poisoned sample 
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Representative STEM-EDX elemental mapping of the sample poisoned by Cr 

obtained is shown in Figure 5, where both the region inside the electrode and at the 

LSCF/CGO interface were examined. It is clear that the same Co-Fe spinel particles of 

~ 100 nm or smaller were observed, but with a much higher density compared to the Cr 

free sample. Analysis of multiple elemental maps obtained from different areas of the 

samples suggests that the density increases from ~ 1/µm2 to 5/µm2. The Sr deficient 

and La enriched regions were again identified, with a higher frequency, and can be seen 

located preferentially close to the Cr rich areas (Figure 5b). A higher magnification 

STEM-EDX map of the Sr deficient area is shown in Figure 6a. EDX quantification 

suggests a similar La/Sr ratio of ~ 5.7 as found in the annealed sample without Cr. 

However, electron diffraction (Figure 6b) reveals that the Sr deficient region in this 

case retains the bulk rhombohedral structure and the adjacent region has a structure best 

matched to the cubic LSCF structure with a = 3.9540 Å46.  
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Figure 5 Representative STEM ADF-EDX elemental maps of the Cr poisoned sample obtained (a) from an area 

close to the LSCF6428 cathode surface and (b) from the LSCF6428/CGO interface. The intensity of the maps 

represents the net EDX counts after corrections for background and peak overlap. In (a) Some SrCrO4 grains are 

indicated with circles. The grain boundaries enriched with Cr and deficient in Co are denoted with arrows. In (b), 

the La rich and Sr deficient regions are also highlighted with arrows. 

Cr distribution is similar in both electrode and electrode/electrolyte interface 

regions, as expected from the current poisoning process. Cr rich locations can be seen 

predominantly at the pores and surface of the LSCF grains. These regions were 

identified by EDX as containing Sr, Cr and O. Electron micro-diffraction confirms that 

Sr and Cr rich particles have a structure matching the monoclinic SrCrO4 as suggested 

by XRD. An example is shown in Figure S4.  Formation of SrCrO4 has been frequently 

reported in Cr poisoned LSCF6, 17, 24, but the grain sizes observed in this work are mostly 

~100-200 nm, much smaller than those found in other studies.   

 

Figure 6 (a) Higher magnification STEM ADF-EDX mapping of La rich/Sr deficient region observed in the Cr 

poisoned LSCF6428 sample. The intensity of the elemental maps represents the net EDX counts after corrections 

for background and peak overlap. (b) Bright field micrograph of the same region together with the selected area 

diffraction pattern obtained from the La rich/Sr deficient region and an adjacent region. 

Closer examination revealed for the first time that Cr segregates into LSCF grain 

boundaries (GBs) while Co is deficient at the grain boundary in the Cr poisoned LSCF 

electrode, as suggested in Figure 5a, and more clearly shown in the higher 

magnification STEM-EDX mapping of a LSCF grain boundary and the intensity line 

profile across the grain boundary (Figure 7a and b). Associated with the chemical 
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change, HRTEM of the same grain boundary reveals local areas of disorder at the grain 

boundary core although no amorphous glassy film was found to be present (Figure 7c).  

Although no data are available for Cr diffusion in LSCF, the Cr diffusion coefficients 

were reported to be approximately 6×10−21 m2s−1 for lattice diffusion and 3×10−16 m2s–

1 for grain boundary diffusion in La0.9Sr0.1FeO3-δ at 900◦C 47. Therefore, grain boundary 

segregation of Cr could potentially be facilitated by the fast diffusion along the grain 

boundary. It is noted that the results shown here represent changes at true grain 

boundaries across up to a few nanometers, which is different from the formation of Cr 

rich phases at much bigger open porosities between grains such as shown in previous 

studies 23. 

 

Figure 7 (a) STEM ADF-EDX elemental mapping of a LSCF6428 grain boundary in the Cr poisoned sample. The 

intensity of the elemental maps represents the net EDX counts after corrections for background and peak overlap. 

(b) The elemental net intensity change across the grain boundary as indicated in the image (a). To better show the 

segregation, the line profile was obtained by integrating along the direction parallel to the grain boundary, as 

indicated by the pointed line. The arrow shows the scan direction.  (c) HRTEM images showing the same grain 

boundary structure, where no amorphous film can be identified, but a locally disordered area is observed (arrowed). 

