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Supplementary Note 1. DFT Calculation method.  

Current first-principle DFT calculations are performed by the VASP (VASP) and 

PAW (PAW) methods. The exchange functional employs the generalized gradient 

approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) functional. All 

calculations are spin-polarized. The diffusion energy of the plane wave substrate is set 

to 450 eV, and the per-atom force below 0.03 eV/Å is set as a convergence criterion. 

Brillouin zone integration was performed using 3x2x1 k-point sampling. An energy 

threshold of 10−4 eV was adopted for the self-consistent calculation. The effect of van 

der Waals was investigated using the DFT-D3 method. Add 12 Å vacuums in the z 

direction to prevent interaction between periodic structures. 

In an alkaline environment, OER can be performed in the following four basic 

steps: 

OH− + *→ *OH + e−                                                  (1) 

*OH + OH− → *O + H2O + e−                                           (2) 

*O + OH− → *OOH + e−                                                                      (3) 

*OOH + OH− → * + O2 + H2O + e−                                       (4) 

The * represents the reaction site on the surface of the catalyst. According to the above 

mechanism, under the action of OER of a given substance, the free energy of the three 

intermediate states is the key to determine the activity of OER. To calculate the free 

energy of OER, a hydrogen electrode model63 is used. 

The free energy of the OER/ORR step is calculated using equation (5):                    

ΔG = ΔEDFT + ΔEZPE – TΔS                        (5) 

where ΔEDFT is the DFT energy difference, and ΔEZPE and TΔS obtained from the 

vibration analysis. 

 

Supplementary Note 2. Fabrication of Zn-Air Batteries  

Home-made Zn-Air batteries were assembled with air cathode, metal anode (high 

purity Zn foil), and electrolyte (6 M KOH + 0.2 M ZnCl2 aqueous solution). To prepare 

the air cathode, the as-prepared catalyst and acetylene black with a mass ratio of 2:1 

were dispersed in the mixed solution which containing isopropanol and Nafion (5% 



commercially available solution) with volume ratio of 9:1 by ultrasonication for 30 min. 

The ink-liked solution was then drop-casted on the surface of a gas diffusion layer with 

the catalyst loading of 1 mg cm−2. For comparison, Pt/C and mixture of Pt/C and RuO2 

(mass ratio of 1:1) were also prepared with above procedure for pristine and 

rechargeable Zn-air batteries respectively. All batteries were tested at ambient 

atmosphere and room temperature of 25 °C. 

  



 

Fig. S1. The XRD patterns of the Si-incorporated BCS0.2-PBCC, BCS0.05-PBCC, 

BCS0.025-PBCC and BCS0.01-PBCC perovskites. 

  



 

Fig. S2. The XRD patterns of the pristine PBCC catalyst and BCS-PBCC catalyst. 

  



 

Fig. S3. Scanning electron microscopy images and the correlation between the amount 

of silicon doping (1%~20%) and the particle population/size. a ImageJ software was 

used to quantify the number of particles. The exsolution number of BCS nanoparticles 

on the PBCC surface follows the order: BCS0.01-PBCC (44 particles/mm2) < BCS0.05-

PBCC (81 particles/mm2) < BCS0.2-PBCC (155 particles/mm2). b Exsolved particle 

size of BCS0.01-PBCC, BCS0.05-PBCC, and BCS0.2-PBCC. c Scanning electron 

microscopy images of surface silicon particles as a function of increasing doping. 

  



 

Fig. S4. The corresponding EDX element mapping of BCS-PBCC and highlight images 

of each element. 

  



 

Fig. S5. HRTEM images of surface regions of BCS-PBCC, and EDS elemental map of 

Pr, Ba, Ca, Co, Si, O. 

 

  



 

Fig. S6. a HR-TEM image of the perovskite oxide in PBCC. b Local magnified image 

showing smooth edges. 

  



 

Fig. S7. HRTEM images of surface regions of PBCC, and EDS elemental map of Pr, 

Ba, Ca, Co, O. 

  



 

Fig. S8. Polarization curves of BCS-PBCC and BCS catalysts in an O2-saturated 1 M 

KOH solution.  

  



 

Fig. S9. Polarization curves of physically mixed BCS+PBCC and in situ ex-solved 

BCS-PBCC catalysts in O2-saturated 1 M KOH solution. 

  



 

Fig. S10. Nitrogen adsorption-desorption isotherm curves of a PBCC and b BCS-

PBCC samples. 

