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S1: Details on the steps of the entire oxygen reduction process 

The entire oxygen reduction process can be separated into five transport steps (T1 to T5), and 

six reaction steps (R1 to R6) and are presented below:  

1. Transport of O2 in the gas phase.                                                                                          (T1) 

2. Adsorption of O2 on the LSCF surface to form excited 𝑂𝑂2𝑂𝑂
𝑥𝑥  molecule.                               (R1) 

3. Transport of the adsorbed 𝑂𝑂2𝑂𝑂
𝑥𝑥  on the LSCF surface.                                                                            (T2) 

4. Adsorbed 𝑂𝑂2𝑂𝑂
𝑥𝑥  fills vacancies on the Fe/CoO layer of the LSCF surface:                           (R2) 

5. Transport of peroxo, 𝑂𝑂2𝑂𝑂
′′ species on the LSCF surface.                                                                           (T3) 

6. Splitting of peroxo, 𝑂𝑂2𝑂𝑂
′′  into two oxo, 𝑂𝑂𝑂𝑂′  species on the LSCF surface.                           (R3) 

7. Transport of oxo, 𝑂𝑂𝑂𝑂′  species on the LSCF surface.                                                                                   (T4) 

8. Transport of 𝑂𝑂𝑂𝑂′  from the surface LSCF to the bulk LSCF:                                                 (R4) 

9. Transport of oxide, 𝑂𝑂𝑂𝑂′′ ions in bulk LSCF.                                                                           (T5) 

10. Transport of 𝑂𝑂𝑂𝑂′′ ion across the interface between LSCF and electrolyte:                            (R5) 

11. Transport of peroxo, 𝑂𝑂2𝑂𝑂
′′ species at the surface of LSCF across the air/LSCF/GDC TPB:(R6) 

A more detailed description of the notation used in the above chemical reaction steps and 

other equations is shown in Table S1-1. 

Table S1-1. A detailed description of the notation 

𝑂𝑂2𝑂𝑂
𝑥𝑥  Excited 𝑂𝑂2∗ molecule at an anionic O site (neutral) on LSCF 

surface 
𝑂𝑂2𝑂𝑂

′′ 𝑂𝑂22− at an anionic O site on LSCF surface 
𝑂𝑂𝑂𝑂′  𝑂𝑂− at an anionic O site in LSCF 
𝑂𝑂𝑂𝑂′′ 𝑂𝑂2− at an anionic O site in LSCF/GDC 
k Reaction rate constant 
D Diffusivity 
kB Boltzmann constant 
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T Temperature 
C Concentration of different species 
h Planck’s constant 
G Gibbs free energy 
λ Jump length of a diffusion step 
z Number of first neighbors in the diffusion step, which is 2 in 1D diffusion, 

4 on a square lattice, and 6 on a hexagonal lattice 
F Helmholtz free energy 
P Pressure of gas 
V Volume of the gas 
Im Moment of inertia of one molecule 
Z Partition function 
v Vibrational frequency 

E0 Electronic internal energy at 0K 
S Entropy 
ϕ Porosity 
τ Tortuosity 
r Reaction rates for different reaction steps 
φ Electric potential 
suf Reactions that happen on the LSCF surface 

TPB Reactions that happen on LSCF/GDC/gas triple phase boundaries 
int Reactions that happen on LSCF/GDC interface 
σ Electronic conductivity of LSCF 

Asuf LSCF surface area per unit volume 
Aint The percentage of LSCF/GDC contacting surface area on the interface 
ATPB TPB length per unit interface area 
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑥𝑥 Concentration of oxygen lattice sites, about 83147 mol/m3 

𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠2−
𝑚𝑚𝑎𝑎𝑥𝑥 Concentration of surface oxygen lattice sites, about 10−5 mol/m2 

Fa Faraday’s constant 
I Current density 

ITPB Current density across the triple phase boundary 
Iint Current density across the LSCF/GDC interface 
η Overpotential at LSCF/GDC interface 

∆Gf,vac Vacancy formation free energy 

∆Gf,vac
perf  Vacancy formation free energy with no vacancies in the lattice 

a The parameter representing the free energy deviation from the ideal 
structure 
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γbulk The parameter representing the deviation of ∆GDO2−
 attributed to CVO 

variations 
γsuf The parameter representing the deviation of ∆Gk3,suf attributed to CVO 

variations 
χ The electrostatic potential step at the LSCF/gas interface 
e Charge of an electron 
α Charge transfer coefficient 

Capsuf Capacitance for surface LSCF 
d Vertical distance between the uppermost oxygen and the surface layer 
ε Permittivity of the material 

Se Sensitivity of current density 
Pa Parameters in sensitivity analysis 

 

 

 

S2: Discussion on interface structure 

Unlike the interface structure with (100) terminated LSCF and (100) terminated CeO2, which 

is shown in Fig. 3(e), the interface structure with (100) terminated LSCF and (110) terminated 

CeO2 is not a stable structure. We can see from Fig. S2-1(b) that the relaxed interface has a 

significant distortion on the SrO layer compared to the bulk LSCF structure, and the distance 

between interface SrO layer and the CeO2 layer is much larger than the distance between other 

neighboring layers, indicating that this interface structure is not favorable.  
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Fig. S2-1 Two side views of the LSCF / CeO2 interface structure with (100) terminated LSCF 

and (110) terminated CeO2. 

