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Abstract 

A straightforward method for accelerated testing of Cr poisoning phenomena on mixed ionic and 

electronic conducting Solid Oxide Cell (SOC) air electrode materials was developed. Cr2O3-powder is 

mixed with an organic matrix in a distinct ratio and screen printed onto anode-supported button cells 

with (La,Sr)(Co,Fe)O3-δ (LSCF) cathode followed by a thermal treatment to achieve the formation of a 

well-defined amount of SrCrO4 on the cathode surface within only a few hoursFor the proof of 

concept, single cell measurements were used to investigate the influence of this new kind of Cr 

deposition. As reference, a cell poisoned via gas phase diffusion and a cell without any Cr 

contamination were characterized in the same manner. According to the impedance data, the 

polarization resistance for both cells, which were contaminated with Cr species, increased and the 

expected relationship between deposited amount of Cr and polarization resistance increase was 

found. After our first experiments, SEM analysis still reveals an uneven Cr distribution for the cell 

poisoned via solid state reaction, which is related to the screen printing and the drying behavior of 

the organic paste. Nevertheless, ICP-OES analysis proves the high reproducibility of the method as 

the Cr content is only a function of the Cr paste composition and almost independent of external 

poisoning conditions. Due to its scalability and reproducibility, this method is proposed to be a new 

tool for screening of cathode materials and the investigation of different stages of Cr poisoning prior 

to more sophisticated and time consuming investigations like stack tests with several thousand hours 

of operation time. 



1. Introduction 

Cr poisoning is one of the major issues limiting the lifetime of solid oxide fuel cells (SOFC) and 

electrolysis cells (SOEC). Gaseous hexavalent Cr species can evaporate from the metallic interconnect 

or balance-of-plant components and interact with the ceramic air electrode thereby leading to a loss 

of performance [1]. The preferred cathode materials for SOFC are mainly mixed ionic and electronic 

conducting (MIEC) perovskites like (La,Sr)(Co,Fe)O3-δ (LSCF) and (La,Sr)CoO3-δ (LSC). These materials 

deliver a high electrochemical performance, but due to the segregation of the Sr from the A-site of 

the perovskite lattice to the surface [2,3], they are prone to reacting with volatile Cr species [4]. 

According to the nucleation theory [5], the degradation mechanism is believed to be driven by a 

kinetically fast chemical reaction between the segregated Sr species and the volatile Cr species. As a 

result, SrCrO4 crystals are mainly localized on the surface of the cathode layer, which is in good 

agreement with many experimental findings [6–8]. In contrast, composite cathodes consisting of 

purely electronic conducting perovskite (La,Sr)MnO3-δ (LSM) and ionic conducting yttrium-stabilized 

zirconia (8YSZ) show a degradation behavior were the Cr containing species, a (Cr,Mn)-spinel phase, 

is located at the cathode/electrolyte interface [9,10]. Due to their lower electrochemical 

performance especially at lower temperature (~ 700 °C) compared to single phase cathodes like LSCF 

and LSC, those LSM/8YSZ composites fell out of favor during the development of intermediate 

temperature SOFC in past decade [11]. Therefore this study focuses only on the mixed conducting 

cathode materials as they evolved to the current state-of-the-art for SOFC and SOEC. 

Cr related degradation phenomena are often investigated via single cell or half-cell measurements, 

which represent the electrochemical system on a small scale. Many experimental setups implement a 

metallic Cr source into the cathode gas feed [6,12,13]. However, evaporation from such a metal 

source is a function of many parameters, such as the available surface area, Cr content, temperature, 

flow regime, and gas humidity [14,15]. The comparison of different samples is especially challenging 

if the poisoning conditions cannot be controlled sufficiently for all experiments. In addition, it is time 



consuming to achieve the same level of Cr deposition, which can be found on the cathode after long-

term stack operation. 

In this work, we present the new and straightforward approach of solid state poisoning to overcome 

the aforementioned restrictions.  Solid state poisoning has the potential to be highly reproducible 

and scalable in terms of Cr content deposited on a sample and is especially suitable for porous 

cathodes with applied microstructure. Our method enables to mimic the increasing amount of Cr 

deposited on a cell during long-term stack operation within a few hours and to benchmark novel 

cathode materials regarding their affinity of Cr poisoning. Therefore, it can become a versatile tool 

for future development of high performance SOFC cathode materials, whose function is based mixed 

ionic and electronic conduction.  