  



 

Fig. S11. ECSA estimation determined from Cdl. The Cdl obtained from the CV method 

is expected to be linearly proportional to the ECSA. CV measurements in a non-faradic 

current region (0.2−0.3 V vs. RHE, no iRcorrected) at scan rates of 10, 20, 30, 40, 50 and 

60 mV s−1 of a PBCC and b BCS-PBCC. 

  



 

Fig. S12. The intrinsic activity of BCS-PBCC and PBCC. 

  



 

Fig. S13. LSV curves of ORR for PBCC and BCS-PBCC. 

  



 

Fig. S14. a Chronopotentiometry curve of water electrolysis using BCS-PBCC and 

RuO2 as the anode at a constant current density of 10 mA cm−2 in 1 M KOH. Inset: a 

digital image of the electrode in the chronopotentiometry test. Select CV curves of b 

BCS-PBCC and c PBCC in O2-saturated 1 M KOH over 100 cycles at a 20 mV s−1 scan 

rate. 

  



 

Fig. S15. XRD pattern of BCS-PBCC after ADT. 

  



 

Fig. S16. a SEM image after reaction and b HRTEM image of BCS-PBCC after ADT. 

c corresponding FFT pattern, inset: the corresponding FFT pattern and corresponding 

IFFT images. 

  



 

Fig. S17. a CV curves of PBCC and BCS-PBCC in Ar-saturated 6 M KOH, where 

redox peaks indicate the electrochemical oxygen intercalation/deintercalation. b shows 

the chronoamperometry data (i vs. t−1/2) used for the calculation of oxygen ion diffusion 

coefficients. 

  



 

Fig. S18. a DEMS signals of 32O2 (16O16O) and 34O2 (16O18O) from the reaction products 

for 18O-labeled BCS-PBCC catalyst in H2
18O aqueous KOH electrolyte and b 

corresponding CV cycles. The mass spectroscopy signals are baseline subtracted. c 

DEMS signals of 34O2 and 36O2 from the reaction products cycled in H2
18O aqueous 

sulfuric acid electrolyte. 

  



 

Fig. S19. Structural schematic diagram and energy barrier change of BCS-PBCC 

reaction in AEM pathway during OER. Color representation: Pr (yellow), Ba (green), 

Ca (grey), Co (navy blue), Si (light blue), O (red), H (pink). 

  



 

Fig. S20. Structural schematic diagram and energy barrier change of PBCC reaction in 

AEM pathway during OER. Color representation: Pr (yellow), Ba (green), Ca (grey), 

Co (navy blue), Si (light blue), O (red), H (pink). 

  



 

Fig. S21. Structural schematic diagram and energy barrier change of BCS-PBCC 

reaction in LOM pathway during OER. Color representation: Pr (yellow), Ba (green), 

Ca (grey), Co (navy blue), Si (light blue), O (red), H (pink). 

  



 

Fig. S22. Structural schematic diagram and energy barrier change of PBCC reaction in 

LOM pathway during OER. Color representation: Pr (yellow), Ba (green), Ca (grey), 

Co (navy blue), Si (light blue), O (red), H (pink). 

  



 

Fig. S23. Projected density of states (EF: Fermi level, O 2p band center). 

  



 

 

Fig. S24. Galvanostatic charge/discharge test at 5 mA cm−2 for Zn-air batteries with 

BCS-PBCC + Pt/C and RuO2 + Pt/C as air cathode. 

 

  



Supplementary Table 1. Rietveld refinement results of XRD patterns of Si-

incorporated perovskites. 

 

 

  

Perovskite PrBa0.5Ca0.5Co2O55+δ BaCaSiO4 

Phase Content 95.855 4.145 

Space Group P b n m P 63/mmc 

a (Å) 5.41775(83) 5.7812(13) 

b(Å) 5.38692(86) 5.7812(13) 

c(Å) 7.6209(11) 7.3958(27) 

α(°) 90 90 

β(°) 90 90 

γ(°) 90 120 

Volume(Å3) 222.417(59) 214.07(12) 



Supplementary Table 2. Summary of OER activity in alkaline media for various 

representative state-of-the-art catalysts. 

Electrocatalyst 
Over-potential 

[mV vs RHE] 

Tafel slope 

[mV dec−1] 
Electrolyte 

Loading 

[mg cm−2] 
Electrode Ref. 

