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Solid oxide fuel cells (SOFCs) are highly efficient devices for 
energy conversion. However, their performance is hindered by the 
poisoning of their oxygen electrode materials by chromium and 
sulfur species. While previous studies have proposed a nucleation 
theory of Cr and S poisoning as a mechanism, little is known about 
the adsorption behaviors and compound formation steps during the 
poisoning process. This knowledge is critical for understanding the 
poisoning mechanisms and developing effective mitigation 
strategies. In this study, the state-of-the-art SOFC oxygen electrode 
material, La0.6Sr0.4Co0.2Fe0.8O3 (LSCF), is used as a modeling 
system. A realistic surface structure will be constructed by grand 
canonical Monte Carlo (GCMC) simulation. Then, the adsorption 
energies as a function of surface chemistry will be calculated using 
density functional theory (DFT). The results revealed the 
importance of surface chemistry in determining the energetics and 
kinetics of precursor adsorption and compound formation.  
 
 

Introduction 

 
Solid oxide fuel cells (SOFCs) have the potential to play a significant role in various energy 
conversion applications, including power generation, transportation, and energy storage 
from renewable sources like wind and solar power (1–3). SOFCs' oxygen electrodes can 
act as catalysts in the electrochemical reduction of oxygen, resulting in the production of 
oxygen ions that can subsequently permeate through the electrolyte towards the anode (4). 
The performance of SOFCs depends on the efficiency of their oxygen electrode materials 
(5). Perovskite-based oxygen electrode materials, such as lanthanum strontium manganite 
(LSM), lanthanum strontium cobaltite (LSC), and lanthanum strontium cobalt ferrite 
(LSCF), have shown high efficiency and promise (6–8).  
 

However, the performance and durability of perovskite-based oxygen electrode 
materials are limited by the degradation (9,10). This degradation is mainly caused by Sr 
segregation (11). This segregation may result in the formation of an insulating layer. With 
segregated surface Sr, the degraded electrode can be further poisoned by chromium (Cr) 
species from chromium-forming metallic interconnects and sulfur (S) species from fuels 
(12,13). These impurities significantly degrade the oxygen electrode performance by 
forming insulating surface layers or particles, such as SrCrO4 and SrSO4, and can reduce 
the performance and durability of SOFCs. 
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A nucleation theory has been proposed to understand the entire reaction in SOFCs 

(14,15). This theory proposes that the deposition of Cr and S onto SOFC oxygen electrode 
materials is through a process of nucleation and growth. Cr and S atoms react with the 
oxygen electrode surface to form small clusters or nuclei. These nuclei then grow and 
coalesce to form larger deposits of Cr and S on the surface. Using Cr as an example, the 
following equations depict nucleation reactions. Additionally, it has been observed that S 
species undergo analogous poisoning steps (16,17). The proposed generalized nucleation 
theory for CrO3 postulates that the process initiates on the surface oxygen electrodes, which 
serve as surface active adsorption sites (e.g. surface Mn, Sr, Co, or Ba depend on materials), 
by means of the nucleation agent "N". This is then followed by Equations 1, 2, and 3. 

 
N + CrO3(g) → Cr − N − O(nuclei)    (1) 

 
       Cr − N − O(nuclei) + CrO3(g) → Cr2O3(s)   (2) 

 
Cr − N − O(nuclei) + N + CrO3(g) → N − Cr − O×(s)  (3) 

 
Several experimental studies have observed the formation of Cr and S deposits on 

SOFC oxygen electrode surfaces and identified certain factors that can influence the 
nucleation and growth of Cr and S deposits, such as the fuel gas composition and operating 
temperature of the SOFCs (18–20) . 

 
Surface Sr is one of the potential nucleation agents for Cr and S to deposit on (12,21). 

For LSCF, research has found that Sr ions generated by polarization and high temperatures 
could be the driving forces for the Cr and S poisoning. The pathways to Cr and S poisoning 
include the reaction of Cr and S with the segregated SrO at the surface. Insulating 
compounds such as SrCrO4 and SrSO4 are often found on the surface of oxygen electrodes 
containing Sr in the composition. Therefore, the surface segregated Sr2+ and SrO are 
strongly correlated with the poisoning processes. 