2. Experimental 

2.1. Paste preparation 

Cr2O3 powder was mixed with an organic matrix consisting of 6 wt-% ethyl cellulose (Sigma Aldrich) 

and 94 wt-% terpineol (DuPont). The components were first stirred roughly with a spatula by hand 

and then mixed in a planetary centrifugal ThinkyTM Mixer for 6 min (3 x 2 min to avoid heating of the 

vessel) at 1000 rpm. The resulting paste appears to be homogeneous, without macroscopic 

agglomerates. The amount of Cr2O3 powder in the paste was calculated considering the wet layer 

thickness of the screen used for the screen printing process. It was targeted to achieve a Cr 

deposition, which is comparable to  average Cr contents found in LSCF cathodes after several 

thousand hours of stack operation with JÜLICH specific stack design (~ 100 – 200 µg cm-2) [1,16]. The 

Cr content of the paste was adjusted to 6.2 wt.-% (equals 0.1 g Cr2O3 per 1 g organic matrix) with the 

aim to achieve a Cr deposition of ~ 100 µg cm-2. In order to avoid infiltration of the paste into the 

cathode layer, Cr2O3 powder with a d50 of 0.99 µm (Fluka) was chosen, as its mean particle size is 

bigger than the average pore diameter of JÜLICH standard cathodes.  

 



2.2. Solid State and Gas Phase Poisoning 

Commercial anode–supported solid oxide button cells with a diameter of 20 mm supplied by 

CeramTec (Germany) were used for this work. They consist of a NiO/8YSZ anode support, a NiO/8YSZ 

anode, an 8YSZ electrolyte, and a screen printed GDC diffusion barrier layer. The 40 µm 

(La0.58Sr0.40)(Co0.20Fe0.80)O3-δ cathode is produced in-house (d50 = 0.8 µm) and was applied by screen 

printing. It has a diameter of 10 mm. Sintering was conducted at 1080 °C under air atmosphere for 

3 h. The anode was activated under H2 at 950 °C during the startup of the cell in the single cell 

measurement. Two different techniques have been used to poison the samples. 

 

i.) Solid State Poisoning. The Cr paste is screen printed on a cell using a screen with a wet layer 

thickness of 40 µm. The diameter of the printed area was set to 9 mm, allowing for some excess 

space in case the Cr paste spread due to its low viscosity. After a drying step at 70 °C for 1 h, the solid 

state reaction R 1 was triggered by thermal treatment at 750 °C under air atmosphere. 

 2 𝑆𝑟𝑂(𝑠) + 𝐶𝑟2𝑂3 (𝑠) + 
3

2
𝑂2 (𝑔) ⟶ 2 𝑆𝑟𝐶𝑟𝑂4 (𝑠) R 1 

Preliminary tests revealed that at least 12 h are necessary to ensure an almost complete reaction of 

the screen printed Cr2O3 with the Sr species from the cathode. The complete course of the reaction 

was verified by SEM/EDX analysis, but was also indicated by a color shift of the sample from the 

green of the Cr2O3 paste to a dark grey of the reaction products. Due to the temperature used for 

solid state poisoning, Cr2O3 will also partly evaporate and react with air humidity to form CrO2(OH)2 

as shown in R 2 [14], thereby giving rise to a secondary poisoning mechanism via gas phase diffusion. 

 𝐶𝑟2𝑂3 (𝑠) +  2 𝐻2𝑂(𝑔) ⟶ 2 𝐶𝑟𝑂2(𝑂𝐻)2 (𝑔) R 2 

To ensure a complete reaction of the deposited Cr2O3 XRD measurement has been conducted (Bruker 

D4). 

 



ii.) Gas Phase Poisoning. Gas phase poisoning was used to prepare a cell more closely mimicing the 

situation in a real SOFC stack, where solid state reaction does not occur. A cell was placed under an 

Al2O3 frame (height: 2 mm) which was covered by high Cr-containing ferritic steel resulting in a closed 

gas volume between the Cr source and the sample surface. The interconnect steel ITM (= 

Intermediate Temperature Metal from Plansee SE, Austria) was used as a Cr source. This steel forms 

a Cr2O3 protection layer under oxidizing conditions [15]. The experimental setup of cell, frame and Cr 

source was kept at 750 °C for 72 h.  Cr poisoning at the sample surface takes places according the 

equation R 3. 

 𝑆𝑟𝑂(𝑠) + 𝐶𝑟𝑂2(𝑂𝐻)2 (𝑔) ⟶ 𝑆𝑟𝐶𝑟𝑂4 (𝑠) +  𝐻2𝑂(𝑔) R 3 

An elongated exposure time was used in this case to ensure the deposition of a sufficient amount of 

Cr on the sample, as the volume of the furnace was quite large compared to the sample size. Table 1 

summarizes the three cells used for electrochemical characterization and the applied technique used 

for poisoning. 