BCS-PBCC  300 49 1.0 M KOH 0.202 GC 
(This 

Work) 

LaCoO3 470 180 1.0 M KOH / GC 1 

LaFeO3 420 62 1.0 M KOH 0.232 GC 2 

SmBa0.5Sr0.5Co2O6-δ 370 46 0.1 M KOH 0.5 GC 3 

La0.6Sr0.4CoO3 426 / 1.0 M KOH 0.212 GC 4 

La0.2Sr0.8FeO3-δ 370 60 0.1 M KOH 0.232 GC 5 

CaCu3Ti4O12 / 46 0.1 M KOH 0.096 GC 6 

Pr0.5Ba0.5CoO3-δ 440 82 0.1 M KOH 0.39 GC 7 

PrBa0.25Sr0.75Co2O5.95 290 75.8 0.1 M KOH 0.545 GC 8 

La0.6Sr0.4Co0.8Fe0.2O3 353 63 1.0 M KOH 0.245 GC 9 

La0.8Sr0.2Co0.8Fe0.2O3-δ 248 51 1.0 M KOH 0.245 GC 9 

LaSr3Co1.5Fe1.5O10-δ 388 84 0.1 M KOH 0.255 GC 10 

La0.5Sr0.5Ni0.4Fe0.6O3-δ 330 76 1.0 M KOH 0.4 GC 11 

La1.5Sr0.5NiMn0.5Ru0.5

O6 
430 / 0.1 M KOH 0.255 GC 12 

CaLaScRuO6+δ 478 84 1.0 M KOH 0.708 GC 13 

Sr0.9Na0.1RuO3 170 / 
0.1 M 

HClO4 
0.510 GC 14 

Sr2Fe0.8Co0.2Mo0.65Ni0

.35O6-δ 
310 56 0.1 M KOH 0.232 GC 15 

PrBa0.5Sr0.5Co1.5Fe0.5

O5-δ 
370 67 0.1 M KOH 0.202 GC 16 

PrBa0.85Ca0.15MnFeO5

+δ 
400 88 0.1 M KOH 0.2806 GC 17 

LaNi0.85Mg0.15O3 450 95 0.1 M KOH 0.153 GC 18 



La2NiMnO6 370 58 1.0 M KOH / GC 19 

LaCo0.9Ni0.1O3 650 73 0.1 M KOH / GC 20 

LaCo0.8V0.2O3 306 40 1.0 M KOH / GC 21 

SrCo0.4Fe0.2W0.4O3-δ 296 50 0.1 M KOH 0.232 GC 22 

BaZrxFe1-xO3-δ 412 97 0.1 M KOH 1 GC 23 

Ba2CoMo0.5Nb0.5O6-δ 435 77 0.1 M KOH 0.232 GC 24 

BaCo0.7Fe0.2Sn0.1O3-δ 450 69 0.1 M KOH 0.232 GC 25 

BaCo0.5-xFe0.5-

xZrxYxO3-δ 
360 69 0.1 M KOH 0.255 GC 26 

SrNb0.1Co0.7Fe0.2O3-δ 420 76 0.1 M KOH 0.232 GC 27 

BaCo0.8-

xFexZr0.1Y0.1O3 
420 83 0.1 M KOH 0.232 GC 28 

Sr2Fe0.8Co0.2Mo0.6Co0.

4O6-δ 
345 60 0.1 M KOH 0.232 GC 29 

SrM0.9Ti0.1O3-δ 510 88 0.1 M KOH 0.32 GC 30 

Co-doped 6H-SrIrO3 235 52 
0.1 M 

HClO4 
0.45 GC 31 

Ba4PrIr3O12 278 / 
0.1 M 

HClO4 
0.562 GC 32 

Sr2FeIr(V)O6 300 / 
0.1 M 

HClO4 
0.25 GC 33 

SrCo0.9Ir0.1O3-δ 300 / 
0.1 M 

HClO4 
0.25 GC 34 

CaCu3Ru4O12 171 40 
0.5 M 

H2SO4 
0.25 GC 35 

PrBa0.5Sr0.5Co1.5Fe0.5

O5+δ 
359 56 0.1 M KOH 0.2 GC 36 

SrCo0.95P0.05O3-δ 480 84 0.1 M KOH 0.232 GC 37 

SrCo0.85Fe0.1P0.05O3-δ 290 52 1.0 M KOH 0.3 Ni foam 38 

F-BSCF 280 / 1.0 M KOH 0.255 GC 39 

La0.5Ba0.25Sr0.25CoO2.9

-δF0.1 
/ 44 1.0 M KOH 0.274 GC 40 

Proton Acceptor-Oxide Composite Catalyst 



PO4-

PrBa0.5Ca0.5Co2O5+δ  
290 51 0.1 M KOH 0.202 GC 41 

Sr(Co0.8Fe0.2)0.7B0.3O3

−δ 
340 58 0.1 M KOH 0.232 GC 42 

MoS2@SrCoO3−δ 351 37 0.1M KOH / GC 43 
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