 
Although there have been many experimental investigations, there is limited theoretical 

and computational modeling for Cr and S poisoning studies on SOFC oxygen electrode 
materials (12). Computational modeling is necessary for studying the poisoning in SOFC 
oxygen electrode materials because it provides insights into the specific reaction steps that 
are not easily obtainable through experimental investigations alone. However, previous 
computational studies have only focused on bulk materials' equilibrium thermodynamics 
and degradation modeling for a stack scale, neglecting the kinetics and reaction steps of 
the poisoning as a function of surface chemistry (20,22). 

 
The pathways through which Cr and S poisoning occur have been relatively 

underexplored. Specifically, there is a lack of comprehension regarding the surface atomic 
structure of oxygen electrode at operational conditions. Without a realistic surface atomic 
structure, the Cr and S adsorption behaviors as a function of surface chemistry is less 
investigated. To address this gap in knowledge, this study uses LSCF as a model system. 
To accurately predict the LSCF surface atomic structures, both grand canonical Monte 
Carlo (GCMC) simulations and density functional theory (DFT) will be employed. Since 
simulating large systems like LSCF can be computationally expensive, acceleration 
methods like machine-learning trained interatomic potentials (IAPs) will also be utilized 
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(23). In order to comprehend the mechanisms and kinetics of Cr and S poisoning reactions, 
DFT will be employed to examine the deposition pathways of CrO3 and SO2, including 
adsorption with various configurations. 

 
By acquiring a better understanding of the reaction pathways involved in Cr and S 

poisoning, we may be able to identify potential strategies for mitigating or preventing the 
negative effects of these poisons in SOFCs. 

 
 

Method 

 
GCMC simulation 
 

The GCMC method is a physically motivated approach to explore the space of surface 
configurations (24–26). It enables the reconstruction process to move towards 
configurations that typically have lower surface energy. This method involves subjecting 
the surface to thermal (constant temperature) and chemical potential reservoirs (constant 
chemical potentials), which allow for fluctuations in the system's internal energies and the 
number of atoms. Figure 1 shows a typical workflow of the GCMC method. In each 
iteration, there are three possible actions: displacement of existing particles in the cell, 
insertion of new particles into the cell, and removal of particles from the cell. The 
probability of accepting an action of displace Pdisplace, an action of insert Pinsert, and an 
action of remove Premove are given by Equations 4, 5, and 6. 
 

                     𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑚𝑚𝑚𝑚𝑚𝑚 �1, 𝑒𝑒− ∆𝑈𝑈𝑘𝑘𝐵𝐵𝑇𝑇�    (4) 

 

       𝑃𝑃𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚 �1,
𝑉𝑉

(𝑁𝑁+1)𝛬𝛬3 𝑒𝑒−∆𝑈𝑈−𝜇𝜇𝑘𝑘𝐵𝐵𝑇𝑇 �   (5) 

 

         𝑃𝑃𝑖𝑖𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑 = 𝑚𝑚𝑚𝑚𝑚𝑚 �1,
𝑁𝑁𝛬𝛬3𝑉𝑉 𝑒𝑒−∆𝑈𝑈+𝜇𝜇𝑘𝑘𝐵𝐵𝑇𝑇 �    (6) 

Figure 1.  Flow diagram of GCMC method.  
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where N is the number of particles, V is the volume of the active GCMC in space, 𝜇𝜇 is 

the chemical potential of the atom that the action takes on, 𝛬𝛬 =
ℎ�2𝜋𝜋𝑟𝑟𝑚𝑚𝐵𝐵𝑇𝑇 is the thermal de 

Broglie wavelength, h is the Planck constant, m is the mass of the atom, and ΔU is the 
change in the internal energy. From Equations 1, 2, and 3, one can easily see that when the 
new structure reaches a lower internal energy state, the action is always accepted. If the 
action is accepted, a new action will be taken from the current structure. If the action is not 
accepted, the system will restore the previous structure to do another round of iteration. 