 

S3: Details on the expressions for 𝐆𝐆(𝐓𝐓) 

For the O2 molecules in the gas phase, the Gibbs free energy is expressed as 

𝐺𝐺(𝑇𝑇) = 𝐹𝐹0𝐾𝐾 + 𝐹𝐹𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐹𝐹𝑣𝑣𝑡𝑡𝑣𝑣𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑃𝑃𝑃𝑃 

= −𝑘𝑘𝐵𝐵𝑇𝑇 𝑙𝑙𝑙𝑙(𝑍𝑍0𝐾𝐾) − 𝑘𝑘𝐵𝐵𝑇𝑇 𝑙𝑙𝑙𝑙(𝑍𝑍𝑡𝑡𝑡𝑡) − 𝑘𝑘𝐵𝐵𝑇𝑇 𝑙𝑙𝑙𝑙(𝑍𝑍𝑡𝑡𝑡𝑡𝑡𝑡) − 𝑘𝑘𝐵𝐵𝑇𝑇 𝑙𝑙𝑙𝑙�𝑍𝑍𝑣𝑣𝑡𝑡𝑣𝑣� + 𝑃𝑃𝑃𝑃 

𝑍𝑍0𝐾𝐾 = 3 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝐸𝐸0
𝑘𝑘𝐵𝐵𝑇𝑇

�  

𝑍𝑍𝑡𝑡𝑡𝑡 = �2𝜋𝜋𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇
ℎ2

�
3
2 𝑃𝑃  

𝑍𝑍𝑡𝑡𝑡𝑡𝑡𝑡 = 8𝜋𝜋2𝐼𝐼𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇
2ℎ2

  

𝑍𝑍𝑣𝑣𝑡𝑡𝑣𝑣 =
𝑒𝑒𝑥𝑥𝑒𝑒(−

ℎ𝑣𝑣𝑂𝑂2
2𝑘𝑘𝐵𝐵𝑇𝑇

)

1−𝑒𝑒𝑥𝑥𝑒𝑒(−
ℎ𝑣𝑣𝑂𝑂2
𝑘𝑘𝐵𝐵𝑇𝑇

)
                                                  (S3-1) 

Derivations of these equations are from reference 1.  

For the adsorbed O2 molecule, the Gibbs free energy can be expressed as 
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𝐺𝐺𝑎𝑎𝑎𝑎𝑡𝑡(𝑇𝑇) = 𝐹𝐹𝑎𝑎𝑎𝑎𝑡𝑡 + 𝑃𝑃𝑃𝑃  

𝐹𝐹𝑎𝑎𝑎𝑎𝑡𝑡 = (𝐸𝐸 − 𝑇𝑇𝑇𝑇)𝑎𝑎𝑎𝑎𝑡𝑡 = (𝐸𝐸0)𝑎𝑎𝑎𝑎𝑡𝑡 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑡𝑡 + 7
2
𝑘𝑘𝐵𝐵𝑇𝑇                              (S3-2) 

For the adsorbed O2 gas, the following approximations are used to obtain the entropy term 

𝑇𝑇𝑎𝑎𝑎𝑎𝑡𝑡2,3: 

𝑇𝑇𝑎𝑎𝑎𝑎𝑡𝑡 ≈ 0.7𝑇𝑇 − 3.3𝑘𝑘𝐵𝐵  

𝑇𝑇 = 1
𝑇𝑇

(𝐸𝐸0 + 7
2
𝑘𝑘𝐵𝐵𝑇𝑇 − 𝐹𝐹)                                                (S3-3) 

For the oxide ions (𝑂𝑂𝑂𝑂′′, 𝑂𝑂2𝑂𝑂
′′ and𝑂𝑂𝑂𝑂′′), the Gibbs free energy can be expressed as 

𝐺𝐺𝑡𝑡(𝑇𝑇) ≈ 𝐹𝐹𝑡𝑡 = 𝐹𝐹𝑡𝑡0𝐾𝐾 + 𝐹𝐹𝑡𝑡𝑣𝑣𝑡𝑡𝑣𝑣𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

𝐹𝐹𝑡𝑡0𝐾𝐾 = 𝐸𝐸0,𝑡𝑡 

𝐹𝐹𝑡𝑡𝑣𝑣𝑡𝑡𝑣𝑣𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
1
2
� ℎ𝑣𝑣𝑚𝑚

3𝑁𝑁

𝑚𝑚=1

+ 𝑘𝑘𝐵𝐵𝑇𝑇 � 𝑙𝑙𝑙𝑙 (1 − 𝑒𝑒𝑒𝑒𝑒𝑒 (−
ℎ𝑣𝑣𝑚𝑚
𝑘𝑘𝐵𝐵𝑇𝑇

))
3𝑁𝑁

𝑚𝑚=1

                   (S3 − 4) 

The term 𝐸𝐸0,𝑡𝑡 is the internal energy of each species at 0 K. These terms are calculated using DFT+U 

calculations.  

