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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-Emzerhof (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/A is set as a convergence criterion.
Brillouin zone integration was performed using 3x2x1 k-point sampling. An energy
threshold of 10™* eV was adopted for the self-consistent calculation. The effect of van
der Waals was investigated using the DFT-D3 method. Add 12 A 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+H0 +e” 2)
*O+OH — *OOH + ¢~ (3)
*OOH+OH — *+ 0+ H0+e” “)

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):
AG = AEpgr + AEzpe — TAS (5)

where AEprr is the DFT energy difference, and AEzpe and TAS 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 ZnCl; 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 RuO»
(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.
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Fig. S1. The XRD patterns of the Si-incorporated BCSo2-PBCC, BCSo.05-PBCC,

BCSo.025-PBCC and BCS0.01-PBCC perovskites.
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Fig. S2. The XRD patterns of the pristine PBCC catalyst and BCS-PBCC catalyst.
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Fig. S3. Scanning electron microscopy images and the correlation between the amount
of silicon doping (1%~20%) and the particle population/size. a ImagelJ 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/mm?) < BCSy 0s-
PBCC (81 particles/mm?) < BCS2-PBCC (155 particles/mm?). b Exsolved particle
size of BCSo.01-PBCC, BCS.05-PBCC, and BCSo2-PBCC. ¢ Scanning electron

microscopy images of surface silicon particles as a function of increasing doping.
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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.
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Fig. S8. Polarization curves of BCS-PBCC and BCS catalysts in an Oz-saturated 1 M
KOH solution.
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Fig. S9. Polarization curves of physically mixed BCS+PBCC and in situ ex-solved
BCS-PBCC catalysts in Oz-saturated 1 M KOH solution.
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Fig. S10. Nitrogen adsorption-desorption isotherm curves of a PBCC and b BCS-

PBCC samples.
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Fig. S11. ECSA estimation determined from Cai. The Cqi 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 iRcorected) at scan rates of 10, 20, 30, 40, 50 and
60 mV s~! of a PBCC and b BCS-PBCC.
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Fig. S12. The intrinsic activity of BCS-PBCC and PBCC.
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Fig. S13. LSV curves of ORR for PBCC and BCS-PBCC.
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Fig. S14. a Chronopotentiometry curve of water electrolysis using BCS-PBCC and
RuO; 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 ¢ PBCC in O»-saturated 1 M KOH over 100 cycles at a20 mV s ! scan

rate.
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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.
¢ corresponding FFT pattern, inset: the corresponding FFT pattern and corresponding

IFFT images.
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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 /) used for the calculation of oxygen ion diffusion

coefficients.
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Fig. S18. a DEMS signals of 20, (*0'°0) and **0, ('0'*0) from the reaction products
for '®0-labeled BCS-PBCC catalyst in H>'80 aqueous KOH electrolyte and b
corresponding CV cycles. The mass spectroscopy signals are baseline subtracted. ¢
DEMS signals of **O5 and 0, from the reaction products cycled in H»'*O aqueous

sulfuric acid electrolyte.
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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).
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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).
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Fig. S23. Projected density of states (E£r: Fermi level, O 2p band center).
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Fig. S24. Galvanostatic charge/discharge test at 5 mA cm 2 for Zn-air batteries with

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



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

incorporated perovskites.

Perovskite PrBaosCasC0205s:3 BaCaSiO4
Phase Content 95.855 4.145
Space Group Pbnm P 63/mmc
a () 5.41775(83) 5.7812(13)
b(A) 5.38692(86) 5.7812(13)
c(A) 7.6209(11) 7.3958(27)
a(®) 90 90
B(°) 90 90
Y () 90 120
Volume(A?) 222.417(59) 214.07(12)




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

representative state-of-the-art catalysts.