 
Adsorption Energy Calculation 
 

The adsorption energy calculations utilized the Vienna Ab initio Simulation Package 
(VASP) to perform DFT computations (27–30).The adsorption scheme is shown in Figure 
2. The atoms' positions illustration was obtained using the VESTA software (31). The DFT 
electron wave functions and pseudopotentials are described using the projector augmented-
wave (PAW) method, with the exchange and correlation (XC) potential implemented using 
the GGA-PBE functional revised for solids (PBEsol). To correct for self-interaction errors 
inherent in GGA functionals, the GGA + U method introduced by Dudarev et al. is used. 
The on-site correction is applied to the 3d manifolds of Fe3+ and Co3+, with both a value of 
Ueff = U - J = 4.0 eV (32,33). The convergence criterion for electronic self-consistent field 
calculations (SCF) is set to 1 × 10-6 eV per atom, and the force convergence criterion for 
ionic relaxation is 3 mev per Å. The Kohn-Sham wave functions are expanded in plane 
waves up to an energy cutoff of 400 eV, with 0.05 eV of Gaussian smearing employed. 
 

Figure 2.  Schematics for adsorption. The atoms' positions illustrations are obtained using 
the VESTA software.  
 

Both AO- and BO2-terminated (001) LSCF slabs are constructed by two-dimensional 
3 × 3 perovskite supercells in the xy-plane, with 7 or 8 layers in z-direction for AO- and 
BO2-terminated slabs, respectively. The vacuum thickness of 20 Å is chosen to separate 
the two surface slabs to avoid artificial interactions between them. The lower 2 layers of 
slabs are set to be fixed in space, mimicking bulk LSCF structures and screening slabs from 
the bottom vacuum, whereas the upper layers are allowed to relax. A 3 × 3 × 1 Brillouin 
zone (BZ) sampling is performed using the Monkhorst–Pack grid (34). Several AO- and 
BO2-terminated LSCF slabs will be constructed for the adsorption computation. To study 
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different adsorption configurations, for each slab, CrO3 and SO2 molecules will orient in 
parallel or perpendicular towards different surface oxygen or metal cations sites.  

 
The adsorption energy Eads can be calculated using Equation 7. The adsorption energy 

represents the difference in total energy between the relaxed slab with adsorbents and the 
energy of the pristine LSCF slab plus the total energy of an isolated CrO3 or SO2 molecule 
molecule.  

 
Eads = Esystem – Eslab – Emolecule    (7) 

 
where Esystem is the total energy of the optimized slab with adsorbents, Eslab is the energy 

of the pristine LSCF slab and Emolecule is the total energy of an isolated CrO3 or SO2 
molecule. A larger negative Eads value means a more stable configuration and exothermic 
adsorption.  
 

 

Results and Discussion 

 
GCMC simulation 
 

To start GCMC simulations to find LSCF surface atomic structure, first need to identify 
the thermodynamic conditions that will be used. The temperature will be defined as 1073 
K, as the commonly used temperature for current SOFC oxygen electrodes. The oxygen 
partial pressure is determined by the Equation 8, as a function of over potential based on 
the Nernst equation: 

 𝑃𝑃𝑂𝑂2 = 𝑃𝑃𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒 �−ɳ 4𝐹𝐹𝑅𝑅𝑇𝑇�    (8) 

 
where 𝑃𝑃𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔  is the atmospheric oxygen partial pressure, ɳ is the overpotential, 𝐹𝐹 is 

Faraday's constant, 𝑅𝑅  is the universal gas constant, and 𝑇𝑇  is the absolute temperature. 
Using the overpotential relevant to application, 4 combinations of ɳ ranging from 0 V to 
0.51 V will be chosen, corresponding to 𝑃𝑃𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔 ranging from 0.2 atm to 10-10 atm. Table 1 

summarizes all the conditions will be investigated.  
 

TABLE I.  Thermodynamic conditions will be applied for GCMC simulations. 

Overpotential Temperature Effective partial pressure 

0 V 1073 K 0.2 atm 

0.18V 1073 K 10-4 atm 

0.34 V 1073 K 10-7 atm 

0.51 V 1073 K 10-10 atm 

 
In Figure 3, a preliminary GCMC simulation was conducted at an effective oxygen 

partial pressure of 10-7 atm and a temperature of 1073 K. In Figure 3 a), the decreasing slab 
energies indicate that the GCMC algorithm is effectively driving the system towards a 
lower energy state. The starting structure, shown in Figure 3 b), is an AO-terminated 
surface composed of La0.61Sr0.39Co0.14Fe0.86O3. Figure 3 c) displays the current most stable 
structure, which has a composition of (La0.63Sr0.37)1.36Co0.22Fe0.78O3. This finding suggests 
that the surface composition can differ from the bulk composition, with deviations 
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observed in both the perovskite A-site and B-site composition and the stoichiometry. It is 
expected that the current most stable structure is A-site rich compared to B-site, as LSCF 
has been reported to have an A-site dominated termination on the surface region (35). 
Additionally, the upper surface layers of the current most stable structure are not in the 
perovskite phase as initially inputted, indicating a preference for a large surface 
reconstruction. This is consistent with experimental observations that multiple phases can 
coexist on the surface of LSCF, including Ruddlesden-Popper phase, SrO layers, or SrO 
particles (36,37). 
 