The vibrational frequencies are calculated using the finite displacement method. All oxygen 

atoms in the reaction or diffusion process and the nearest neighbor atoms were included in the 

calculations, as they are directly involved in the reaction mechanism4. The vibrational frequencies 

at a constant volume were obtained within the harmonic approximation using finite ionic 

displacements ±0.015Å.  

S4: Derivation of the expression for the electric field 

The current density distribution is presented in Fig. S4-1. At the top boundary, the ionic current 

density is 0, and the overall current density is from the electronic conduction. At the bottom 



8 
 

boundary, the overall current density is from the ionic conduction. According to the current density 

conservation equation, we have, 

𝐼𝐼(𝑂𝑂2−) + 𝐼𝐼(𝑒𝑒−) = 𝐼𝐼 = 𝐼𝐼(𝑂𝑂2−)(bottom)                                (S5-1) 

where  

𝐼𝐼(𝑒𝑒−) = −𝜎𝜎 𝑎𝑎
𝑎𝑎𝑑𝑑
𝜑𝜑                                                       (S5-2) 

𝐼𝐼(𝑂𝑂2−) = 2𝐹𝐹𝑎𝑎𝐷𝐷𝑂𝑂2− �
𝑎𝑎
𝑎𝑎𝑑𝑑

 𝐶𝐶𝑂𝑂2− −
2𝐹𝐹𝑎𝑎𝐶𝐶𝑂𝑂2−

𝑅𝑅𝑇𝑇
𝑎𝑎
𝑎𝑎𝑑𝑑
𝜑𝜑�                               (S5-3) 

𝐼𝐼(𝑂𝑂2−)(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) = 2𝐹𝐹𝑎𝑎𝐷𝐷𝑂𝑂2−
𝑎𝑎
𝑎𝑎𝑑𝑑
𝐶𝐶𝑂𝑂2−(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)                             (S5-4) 

After putting (S5-2~S5-4) into (S5-1), we can get  

−
d

dz
φ =

−2FaDO2−( d
dz CO2− −

d
dz CO2−(bottom))

σ + 4Fa2CO2−DO2−
RT

                          (S4 − 3) 

 

Fig. S4-1 Schematic representation of current density distribution in LSCF. I(O2−)  is the 

current density from oxide ion conduction, and I(e−)  is the current density from electronic 

conduction. 
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S5: Details on the definitions of interface and subsurface layers 

The positions for different oxide ions and vacancies are presented in Fig. S5-1. Because oxide 

ions can only migrate from one layer to its adjacent layer, the reactions (R4) and (R5) consist of 

multiple migration steps across different layers. As to the LSCF surface structure, the 4th atom 

layer (Fig. S5-1(a)) is regarded as the bulk layer. As to the interface structure, the 1st atom layer 

(Fig. S5-1(b)) is considered to be the LSCF bulk layer, the 7th atom layer (Fig. S5-1(b)) is 

considered to be the electrolyte bulk layer, and all the other layers in between are considered to be 

the interfacial layers.  

The reaction rate expressions for the migration of oxide ions from the surface to the bulk are 

as follows: 

𝑟𝑟𝑅𝑅4
𝑡𝑡𝑠𝑠𝑠𝑠→𝑡𝑡𝑠𝑠𝑣𝑣_1 = 𝐴𝐴𝑡𝑡𝑠𝑠𝑠𝑠 �𝑘𝑘𝑅𝑅4_1

+ 𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠−

𝐶𝐶
𝑉𝑉𝑂𝑂
𝑠𝑠𝑠𝑠𝑠𝑠_1

𝐶𝐶
𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠
2−

𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅4_1
− 𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠_1

2−

𝐶𝐶
𝑉𝑉𝑂𝑂
𝑠𝑠𝑠𝑠𝑠𝑠

𝐶𝐶
𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠
2−

𝑚𝑚𝑎𝑎𝑚𝑚 �                    (S5-1) 

𝑟𝑟𝑅𝑅4
𝑡𝑡𝑠𝑠𝑣𝑣_1→𝑡𝑡𝑠𝑠𝑣𝑣_2 = 𝐴𝐴𝑡𝑡𝑠𝑠𝑠𝑠 �𝑘𝑘𝑅𝑅4_2

+ 𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠_1
2−

𝐶𝐶
𝑉𝑉𝑂𝑂
𝑠𝑠𝑠𝑠𝑠𝑠_2

𝐶𝐶
𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠
2−

𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅4_2
− 𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠_2

2−

𝐶𝐶
𝑉𝑉𝑂𝑂
𝑠𝑠𝑠𝑠𝑠𝑠_1

𝐶𝐶
𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠
2−

𝑚𝑚𝑎𝑎𝑚𝑚 �              (S5-2) 

𝑟𝑟𝑅𝑅4
𝑡𝑡𝑠𝑠𝑣𝑣_2→𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘 = 𝐴𝐴𝑡𝑡𝑠𝑠𝑠𝑠 �𝑘𝑘𝑅𝑅4_3