Over-potential| Tafel slope Loading
Electrocatalyst _1, | Electrolyte | Electrode| Ref.
[mV vs RHE] | [mV dec™'] [mg em™]
(This
BCS-PBCC 300 49 1.0 M KOH| 0.202 GC
Work)
LaCoO; 470 180 1.0 M KOH / GC !
LaFeO; 420 62 1.0 M KOH| 0.232 GC 2
SmBay 5Sro.5C0206.5 370 46 0.1 M KOH 0.5 GC 3
LagSro4Co0; 426 / 1.0 M KOH| 0.212 GC 4
Lao»SrosFeOs.s 370 60 0.1 MKOH| 0.232 GC 5
CaCusTisO12 / 46 0.1 M KOH| 0.096 GC 6
PI'(),5B3(),5C003,5 440 82 0.1 M KOH 0.39 GC 7
PrBay 25S10.75C0205.95 290 75.8 0.l MKOH| 0.545 GC 8
Lao,68r0,4C00‘gFeolzo3 353 63 1.0 M KOH 0.245 GC K
LaosSro2Co08Fe0203.5 248 51 1.OMKOH| 0.245 GC K
LaSr;CoisFe1 50105 388 84 0.1 MKOH| 0.255 GC 10
Lao5Sro.sNig.4Feo60s5 330 76 1.0 M KOH 0.4 GC 1
Lai5Sro.sNiMnosR
193103 01 HosBUos) 430 /|01 MKOH| 0255 Gc | »
6
CalLaScRuOe+s 478 84 1.0 M KOH| 0.708 GC 13
0.1 M
Sro_oNaoA1RuO3 170 / 0.510 GC 14
HCI104
SroFepsCooaM Ni
ey I $1) 56 0.l MKOH| 0232 Ge |
3506-5
PrBagsSrosCo; sF
Fa0sT0sL015EC0s 370 67 0.1 MKOH| 0202 GC | 16
Os.5
PrB C MnFeO
FRa0staIEES 400 8  |0. MKOH| 02806 | GC | V
+8
LaNio.ssMgo.1503 450 95 0.1 M KOH| 0.153 GC 18




La>NiMnOg 370 58 |LOMKOH| / GC 19
LaCoo sNio 105 650 73 [01MKOH| / GC 20
LaCoo5Vo20s 306 40  |1LOMKOH| / GC 21

SrCo.4Fe02Wo40ss 296 50 |01 MKOH| 0232 GC 2
BaZr.Fe1.0ss 412 97  |0.IMKOH| 1 GC 2
Ba:CoMoo sNbo 5065 435 77 (01 MKOH| 0232 GC 2
BaCop7Fe2Sno. 055 450 69 |01 MKOH| 0232 GC 25

BaCoos.Feos.
aCoos.Feos 360 69 0.1 MKOH| 0255 Gec |

Zr.Y03-9

SrNbo 1CooFe0205 420 76 (0.1 MKOH| 0232 GC 27
BaCoog 420 8 |01 MKOH| 0232 GC 28

FexZro1Y0.103

C
SreFensCoooMoogCool 5,5 60 |[0.IMKOH| 0232 | GC | »
4065
SrMosTio 1055 510 88  |0.1MKOH| 0232 GC 30
Co-doped 6H-SrIrO 235 52 0.1M 0.45 GC J
o-dope -S1IrOs HCIO )
BasPrIrsO 278 / 0.IM 4 562 GC 2
b HCIO. '
StyFelr(V)O 300 / 0.IM 0.25 GC 3
r2r ety ) HCIO, '
0.1M
SrCosIro 0. 300 / 0.25 GC 3
1L 00.9110.1U3-5 HCIO,
CaCusRu,O 171 40 0.5M 0.25 GC 3
aLusku4Uq2 H,SO, .
B F
PrBaosSrosCos sFeos 359 56 [0.IMKOH| 02 GCe | *
Osss
SI'CO(),95P0,0503.5 480 84 0.1 M KOH 0.232 GC 37
SrCoo.85F€0.1P0.0sO03-5 290 52 1.0 M KOH 03 Ni foam 38
F-BSCF 280 / 1.0 MKOH| 0255 GC e
Lao sBagsS10.25C00
a0 ao.st T02s 029 / 44  |LOMKOH| 0274 | GC | %
-5100.1

Proton Acceptor-Oxide Composite Catalyst




PrBao_5CaoA5C0205+5

PO.-
O 290 51 0.l MKOH| 0.202 GC 4

Sr(Coo.sFe0.2)0.7B030s3

340 58 0.l MKOH| 0.232 GC 2

-8

MoS:;@SrCo0Os-5 351 37 0.1IM KOH / GC 43
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