 
Figure 3. GCMC simulation of 1073 K and 10-7 atm effective oxygen partial pressure. a) 
Slab energies are decreasing as the GCMC iterations proceed. b) The starting slab structure 
at iteration = 0. c) The current most stable structure at iteration = 2000.  
 
Adsorption Behaviors 
 

To investigate the pathways of Cr and S poisoning, we plan to use realistic surface 
atomic structures of LSCF as reference states. However, due to the lengthy nature of 
GCMC simulations, we have first opted to examine the adsorption behaviors of Cr and S 
on LSCF surfaces terminated with perfect cleavage on the (001) planes. By gaining an 
understanding of how poisoning occurs on a perfectly cleaved (001) LSCF surface, we can 
then apply this knowledge to compare and contrast with reconstructed LSCF surfaces. 

 
 Multiple adsorption configurations, including different molecular orientations and slab 

compositions, will be investigated due to the vast adsorption configurational space where 
molecules can interact with LSCF surfaces. Several adsorption configurations will be 
considered on (001) LSCF surfaces, and their adsorption energies were found to vary. 
Figure 4 displays one of the most stable adsorption configurations for CrO3 a) before and 
b) after adsorption on both AO- and BO2-terminated slabs. Similar calculations were also 
performed to investigate the SO2 adsorption behaviors. This specific adsorption 
configuration involves molecules attaching to the surface parallelly on the surface oxygen 
site, creating multiple bonds between surface oxygen anions and cations in molecules, and 
bonds between surface cations and oxygen anions in molecules. The corresponding 
adsorption energies are listed in Table 2. 
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Figure 4.  One of the most stable adsorption configurations for CrO3 on (001) LSCF 
surfaces. a) before and b) after adsorption on both AO- and BO2-terminated slabs 
 

TABLE II The adsorption energies for the configurations shown in Figure 4. 
Termination Eads 

AO-termination -5.3 eV 

BO2-termination -3.0 eV 

 
The surface oxygen site on LSCF slabs was found to be the most favorable site for the 

adsorption of CrO3 and SO2, as indicated by their highly negative adsorption energies. This 
suggests that the adsorption of these compounds is thermodynamically favorable, which 
has been previously observed experimentally but not confirmed through computational 
slab modeling (12,22). Moreover, the AO-terminated surface displayed more negative 
adsorption energies for CrO3 and SO2 than the BO2-terminated surfaces. The calculated 
adsorption energy represents one configuration on each surface. In the future, the study 
will explore multiple configurations and extract trends as a function of surface chemistry 
and the chemistry and electronic structure of the adsorption site. This tendency will be 
characterized by surface-sensitive descriptors to gain a deeper understanding of the 
adsorption process. Additionally, molecular dynamics will be employed to investigate 
whether there is any tendency for the formation of compounds such as SrCrO4 and SrSO4 
beyond mere adsorption. 
 
 

Conclusion 

 
This study uses computational simulations to identify the surface atomic structure and 
investigate the adsorption of Cr and S on LSCF surfaces. To achieve this, GCMC and DFT 
calculations were employed to determine surface configurations and locate the lowest 
energy surface structures under different thermodynamic conditions. DFT was also used to 
calculate the energetics of adsorption as a function of configuration. The findings showed 
that the surface chemistry plays a crucial role in determining the reaction pathways. 
Specifically, the GCMC algorithm was found to effectively drive the system towards a 
lower energy state, resulting in composition deviations in both the perovskite A-site and 
B-site composition and the stoichiometry. The study also found that the adsorption of both 
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molecules on the LSCF surface was thermodynamically favorable, and identified the most 
stable adsorption configuration where the molecules adsorb on the LSCF surface parallel 
via surface oxygen anions on the AO-termination. Overall, these results provide valuable 
insights into the mechanisms of SOFC electrode poisoning and pave the way for further 
computational and experimental investigations in this field. 
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