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Experimental section

Theoretical calculations were carried out by means of density functional theory 

using VASP (Vienna ab initio simulation package)1-5. All calculations were 

performed with a cutoff energy for the valence electrons of 500 eV, in a (4×4×4) 

gamma centered K-point mesh. The 2×2×2 supercell was used for the calculations. 

The oxygen vacancy formation energy could be calculated according to 
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where is the oxygen vacancy formation energy,  is the total energy of defective fE defectE

bulk, is the energy of molecular oxygen and is the total energy of the 
2OE perfectE

stoichiometric bulk.

The hydration energy of the samples could be calculated according to

22hydration OH defect H OE E E E   

where is the hydration energy,  is the energy of the crystal with two hydrationE 2OHE

additional protons,  is the total energy of the defective bulk and  is the defectE
2H OE

energy of a single water molecule.

The energy barriers and transition states for proton migration were located by 

using the climbing image nudged elastic band (NEB) method6. The (001) surface was 

cleaved and the adsorption of O2 and CO2 was simulated to study the surface 

properties of the La0.5Ca0.5MnO3-δ (LCaM) material. The O-O bond length for the O2 

molecular was calculated by putting an oxygen molecular in an empty box which kept 

the same size as the box for the surface relaxation and the oxygen adsorption 

relaxation, followed by the energy optimization of the oxygen molecular.
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La0.5Ca0.5MnO3-δ (LCaM) powder was synthesized by a wet chemical route, 

using La2O3, CaCO3 and (CH3COO)3Mn·2H2O as the starting materials. Citric acid 

was used as the complexing agent. The preparation details can be found in our 

previous studies7, 8. The powder was calcined at 950 oC for 3 h to achieve pure phase. 

Anode-supported BaZr0.1Ce0.7Y0.2O3-δ (BCZY) half-cells were fabricated by the 

conventional co-pressing and co-sintering method and the co-sintering temperature 

was set at 1300 oC and the details can be found in our previous studies9. The LCaM 

cathode was deposited on the sintered BCZY electrolyte surface, followed by a co-

firing procedure at 900 oC in the microwave sintering furnace. Then, the cell was 

tested with H2 as the fuel and static air as the oxidant. The electrochemical 

performance of the cell was recorded using an electrochemical workstation (Squidstat 

Plus, Admiral Instruments). The morphology and the elemental distributions of the 

LCaM powder were observed by scanning transmission electron microscopy (STEM, 

JEM-2100F). The morphologies of the tested cell were observed using a scanning 

electron microscopy (SEM, Nova Nano SEM 450). The chemical stability of the 

LCaM powder was examined by exposing the powder in a CO2-containing 

atmosphere (10% CO2+90% air) at 600 oC, and the phase composition of the powder 

was detected with the in-situ high temperature X-ray diffraction (XRD) at 600 oC. The 

measurement was carried out every 30 minutes and the test was lasted for 12 h under 

the flowing CO2. An additional treatment of the LCaM powder in the (10% CO2+90% 

air) at 600 oC was carried out and the treatment was lasted for 100 h to further 
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demonstrate the stability of LCaM against. The phase composition of the powder after 

the treatment was examined by XRD. 
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Figure S1. The calculated configuration for the adsorption of O2 on the surface of 
LCaM.
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Figure S2. XRD pattern for the synthesized LCaM powder.
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Figure S3. (a) The equivalent circuit used to fit the EIS plots; the EIS plots for the cell 

using the LCaM cathode tested at (b) 600 oC and (c) 650 oC. 
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Figure S4. XRD patterns for the LSrM and LBaM powder after calcination.
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Figure S5. Comparison of (a) fuel cell output and (b) EIS plots for the LCaM cell and 

the LSrM cell, tested at 700 oC.
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Figure S6. XRD patterns for the LCaM powder before and after the treatment in a 

CO2-containing atmosphere at 600 oC for 100 h.



11

Figure S7. The stability test of the cell under an applied voltage of 0.6 V measured at 

600 oC. 
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Table S1. The resistance contribution at high frequency (RHF), middle frequency (RMF) 

and low frequency (RLF) for the LCaM cell tested at different temperatures, obtained 

from the EIS plot fitting. 
Temperature (oC) RHF (Ω cm2) RMF (Ω cm2) RLF (Ω cm2)

600 0.047 0.32 0.21
650 0.033 0.14 0.13
700 0.009 0.027 0.034
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