+ 𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠_2
2−

𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅4_3

− 𝐶𝐶𝑂𝑂2−
𝐶𝐶
𝑉𝑉𝑂𝑂
𝑠𝑠𝑠𝑠𝑠𝑠_2

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 �                 (S5-3) 

where suf → sub_1 denotes the migration of oxide ions from the surface to the first subsurface 

layer, sub_1 → sub_2 denotes the migration of oxide ions from the first subsurface layer to the 

second subsurface layer, and sub_2 → bulk denotes the migration of oxide ions from the second 

subsurface layer to the bulk. When the reactions reach the steady state, we have  

𝑟𝑟𝑅𝑅4
𝑡𝑡𝑠𝑠𝑠𝑠→𝑡𝑡𝑠𝑠𝑣𝑣_1 = 𝑟𝑟𝑅𝑅4

𝑡𝑡𝑠𝑠𝑣𝑣_1→𝑡𝑡𝑠𝑠𝑣𝑣_2 = 𝑟𝑟𝑅𝑅4
𝑡𝑡𝑠𝑠𝑣𝑣_2→𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘 = 𝑟𝑟𝑅𝑅4

𝑡𝑡𝑠𝑠𝑠𝑠                             (S5-4) 

The values for 𝐶𝐶𝑉𝑉𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠_1 and 𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠_1
2−  can be obtained after solving equation (S5-4).  
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The reaction rate expressions for the migrations of oxide ions across the LSCF/GDC interface 

are as follows: 

𝑟𝑟𝑅𝑅5
𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘→𝑡𝑡𝑡𝑡𝑡𝑡_1 = 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 �𝑘𝑘𝑅𝑅5_1

+ 𝐶𝐶𝑉𝑉𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_1
𝐶𝐶𝑂𝑂2−
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅5_1

− 𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_1
2−

𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚�                         (S5-5) 

𝑟𝑟𝑅𝑅5
𝑡𝑡𝑡𝑡𝑡𝑡_1→𝑡𝑡𝑡𝑡𝑡𝑡_2 = 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 �𝑘𝑘𝑅𝑅5_2

+ 𝐶𝐶𝑉𝑉𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_2

𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_1
2−

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅5_2

− 𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_2
2−

𝐶𝐶
𝑉𝑉𝑂𝑂
𝑖𝑖𝑖𝑖𝑖𝑖_1

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 �                         (S5-6) 

𝑟𝑟𝑅𝑅5
𝑡𝑡𝑡𝑡𝑡𝑡_2→𝑡𝑡𝑡𝑡𝑡𝑡_3 = 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 �𝑘𝑘𝑅𝑅5_3−

+ 𝐶𝐶𝑉𝑉𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_3

𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_2
2−

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅5_3

− 𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_3
2−

𝐶𝐶
𝑉𝑉𝑂𝑂
𝑖𝑖𝑖𝑖𝑖𝑖_2

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 �                         (S5-7) 

𝑟𝑟𝑅𝑅5
𝑡𝑡𝑡𝑡𝑡𝑡_3→𝑡𝑡𝑡𝑡𝑡𝑡_4 = 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 �𝑘𝑘𝑅𝑅5_4

+ 𝑒𝑒𝑒𝑒𝑒𝑒 �−2𝐹𝐹𝑎𝑎𝜂𝜂
𝑅𝑅𝑇𝑇

� 𝐶𝐶𝑉𝑉𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_4

𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_3
2−

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅5_4

− 𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_4
2−

𝐶𝐶
𝑉𝑉𝑂𝑂
𝑖𝑖𝑖𝑖𝑖𝑖_3

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 �               (S5-8) 

𝑟𝑟𝑅𝑅5
𝑡𝑡𝑡𝑡𝑡𝑡_4→𝑡𝑡𝑡𝑡𝑡𝑡_5 = 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 �𝑘𝑘𝑅𝑅5_5

+ 𝐶𝐶𝑉𝑉𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_5

𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_4
2−

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅5_5

− 𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_5
2−

𝐶𝐶
𝑉𝑉𝑂𝑂
𝑖𝑖𝑖𝑖𝑖𝑖_4

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 �                       (S5-9) 

𝑟𝑟𝑅𝑅5
𝑡𝑡𝑡𝑡𝑡𝑡_5→𝑒𝑒𝑡𝑡𝑒𝑒 = 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 �𝑘𝑘𝑅𝑅5_6