Apart from these Cr rich locations, EDX quantification also suggests the presence of 

Cr inside LSCF grains with a content of 1-3 at. %. The quantification also reveals that 

the higher the Cr content, the lower the Co and Fe content (Figure 8a). The Cr presence 



18 

 

was further confirmed by EELS analysis (Figure 8b), which is more reliable for low Cr 

content as there is no peak overlap as is the case with EDX.  Again it can be seen that 

the Co and Fe L2,3 edge intensity decreases with increasing Cr L2,3 edge intensity in 

examined LSCF grains containing different levels of Cr. Applying experimental EELS 

k factors reveals that the Co/O atomic ratio decreases from the expected 0.07 for cation 

stoichiometric LSCF 6428 to 0.037±0.004 and further to zero with increasing Cr level, 

and the Fe/O atomic ratio from an expected 0.27 to 0.24±0.003 and 0.13±0.002 at the 

same time.  All of these results suggest that Cr has entered the perovskite B-site 

substituting Fe and Co, and Co can be completely depleted when the substituted Cr 

content is high. 

 

Figure 8 (a) Co and Fe atomic contents quantified by EDX using experimental k factor as a function of the Cr atomic 

content in different Cr substituted LSCF6428 grains.  (b) EELS spectra obtained from Cr free LSCF6428 and Cr 

substituted LSCF6428. 

The energy-loss near-edge structure (ELNES) of the O K-edge obtained from a Cr free 

LSCF sample, a Cr substituted area and the SrCrO4 phase in a Cr poisoned sample is 

shown in Figure 9a. By probing the local density of the unoccupied states that is 

influenced by the chemical environment, ELNES can provide detailed structural and 

charge information of the investigated element. It can be seen that the O K-edge fine 

structure of the SrCrO4 phase is distinctly different from that of LSCF, as expected 

from the different crystal structure of the two phases. The fine structure of LSCF 
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observed in this work is in good agreement with that reported for LSCF and similar 

perovskite materials48-50. According to the literature51-52, the three main peaks marked 

as A, B and C can be attributed to excitations of the O 1s core states to unoccupied O 

2p states hybridized with Fe and Co 3d states; with La 5d and Sr 4d states and with 

metal 4s and 4p states respectively. The region up to 30–50 eV above the threshold 

relates to the multiple scattering of the excited electrons by neighbouring oxygen 

atoms53. The fact that these features remain very similar in Cr substituted LSCF 

compared to that of Cr free LSCF further supports Cr incorporation into the original 

perovskite structure without significant changes to the parent crystal structure. 

Meanwhile, a reduction in the intensity of peak A was observed for LSCF substituted 

with a higher content of Cr (~ 3 at.%). As this peak is related to the unoccupied O 2p 

states hybridized with Fe and Co 3d states, the reduced intensity can be attributed to a 

reduction in the transition metal valence leading to filling of the hybridized states, as 

found for Ti in Nd1−xTiO3 
54 and in LaxSr1-xTiO3 

55.  

 

Figure 9 EELS ELNES of (a) O K and (b) Fe L2,3 edges for Cr free and substituted LSCF. In (a), the data obtained 

from the SrCrO4 phase is also included for comparison.  

The valence state for Fe was further examined with the Fe L2 and L3 white lines (Figure 

9b).  Subtle changes can be noticed in LSCF with the higher level of Cr substitution (~ 

3 at.%). The appearance of the pre-peak at the L3 line and minor splitting of the L2 line 

are finger prints for a higher portion of Fe3+ compared to Fe4+ or Fe2+ 25. Further, the 
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L3/L2 white-line ratio was extracted quantitatively using the approach described in the 

experimental section. The ratio increased from 4.07±0.16 for as-sintered LSCF, to 4.65 

± 0.09 for the Cr free reference LSCF, and to 5.16 ± 0.12 for LSCF grains containing 

~3 at.% Cr. It is well known that the L3/L2 ratio varies as a function of the valence state 

and reaches the maximum at 3+ for Fe 25. Considering that Fe is expected to exhibit a 

mixed 3+ and 4+ valence with the average of ~3.4+ in LSCF 56, an increase in the white 

line ratio suggests that the Fe average valence decreases upon thermal treatment of the 

sample and further with Cr substitution. The reduction after heat treatment is likely due 

to the Sr depletion from the A-site, while the further reduction might be related to the 

presence of Cr6+ in the Cr containing perovskite, e.g. LaCrO3, La1-xSrxFe0.8Cr0.2O3-y 
57 

and La0.75Sr0.25Cr0.5Fe0.5O3-δ (LSCrF) 58. 

Cr substitution into the LSCF lattice has been predicted to be a favorable 

process by thermodynamic calculations59, but no experimental evidence has been 

previously reported for Cr substitution of LSCF cathodes during the poisoning process. 

It was suspected that this is because the process is kinetically very slow. At the 

micrometer level, a previous study suggested that when poisoned with Cr containing 

alloys, Cr substitution happpened for (La0.8Sr0.2)0.99FeO3 (LSF) while not for LSCF12. 