 

Table 1: Overview of the samples used for electrochemical characterization. Poisoning conducted in standing 

room air (~ 2.5 % absolute humidity). 

Sample name Poisoning process Heat treatment for poisoning Atmosphere 

1 none - - 

2a Solid State Poisoning 12 h at 750 °C ambient air 

3a Gas Phase Poisoning 72 h at 750 °C ambient air 

 

The amount of Cr in the samples was measured using a wet chemical method, which is described in 

more detail in the literature [1]. 



2.3. Electrochemical characterization 

A 4-probe setup was used for electrochemical characterization, in which cathode and anode were set 

as working/sense electrode (WE/S) and counter/reference electrode (CE/RE), respectively. In order 

to contact both electrodes individually, Pt- (cathode) and Pt/Ni- (anode) current collectors were 

utilized. A gold gasket with a thickness of 0.3 mm was used to separate the anode and the cathode 

compartment. Ultrapure hydrogen (9 Nl h-1) on the anode side and compressed air (14 Nl h-1) on the 

cathode side were used as feed gases. After a button cell was installed in the setup, it was heated up 

to 900 °C and the anode was activated. By turning on the gas supply, the NiO was stepwise reduced 

to metallic Ni. Starting at 900 °C, an electrochemical impedance measurement was conducted at a 

constant potential of 0.7 V within a frequency range of 110 kHz to 1 mHz and with an excitation 

amplitude of 20 mA cm-2. After completion of the measurement at the selected temperature, the 

cell-temperature was lowered by 50 K at a cooling rate of 1 K min-1. The impedance measurement 

and cooling step were repeated until a cell-temperature of 650 °C was reached. In this work, only the 

impedance spectra recorded at 700 °C will be used for discussion. An in-depth analysis of the 

impedance data and the related electrochemical processes will be presented elsewhere. 

3. Results 

3.1. Wet chemical analysis 

For chemical analysis of the Cr content, the cathode layer with the Cr-containing reaction products 

on top was dissolved in perchloric acid and the Cr content of the solution was measured by 

inductively coupled plasma-optical impedance spectroscopy (ICP-OES). For both poisoning methods 

three cells have been characterized. Table 2 summarizes the results of the wet chemical etching.  

Table 2: Amount of Cr per cm-2 cell determined by ICP-OES. Samples 2a and 3a were used for electrochemical 

characterization and therefore measured after single cell measurement. 

  



 

 Sample Cr deposition [µg cm-2] 

Solid State Poisoning 

2a 58.01 

2b 55.70 

2c 54.71 

Gas Phase Diffusion 

3a 135.25 

3b 100.65 

3c 151.46 

 

The ICP-OES analysis proved the high reproducibility of the solid state poisoning technique. For this 

method, the values scatter by approximately 7 %, while for the poisoning via gas phase, values in the 

range of 100 µg cm-1 to 150 µg cm-1 were measured. The results of the ICP analysis also show that the 

Cr deposition achieved via solid phase poisoning did not match the target of ~ 100 - 200 µg cm-2.  

To verify a complete reaction of the Cr2O3 with the Sr from the cathode, XRD measurement has been 

conducted. Figure 3-1 shows the XRD pattern of the cell 2a after the thermal treatment at 750 C for 

12 h.  



 

Figure 3-1 XRD analysis of a single cell after Cr poisoning via solid phase poisoning and thermal treatment for 

12 h at 750 °C. 

In the XRD-pattern, SrCrO4 became the main Cr-containing phase while there is indication of residual 

Cr2O3. Considering the XRD detection limit a complete reaction of the Cr2O3 is supposed. The 

presence of the GDC and 8YSZ phases in the pattern accounts to the measuring device which scans a 

larger diameter than cathode diameter. 

3.2. Microstructural analysis 

Figure 3-2 shows the top views (left) and the fracture surfaces (right) of the three cells after the 

single cell measurement.  
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Figure 3-2 SEM analysis of the three ASC button cells used for the electrochemcial characterization. 

Left: top view. Right: Fracture surface of the upper part of the cathode layer (backscattered electron 

detector/In-lens detector). 