+ 𝐶𝐶𝑉𝑉𝑂𝑂𝑒𝑒𝑒𝑒𝑒𝑒
𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_5

2−

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑘𝑘𝑅𝑅5_6

− 𝐶𝐶𝑂𝑂𝑒𝑒𝑒𝑒𝑒𝑒2−
𝐶𝐶
𝑉𝑉𝑂𝑂
𝑖𝑖𝑖𝑖𝑖𝑖_5

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 �                        (S5-10) 

where bulk → int_1 denotes the migration of oxide ions from bulk LSCF to the first interfacial 

layer, int_i → int_j  denotes the migration of oxide ions from the ith interfacial layer to the jth 

interfacial layer, and int_5 → ele  denotes the migration of oxide ions from the fifth interfacial 

layer to the bulk electrolyte. The overpotential η is added to the reaction rate rR5
int_3→int_4, for the 

third and fourth interfacial layers are the boundaries for LSCF and GDC, respectively, and the 

interface electric double layer induced overpotential acts between them. When the reactions reach 

the steady state, we have  

𝑟𝑟𝑅𝑅5
𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘→𝑡𝑡𝑡𝑡𝑡𝑡_1 = 𝑟𝑟𝑅𝑅5

𝑡𝑡𝑡𝑡𝑡𝑡_1→𝑡𝑡𝑡𝑡𝑡𝑡_2 = 𝑟𝑟𝑅𝑅5
𝑡𝑡𝑡𝑡𝑡𝑡_2→𝑡𝑡𝑡𝑡𝑡𝑡_3 = 𝑟𝑟𝑅𝑅5

𝑡𝑡𝑡𝑡𝑡𝑡_3→𝑡𝑡𝑡𝑡𝑡𝑡_4 = 𝑟𝑟𝑅𝑅5
𝑡𝑡𝑡𝑡𝑡𝑡_4→𝑡𝑡𝑡𝑡𝑡𝑡_5 = 𝑟𝑟𝑅𝑅5

𝑡𝑡𝑡𝑡𝑡𝑡_5→𝑒𝑒𝑡𝑡𝑒𝑒 = 𝑟𝑟𝑅𝑅5𝑡𝑡𝑡𝑡𝑡𝑡  

(S5-11) 
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Fig. S5-1 Schematic representation of the position of oxide ions and vacancies in the 

different subsurface and interfacial layers.    

The values for 𝐶𝐶𝑉𝑉𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_1 and 𝐶𝐶𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖_1
2−  can be obtained after solving equation (S5-11).  

S6: Detailed Parameter Values used in the Simulations 

Table S6-1. Internal energy barriers and free energy barriers for each reaction rate 

constant. Here ∆E(0) is the internal energy barrier calculated from DFT+U calculations 

at 0K. ∆G(T) − ∆E(0)  is part of the free energy barrier coming from nonzero 

temperature. ∆G(T) is the free energy barrier at temperature T. Here T=1073K. 

Parameters ∆𝐸𝐸(0)(eV) ∆𝐺𝐺(𝑇𝑇) − ∆𝐸𝐸(0)(eV) ∆𝐺𝐺(𝑇𝑇)(eV) Values (s−1) 
𝑘𝑘𝑅𝑅1+  -0.7 1.134 0.434 2.06× 1011 
𝑘𝑘𝑅𝑅1−  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅2+  -0.615 0.736 0.121 6.06× 1012 
𝑘𝑘𝑅𝑅2−  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅3+  0.638 0.161 0.799 3.38× 109 
𝑘𝑘𝑅𝑅3−  1.24 0.190 1.43 4.1× 106 
𝑘𝑘𝑅𝑅4_1
+  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅4_1
−  1.17 -0.096 1.074 2.04× 108 
𝑘𝑘𝑅𝑅4_2
+  1.94 -0.032 1.908 2.50× 104 
𝑘𝑘𝑅𝑅4_2
−  0 0 0 2.23× 1013 
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𝑘𝑘𝑅𝑅4_3
+  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅4_3
−  1.316 -0.032 1.284 2.12× 107 
𝑘𝑘𝑅𝑅5_1
+  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅5_1
−  0.681 0 0.681 1.43× 1010 
𝑘𝑘𝑅𝑅5_2
+  1.452 0.082 1.534 1.41× 106 
𝑘𝑘𝑅𝑅5_2
−  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅5_3
+  0.7 0.146 0.846 2.41× 109 
𝑘𝑘𝑅𝑅5_3
−  0.706 0 0.706 1.09× 1010 
𝑘𝑘𝑅𝑅5_4
+  1.369 0.145 1.514 1.76× 106 
𝑘𝑘𝑅𝑅5_4
−  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅5_5
+  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅5_5
−  1.799 0 1.799 8.14× 104 
𝑘𝑘𝑅𝑅5_6
+  0 0 0 2.23× 1013 
𝑘𝑘𝑅𝑅5_6
−  0.530 0 0.530 7.30 × 1010 

 

Table S6-2. Internal energy barriers and free energy barriers for diffusivities. Here λ is 

the migration length. The value for DO2− is from experiments, and the value for DO2 is 

from Dusty Gas Model6.  