The current work confirms that Cr substitution occurs after reacting with Cr for a short 

time period in current poisoning conditions, but can only be detected at high resolution 

as the level of substitution is low and inhomogeneous. The Cr substitution in the B-site 

might act as a driving force for Fe and Co precipitation and explains the enhanced Fe-

Co segregation in Cr poisoned samples. 

3.4 Role of change of micron/nano scale structure and chemistry in LSCF 

degradation  



21 

 

It is confirmed in the current work that Cr poisoning has a significant poisoning 

effect on LSCF6428 by degrading both the oxygen surface reaction rate k0 and oxygen 

diffusivity D0 of the material. From bulk characterization of the Cr poisoned LSCF 

using techniques such as XRD, only the formation of SrCrO4 phase has been suggested, 

however the size of this phase is too small to be detected by SEM. Furthermore, FIB 

tomography reveals an almost identical microstructure for both the Cr free and Cr 

poisoned samples. Therefore, under the conditions used in this study, Cr poisoning of 

the LSCF cathode induces negligible change of structure and chemistry at the micron 

scale and plays little role in the material property degradation. 

Although Sr deficient regions and formation of the Fe-Co oxide was already 

identified after the 5-hour heat treatment without Cr poisoning, the combined effect on 

the total polarization resistance of the electrode after 5 hours is negligible (Figure S6). 

This may be due to either the subtle nature of the changes or the possible enhancing 

effect of Fe-Co oxides counteracting the detrimental Sr deficiency. It was suggested 

that the formation of this Fe-Co spinel phase reduced the LSCF degradation from Cr 

poisoning 17, and also that infiltration of Co2O3 nanoparticles into LSM improves the 

cathode performance 60. 

The formation of nanometer size Cr rich phases, mainly the SrCrO4 with low 

conductivity (1.8 x 10-4 Ohm-1 cm-1 at 800 oC 61), at the electrode surface explains the 

increase in the ohmic resistance consistently observed in the Cr poisoned sample 

(Figure 1). This phase is also expected to reduce the number of active surface sites for 

oxygen exchange, and contributes to the observed reduction in the oxygen surface 

exchange rate k0.  The precipitation of Fe-Co spinel, which is greatly enhanced by Cr 

poisoning, may have a positive effect on k0, as discussed earlier. The fact that overall 
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the surface exchange rate was reduced indicates that this possible positive effect is 

smaller than other negative effects caused by Cr poisoning.  

The change of bulk and surface stoichiometry is suggested both as a result of 

thermal treatment and Cr poisoning. The presence of La rich/Sr deficient grains, 

sometimes with changes to the crystal structure (from rhombohedral to orthorhombic, 

Figure 4d), or induced structural change of adjacent grains (from rhombohedral to cubic, 

Figure 6b), were seen after annealing and Cr poisoning. This could degrade both the 

surface exchange properties and oxygen diffusion coefficient as a reduction in the 

oxygen vacancy concentration is expected upon depletion of the Sr dopant in LSCF.  

LSCF stoichiometry was also altered by the substitution of Cr at the B-sites 

leading to reduced amounts of Fe and Co. It was found that Co is almost completely 

depleted at ~3 at.% of Cr substitution. It has been shown that oxygen vacancies would 

form preferentially around Co in LSCF 56, therefore a decrease in oxygen vacancy 

concentration is expected upon Co depletion. The conductivity of a Cr containing 

perovskite has been reported to be lower than that of LSCF6428 (~25 S cm-1 at 500°C 

for La0.6Sr0.4CrO3 
62 and 21.88 S cm-1 at 800°C for La0.8Sr0.2Cr0.5Fe0.5O3-δ 

63 compared 

to ~ 50 S cm-1 at 500°C for LSCF 642864). Takeda et al. also reported that the catalytic 

activity of perovskite electrodes for oxygen reduction decreases in the following order: 

La1-xSrxCoO3-δ, La1-xSrxMnO3-δ, La1-xSrxFeO3-δ and La0.7Sr0.3CrO3-δ 
65. All of these 

facts can contribute to the reduced D0 and k0 for the Cr poisoned sample. The activation 

energy of the surface exchange for LSCF6428 was reported to be only half that of 

(La0.6Sr0.4)FeO3-δ 
66 and that of a Cr containing perovskite such as La0.2Sr0.8Cr0.2Fe0.8O3-

δ appears to be low as well 67-68. Therefore, the slight increase of the activation energy 

for k0 (Figure 2c) is probably due to the much-reduced Co content and Cr substitution 
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in the Cr poisoned LSCF sample. The Sr solution energy has been calculated to be 

lower for LaCo0.8Fe0.2O3 than that for LaCo0.8Cr0.2O3, leading to a more ready 

dissolution of Sr in LaCo0.8Fe0.2O3 
69. The Cr substitution and resulted reduction in the 

Fe content in LSCF may have contributed to the Sr exsolution in Cr poisoned sample. 