In the case of Cell 1, the LSCF cathode shows larger pores in the microstructure, which might be 

residuals from the processing, like small drying cracks, which remained after the sintering and were 

representative for all cathodes considered in this study. Those pores might allow small Cr2O3 particles 

to enter the cathode layer during screen printing. However, no indication for such an infiltration was 

found by SEM analysis of Cell 2.  As expected, the Cr-containing crystals are randomly spread on the 

surface of the cathode of cell 2, indicating that they derived from the screen printed Cr2O3 particles. 

For Cell 3, the gas phase deposition led to the formation of SrCrO4, which almost homogenously 

covers the complete sample surface. The fracture surface of Cell 3 shows that the reaction products 



between volatile Cr and Sr from the LSCF cathode penetrate the first 2 – 3 µm of the cathode layer.  

Nevertheless, there is no indication that Cr species reached the bulk of the LSCF cathode in Cell 2 or 

3. This indicates that the Cr species remained localized at the top of the cathode layer during cell 

operation as intended. From this result, it was concluded that the solid phase poisoning led to the 

same kind of Cr poisoning as reported in the literature for LSCF cathodes independent if they are 

used in real stack tests or single cell measurements [1,6]. 

 

3.3. Electrochemical Impedance Measurements  

Degradation of electrochemical performance caused by an interaction with a solid or gaseous Cr 

species was studied by electrochemical impedance spectroscopy.  

Figure 3-3 shows the impedance plots at 700 °C.  

 

Figure 3-3: Comparison of impedance data of the cells taken at 0.7 V and 700 °C. Inset: Original data 

without subtraction of the ohmic resistance. 

For better comparability, the impedance spectrum for each sample has been shifted by subtracting 

the ohmic resistance. The ohmic resistances for the cells were 0.29, 0.23 and 0.28 Ohm cm2 for Cell 

1, 2 and 3, respectively. The ohmic resistance is often attributed to physical parameters such as the 

thickness of the electrolyte or the contact between the cell and the current collector. As we could 



not  find any significant microstructural difference of the three cells, we  suppose that the difference  

of ohmic resistance is caused by  contact issues of the experimental setup. The comparison of the 

three cells shows an increase of the polarization resistance with increasing Cr content, especially in 

the low frequency range. This is in good agreement with literature, in which cathode-related 

processes are also assigned to this part of the frequency range [6,17]. Most importantly, the data 

show that the Cr treatment seems to have a similar effect on the impedance spectra regardless of 

the poisoning technique. This indicates that the solid state poisoning route is a promising alternative 

to the gas phase poisoning. 

4. Discussion 

The results achieved so far are quite promising in terms of comparability and reproducibility. For 

both applied poisoning techniques, reaction products like SrCrO4 crystals are mainly located on top of 

the cathode layers, showing only a small penetration depth of 2 – 3 µm into the LSCF cathode in the 

case of gas phase deposition. SEM analysis also revealed that the Cr poisoning applied by solid state 

reaction remained localized to the screen printed area, even after heat treatment and single cell 

measurement. The difference between the expected Cr deposition (~ 100 - 200 µg cm-2) and the 

measured amount (~ 50 µg cm-2) has two possible explanations.  i.) The paste composition has an 

influence on the wet layer thickness achieved after screen printing. The organic matrix used for the 

Cr paste was derived from our cathode paste and is optimized for solid content of up to 40 wt.-%. 

However, the Cr paste has a solid content of only ~ 10 wt.-%. As a result the paste is rather sticky. 

During the screen printing the paste could be partly removed from the sample when the screen 

retracts after the squeegee has passed it. Therefore, optimization of the paste composition and 

screen printing process is required to establish the solid poisoning approach.  ii.) It is supposed that 

the burn-off of the organic binder, which was conducted at 750 °C in ambient air, triggers an 

unexpected loss of Cr  by evaporation of Cr species like CrO3 and/or CrO2(OH)2.  Such evaporation 

could not be completely avoided at temperatures above 600 °C [14]. In addition the Cr2O3 particles 



possess a large surface area which also favors evaporation as competing reaction to R 1. This issue 

could be resolved by adding a dwell time at lower temperature (e. g. 300 °C) where the evaporation 

of Cr2O3 is negligible before triggering reaction R 1 at higher temperature.  In sum, an adjustment of 

the Cr content of the paste and an improvement of the screen printing process are required to better 

adjust the Cr content in the case of solid state poisoning.  

Both poisoning methods seem to cause a similar change in the impedance spectra, even though the 

amount of Cr deposited via gas phase diffusion did not match the poisoning achieved via solid state 

poisoning. That both samples show a similar behavior in the impedance measurements is in good 

agreement with the chemical degradation behavior of LSCF cathodes reported in literature [1,14,18]. 