Parameters Place ∆𝐸𝐸(0)(eV) ∆𝐺𝐺(𝑇𝑇)
− ∆𝐸𝐸(0)(eV) 

∆𝐺𝐺(𝑇𝑇)(eV) 𝜆𝜆(Å) Values (m2s−1) 

𝐷𝐷𝑂𝑂2−7 Bulk 
LSCF 

/ / / / [9.73,15.85]×
10−10 

𝐷𝐷𝑂𝑂2
6 Gas 

phase 
/ / / / 1.2× 10−5 

𝐷𝐷𝑂𝑂2∗  LSCF 
surface 

0 0 0 3.843 8.25× 10−7 

𝐷𝐷𝑂𝑂22− LSCF 
surface 

1.162 0.116 1.279 1.922 2.06× 10−13 

𝐷𝐷𝑂𝑂− LSCF 
surface 

2.99 0.098 3.088 3.843 2.69× 10−21 
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Table S6-3. LSCF electrode microstructural parameters. The values presented below are 

from Reference 6. 

𝐴𝐴𝑡𝑡𝑠𝑠𝑠𝑠 5μm2/μm3 
𝐴𝐴𝑇𝑇𝑇𝑇𝐵𝐵 3.4μm/μm2 
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 0.6μm2/μm2 
𝜙𝜙𝑔𝑔𝑎𝑎𝑡𝑡 0.4 
𝜙𝜙𝐿𝐿𝐿𝐿𝐶𝐶𝐹𝐹 0.6 

𝜏𝜏𝑔𝑔𝑎𝑎𝑡𝑡,  𝜏𝜏𝐿𝐿𝐿𝐿𝐶𝐶𝐹𝐹 1.46 
 

Table S6-4. Parameters used in ∆G(C) expressions. 

Parameters Experimental Value 
𝑎𝑎8 [9.2,10.86] eV 

𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘7 0.37 
𝛾𝛾𝑡𝑡𝑠𝑠𝑠𝑠7 0.56 
𝜀𝜀𝐿𝐿𝐿𝐿𝐶𝐶𝐹𝐹9,10 11.068 
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S7: Detailed DFT+U calculation results of optimized structures and energy barriers 

The details of reaction R1~R5 are shown in Fig S7-1~S7-5, respectively. The brown circles 

denote the moving oxygen atoms.  
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Fig. S7-1 Energy profile for reaction R1. (a-c) The energy profiles with three different 

final optimized structures. The energy difference used in Table S6-1 is the average value of 

these three results. (d) Top view of the adsorbed oxygen molecule on the LSCF surface.  
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Fig. S7-2 Energy profile for reaction R2.  

 

Fig. S7-3 Energy profile for reaction R3.  
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Fig. S7-4 Energy profile for reaction R4. (a) Migration of an oxide ion from the surface 

to the first subsurface layer. (b) Migration of an oxide ion from the first subsurface layer to 

the second subsurface layer. (c) Migration of an oxide ion from the second subsurface layer 

to the third subsurface layer.  
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Fig. S7-5 Energy profile for reaction R5. (a) Migration of an oxide ion from the first 

interfacial layer to the second interfacial layer. (b) Migration of an oxide ion from the second 

interfacial layer to the third interfacial layer. (c) Migration of an oxide ion from the third 

interfacial layer to the fourth interfacial layer. (d) Migration of an oxide ion from the fourth 

interfacial layer to the fifth interfacial layer.  
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S8: Influence of vacancy concentration on reaction rate constants and diffusivities 

kR4_3
− , which is the reaction rate constant for R4, and kR5_1

+ , which is the reaction rate constant for 

R5, are modified as follows: 

𝑘𝑘𝑅𝑅4_3
− = 𝑘𝑘𝐵𝐵𝑇𝑇

ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅4_3
− (𝑇𝑇)

𝑘𝑘𝐵𝐵𝑇𝑇
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅4_3
− �𝐶𝐶𝑉𝑉𝑂𝑂�

𝑘𝑘𝐵𝐵𝑇𝑇
�  

𝑘𝑘𝑅𝑅5_1
+ = 𝑘𝑘𝐵𝐵𝑇𝑇

ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅5_1
+ (𝑇𝑇)

𝑘𝑘𝐵𝐵𝑇𝑇
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅5_1
+ �𝐶𝐶𝑉𝑉𝑂𝑂�

𝑘𝑘𝐵𝐵𝑇𝑇
�  

∆𝐺𝐺𝑘𝑘𝑅𝑅4_3
− �𝐶𝐶𝑉𝑉𝑂𝑂� = ∆𝐺𝐺𝑘𝑘𝑅𝑅5_1

+ �𝐶𝐶𝑉𝑉𝑂𝑂� = 𝑎𝑎
∆𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚                                      (S8-1) 

From reference 7, the bulk diffusivity of oxide ions in LSCF and surface reaction rate constants 

on LSCF are all related to the pressure of oxygen gas. Through derivations, we have: 

𝐷𝐷𝑂𝑂2− = 𝜆𝜆2

6
𝑘𝑘𝐵𝐵𝑇𝑇
ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝐷𝐷𝑂𝑂2−
(𝑇𝑇)

𝑘𝑘𝐵𝐵𝑇𝑇
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝐷𝐷𝑂𝑂2−
�𝐶𝐶𝑉𝑉𝑂𝑂�

𝑘𝑘𝐵𝐵𝑇𝑇
�  

∆𝐺𝐺𝐷𝐷𝑂𝑂2−�𝐶𝐶𝑉𝑉𝑂𝑂� = 2𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘𝑎𝑎
∆𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚                                          (S8-2) 