The current work also suggests a decrease in Fe valence upon Cr substitution. 

On one hand, this may be beneficial as it has been suggested that lower B-site cation 

valence will facilitate oxygen ion vacancy hopping resulting from reduced interaction 

between B-cations and oxygen ions; on the other hand, it could hinder the oxygen 

vacancy formation as the required reduction process is more difficult with the lower 

valence state. It was not possible to analyze the change of Co valence using the white 

line ratio method, due to the very low intensity of the Co edge in the Cr substituted 

regions, but similar reduction in Co valence may be expected.  

Lastly, the significant change of grain boundary chemistry is clearly shown in 

this work. Although no grain boundary diffusion data is available for Cr poisoned LSCF, 

our analysis shows that the grain boundary is enriched in Cr and deficient in Co, which 

suggests a composition similar to LSCrF. Due to the lower oxygen conductivity of the 

LSCrF phase, an increase in the grain boundary resistance is expected. Although the 

ALS theory used in this work for extracting D0 assumes that oxygen diffusion is 

homogeneous and in the bulk, the apparent oxygen diffusion coefficient will be reduced 

if the oxygen has to cross more resistive grain boundaries to reach the electrolyte in Cr-

poisoned LSCF. It is noted that in the present study Cr grain boundary segregation (and 

Co deficiency) was more frequently found than Cr substitution in LSCF, which was 

expected as a result of faster grain boundary diffusion than bulk diffusion. Therefore, 

grain boundary segregation of Cr might have played a major role in reducing the 
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apparent oxygen diffusivity.    

Although one approach to mitigate Cr poisoning is to develop interconnect 

coatings that can reduce Cr evaporation, it has been shown to be very difficult to 

eliminate the Cr evaporation completely70 and a very small amount of Cr contamination 

(0.1%) can significantly poison the electrode5. The development of a more Cr poisoning 

resistant electrode material is therefore necessary, which requires the identification and 

understanding of all effective poisoning mechanisms. The new mechanisms revealed 

in the current work can provide a basis for future studies to understand the contribution 

from each of the above discussed nanoscale changes to the cathode degradation. For 

example, a reduction of Cr segregation at the grain boundaries may significantly 

increase the poisoning resistance, which could be achieved by doping suitable dopants 

that preferentially segregate to grain boundaries forming phases with high conductivity.  

4 Conclusions 

Cr poisoning was carried out by impregnating Cr(NO3)3.9H2O solution into porous 

LSCF6428 cathodes followed by heat treatment at 900°C for 5 hours. The poisoning 

mechanisms were studied by parallel EIS analysis and investigation of the intrinsic 

reactivity of Cr species with LSCF at the micro- to nano-scale using a combination of 

FIB-SEM and multiple TEM techniques. The Cr free samples undergoing the same 

processing and annealing conditions were first characterized to isolate the effects of 

introducing Cr. It was found that strong Co-Fe co-segregation, in the form of Co-Fe 

spinel oxides, occurs after annealing for 5 hours and La rich/Sr depletion regions were 

also identified; however, no Sr rich phases could be detected. Under current poisoning 

conditions, an overall Cr content of ~ 2.7 at.% was obtained in poisoned sample, which 

corresponds to a reduction of both k0 and D0 by 1-2 orders of magnitude measured by 
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EIS. At this significant level of poisoning, while detailed FIB-SEM tomography reveals 

no significant structural change and Cr rich phases at the micrometer scale, Cr 

incorporation was clearly identified at the nanometer level and below. We showed that 

the quality of our high-resolution analysis enabled us to achieve the level of details that 

were not available before. The SrCrO4 phase formed after Cr poisoning with the current 

condition has a significantly smaller size (< 100 nm) than what was previously reported. 

For the first time, Cr substitution into the perovskite structure predicted by 

thermodynamic calculations was confirmed experimentally, which was associated with 

a decrease in the original B-site Fe and Co contents and in the Fe valence. The Fe-Co 

spinel formation was greatly enhanced after Cr poisoning, likely to be a result of the Cr 

substitution. We also showed the first experimental evidence of Cr segregation to the 

LSCF grain boundaries associated with Co deficiency. The methodology developed and 

the new degradation mechanisms identified in this work provides the essential insight 

and guidance for future work studying SOFC degradation, which will be directed 

towards poisoning of cells under more realistic operation and poisoning conditions for 

the development of more poisoning resistant SOFC electrode materials. 
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