It seems likely that the Cr degradation on both samples triggered a limitation of the gas transport 

and/or surface exchange, while the electrochemically active sites close to the LSCF/GDC barrier 

remained intact and did not suffer from the Cr poisoning treatment. Another interesting fact is that 

even the severe SrCrO4 deposition on Cell 3 did not lead to contact problems with the platinum mesh 

used during the electrochemical characterization, even though the total conductivity of SrCrO4 is 

approximately 6 orders of magnitude lower than that of LSCF at 800 °C [19]. 

As this method was developed for use as accelerated testing, the comparison to recent stack results 

is of high interest. The amount of Cr deposited on the cathode strongly depends on the Cr protection 

coating applied to the interconnect and the operating temperature [16]. For stacks with less efficient 

Cr protection coatings (e.g. porous coatings applied by wet powder spraying), which were operated  

for up to 17.000 h, we measured a Cr content in the range of 100 – 200 µg cm-2 on the stack level 

[1,16,20]. So far a non-linear correlation between the amount of Cr deposited on an LSCF cathode 

and the operation time of a stack is expected [20] and a Cr content in the range of 200 µg cm-2 seems 

to be the highest value measured for JÜLICH ASC stacks so far. Solid state poisoning by screen 

printing of Cr2O3 powder enables to deposit the equivalent amount of Cr in less than one day, 

including preparation of the paste, screen printing and thermal treatment. However, to ensure a 

complete reaction of the Cr2O3 in the paste with the Sr from the cathode, we propose to increase 

time of the thermal treatment and Cr content of the paste. In addition to the time-saving aspect, this 



method shows much higher reproducibility compared to poisoning via gas phase diffusion and is 

therefore also an inexpensive alternative to more sophisticated methods, such as depositing a Cr 

species via physical vapor deposition. 

The results presented so far are a preliminary but highly promising approach, and leave some room 

for improvement and further experiments. First, a modification of the paste composition could be 

helpful to adjust behavior of the paste during screen printing and thus the Cr deposition and 

distribution. So far the Cr2O3 powder is preferentially localized at the outer areas of the sample. This 

tendency was already observed during the SEM analysis of Cell 2. With an optimized paste, a more 

homogeneous distribution of the Cr2O3 powder on the cell is expected.  

A major limitation of this method is that it is only applicable for cathode materials which exhibit a 

degradation behavior driven by a chemical reaction in which the Cr species are mostly located on top 

of the cathode layer. This method would not be suitable for an LSM/8YSZ composite cathode, as the 

Cr-containing phase is normally located at the interface between the cathode layer and the 

electrolyte [21,22]. For these cathodes, a method such as that proposed by Ni et al. might be an 

alternative [17]. This method utilizes a Cr-nitrate solution to infiltrate the cathode, allowing a direct 

interaction between the electrochemically active sites of the cathode and the Cr species. 

5. Conclusion 

In this work, a straightforward experimental method was described which enables reproducible Cr 

poisoning of SOCs within a few hours. First, a paste containing Cr2O3 powder and an organic binder 

system was screen printed onto ASC button cells. After a heat treatment to trigger the poisoning 

reaction, electrochemical impedance measurements were conducted and the results were compared 

to those of a Cr free reference cell and an identical cell which was poisoned via gas phase diffusion. 

Even though the amount of the Cr-containing deposits differed between the two poisoning methods, 

the influence on the impedance behavior was found to be similar, as the polarization resistance of 

both samples increased significantly with respect to that of the Cr-free reference. This is attributed to 



the nature of the Cr poisoning of LSCF cathodes, which is dominated by or restricted to a chemical 

reaction and results in the formation of SrCrO4 crystals on the surface of the cathode layer. 

Therefore, the effect characterized by impedance spectroscopy is likely triggered by the partial 

blocking of the pores of the LSCF cathode with SrCrO4 crystals which then influences the 

electrochemical performance of the cells. This work is a first approach to accelerate and standardize 

Cr poisoning of mixed conducting cathodes, but there is still room for further optimization. Up to 

now, composition of the paste and screen printing parameters paste as well as the temperature 

program for the poisoning were not optimized leading to a noticeable difference between the 

predicted and the actual amount of Cr deposited on the sample surface. 

Despite that, this work proofs the potential of this method to provide insight into the long-term 

degradation behavior of MIEC cathodes, such as LSCF and LSC. The method allows for the 

preparation of samples with a predefined Cr content by adjusting the Cr content of the organic paste, 

providing the possibility to mimic different lifetime stages of a cell without the need of thousands of 

hours stack operation. 
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