𝑘𝑘𝑅𝑅3+ = 𝑘𝑘𝐵𝐵𝑇𝑇
ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅3
+ (𝑇𝑇)

𝑘𝑘𝐵𝐵𝑇𝑇
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅3
+ �𝐶𝐶𝑉𝑉𝑂𝑂�

𝑘𝑘𝐵𝐵𝑇𝑇
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅3
+ �𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠

− �

𝑘𝑘𝐵𝐵𝑇𝑇
�  

𝑘𝑘𝑅𝑅3− = 𝑘𝑘𝐵𝐵𝑇𝑇
ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅3
− (𝑇𝑇)

𝑘𝑘𝐵𝐵𝑇𝑇
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅3
− �𝐶𝐶𝑉𝑉𝑂𝑂�

𝑘𝑘𝐵𝐵𝑇𝑇
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅3
− �𝐶𝐶𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠

− �

𝑘𝑘𝐵𝐵𝑇𝑇
�  

∆𝐺𝐺𝑘𝑘𝑅𝑅3+ �𝐶𝐶𝑉𝑉𝑂𝑂� = ∆𝐺𝐺𝑘𝑘𝑅𝑅3− �𝐶𝐶𝑉𝑉𝑂𝑂� = 2𝛾𝛾𝑡𝑡𝑠𝑠𝑠𝑠𝑎𝑎
∆𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚                                    (S8-3) 

The experimental values for γbulk, γsuf are listed in Table S6-4.  
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Details on the derivation of expressions (S8-2), (S8-3) are as follows: 

The equation for oxygen vacancy formation in bulk LSCF is as follows: 

𝑂𝑂𝑂𝑂′′ → 𝑃𝑃𝑂𝑂𝑥𝑥 + 1
2
𝑂𝑂2 + 2𝑒𝑒′                                                    

The relation between the concentrations of 𝑂𝑂𝑂𝑂′′, 𝑃𝑃𝑂𝑂𝑥𝑥, O2 and the vacancy formation energy is as 

follows: 

𝐶𝐶𝑂𝑂2
1/2 𝐶𝐶𝑉𝑉𝑂𝑂

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚−𝐶𝐶𝑉𝑉𝑂𝑂

= 𝑒𝑒𝑒𝑒𝑒𝑒 �− ∆𝐺𝐺𝑠𝑠,𝑣𝑣𝑎𝑎𝑣𝑣

𝑘𝑘𝐵𝐵𝑇𝑇
� = 𝑒𝑒𝑒𝑒𝑒𝑒�−

∆𝐺𝐺𝑠𝑠,𝑣𝑣𝑎𝑎𝑣𝑣
𝑝𝑝𝑒𝑒𝑝𝑝𝑠𝑠+𝑎𝑎

𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚

𝑘𝑘𝐵𝐵𝑇𝑇
�                    (S8-4) 

𝑙𝑙𝑙𝑙�𝐶𝐶𝑂𝑂2� = −2
∆𝐺𝐺𝑠𝑠,𝑣𝑣𝑎𝑎𝑣𝑣

𝑝𝑝𝑒𝑒𝑝𝑝𝑠𝑠+𝑎𝑎
𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚

𝑘𝑘𝐵𝐵𝑇𝑇
− 2𝑙𝑙𝑙𝑙 (

𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚−𝐶𝐶𝑉𝑉𝑂𝑂

)                          (S8-5) 

According to reference 5, the relation between oxide ion diffusivity and CO2 are as follows: 

𝐷𝐷𝑂𝑂2− = 𝜆𝜆2

6
𝑘𝑘𝐵𝐵𝑇𝑇
ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝐷𝐷𝑂𝑂2−
(𝑇𝑇)

𝑘𝑘𝐵𝐵𝑇𝑇
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝐷𝐷𝑂𝑂2−
�𝐶𝐶𝑉𝑉𝑂𝑂�

𝑘𝑘𝐵𝐵𝑇𝑇
� ∝ 𝐶𝐶𝑂𝑂2

𝛾𝛾𝑠𝑠𝑠𝑠𝑒𝑒𝑘𝑘               (S8-6) 

Therefore  

∆𝐺𝐺𝐷𝐷𝑂𝑂2−�𝐶𝐶𝑉𝑉𝑂𝑂� = −𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘𝑘𝑘𝐵𝐵𝑇𝑇 𝑙𝑙𝑙𝑙�𝐶𝐶𝑂𝑂2� + 𝑐𝑐𝑏𝑏𝑙𝑙𝑐𝑐𝑏𝑏                            (S8-7) 

After putting (S8-5) into (S8-7), we have 

∆𝐺𝐺𝐷𝐷𝑂𝑂2−�𝐶𝐶𝑉𝑉𝑂𝑂� = 2𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘(∆𝐺𝐺𝑠𝑠,𝑣𝑣𝑎𝑎𝑣𝑣
𝑒𝑒𝑒𝑒𝑡𝑡𝑠𝑠 + 𝑎𝑎

𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚) + 2𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘𝑘𝑘𝐵𝐵𝑇𝑇𝑙𝑙𝑙𝑙 (

𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚−𝐶𝐶𝑉𝑉𝑂𝑂

) + 𝑐𝑐𝑏𝑏𝑙𝑙𝑐𝑐𝑏𝑏    (S8-8) 

Since 2𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘∆𝐺𝐺𝑠𝑠,𝑣𝑣𝑎𝑎𝑣𝑣
𝑒𝑒𝑒𝑒𝑡𝑡𝑠𝑠  term is a constant (not a function of concentration), and 

𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘𝑘𝑘𝐵𝐵 𝑇𝑇𝑙𝑙𝑙𝑙 �
𝐶𝐶𝑉𝑉𝑂𝑂

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚−𝐶𝐶𝑉𝑉𝑂𝑂

� ≪ 𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘𝑎𝑎
𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚, we have 



23 
 

∆𝐺𝐺𝐷𝐷𝑂𝑂2−�𝐶𝐶𝑉𝑉𝑂𝑂� = 2𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘𝑎𝑎
𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 + 𝑐𝑐𝑏𝑏𝑙𝑙𝑐𝑐𝑏𝑏                                      (S8-9) 

Considering that in equilibrium, ∆𝐺𝐺𝐷𝐷𝑂𝑂2−�𝐶𝐶𝑉𝑉𝑂𝑂� = 0, we have 

∆𝐺𝐺𝐷𝐷𝑂𝑂2−�𝐶𝐶𝑉𝑉𝑂𝑂� = 2𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘𝑎𝑎
�𝐶𝐶𝑉𝑉𝑂𝑂−𝐶𝐶𝑉𝑉𝑂𝑂

𝑒𝑒𝑒𝑒𝑠𝑠𝑖𝑖�

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 = 2𝛾𝛾𝑣𝑣𝑠𝑠𝑡𝑡𝑘𝑘𝑎𝑎

∆𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚                          (S8-2) 

Where 𝐶𝐶𝑉𝑉𝑂𝑂
𝑒𝑒𝑒𝑒𝑠𝑠𝑡𝑡 is the vacancy concentration in bulk LSCF in equilibrium, which is about 600 mol/m3. 

The relation between 𝑘𝑘𝑅𝑅3+ ,𝑘𝑘𝑅𝑅3−  and 𝐶𝐶𝑂𝑂2 are as follows: 

𝑘𝑘𝑅𝑅3+ ,𝑘𝑘𝑅𝑅3− ∝ 𝐶𝐶𝑂𝑂2
𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠   

After derivations similar to expressions (S8-6)~(S8-8), we have  

∆𝐺𝐺𝑘𝑘𝑅𝑅3+ �𝐶𝐶𝑉𝑉𝑂𝑂� = ∆𝐺𝐺𝑘𝑘𝑅𝑅3− �𝐶𝐶𝑉𝑉𝑂𝑂� = 2𝛾𝛾𝑡𝑡𝑠𝑠𝑠𝑠𝑎𝑎
𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 + 𝑐𝑐𝑏𝑏𝑙𝑙𝑐𝑐𝑏𝑏                       (S8-10) 

Considering that when 𝐶𝐶𝑉𝑉𝑂𝑂 = 𝐶𝐶𝑉𝑉𝑂𝑂
𝐷𝐷𝐹𝐹𝑇𝑇 , 𝑘𝑘𝑅𝑅3+ = 𝑘𝑘𝐵𝐵𝑇𝑇

ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅3
+ (𝑇𝑇)

𝑘𝑘𝐵𝐵𝑇𝑇
� , kR3− = 𝑘𝑘𝐵𝐵𝑇𝑇

ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �−

∆𝐺𝐺𝑘𝑘𝑅𝑅3
− (𝑇𝑇)

𝑘𝑘𝐵𝐵𝑇𝑇
� , 

we have 

∆𝐺𝐺𝑘𝑘𝑅𝑅3+ �𝐶𝐶𝑉𝑉𝑂𝑂� = ∆𝐺𝐺𝑘𝑘𝑅𝑅3− �𝐶𝐶𝑉𝑉𝑂𝑂� = 2𝛾𝛾𝑡𝑡𝑠𝑠𝑠𝑠𝑎𝑎
�𝐶𝐶𝑉𝑉𝑂𝑂−𝐶𝐶𝑉𝑉𝑂𝑂

𝐷𝐷𝐷𝐷𝑇𝑇�

𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚 = 2𝛾𝛾𝑡𝑡𝑠𝑠𝑠𝑠𝑎𝑎

∆𝐶𝐶𝑉𝑉𝑂𝑂
𝐶𝐶𝑂𝑂2−
𝑚𝑚𝑎𝑎𝑚𝑚              (S8-3) 

Where 𝐶𝐶𝑉𝑉𝑂𝑂
𝐷𝐷𝐹𝐹𝑇𝑇 is the vacancy concentration in bulk LSCF used in the DFT calculations, which is 

about 1154 mol/m3. 
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