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Electrochemical tests

The catalyst ink was prepared by weighing 1 mg CeO2/ SACe-N-C catalyst in 160 μL 

water, 20 μL isopropanol and 20 μL Nafion. The catalyst ink was dispersed by 

ultrasound for 15 min, and 15 μL uniformly dispersed catalytic ink was dripped onto 

the surface of the disc electrode with a load of 0.384 mg cm-2 by pipetting gun, and 

dried at room temperature. The electrochemical test was performed on CHI 760E 

electrochemical workstation with 0.1 M KOH solution as electrolyte, oxygen flow rate 

of 100, graphite rod as counter electrode and controlled Hg/HgO as reference electrode. 

Cyclic voltammetry (CV) tests were performed under N2 or O2 saturation conditions at 

50 mV/s in 0.1 M KOH solution, and linear scan voltammetry (LSV) was performed at 

1600 rpm from 0 V to 1.1 V at 10 mV/s. The H2O2 % and transferred electron number 

(n) of the ORR were calculated via using the Eqs (1) and (2):

 (1)
𝐻2𝐻2(%) = 200 ×

𝐼𝑅 𝑁

(𝐼𝑅 𝑁) + 𝐼𝐷

        (2)
𝑛 = 4 ×

𝐼𝐷

(𝐼𝑅 𝑁) + 𝐼𝐷

In which IR and ID are ring and disk current; the current collection efficiency of the n is 

0.38.

The K–L equation:
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In which J, Jk and Jd are the measured current density, the kinetic current density and 

the diffusion-limiting current density, respectively; ω is the angular velocity; n and F 

are the electron transfer number and the Faraday constant (96485 C mol-1); C0 and D0 

are the bulk concentration of O2 (1.2 × 10-6 mol cm-3) and the diffusion coefficient of 



O2 (1.9 × 10-5 cm2 s-1); V is the kinematic viscosity of the electrolyte (0.01 cm2 s-1).

The Jk were calculated as follow:

 (5)
𝐽𝑘 =

𝐽𝑑  ∗   𝐽  

  𝐽𝑑  ‒   𝐽      

Tafel slopes were calculated:

 (6)
𝜂 = 𝑎 + 𝑏𝑙𝑜𝑔(

𝑗
𝑗0

)

in which η, b, j, and j0 are the overpotential, the Tafel slope, the current density and the 

exchange current density, respectively.

Zn-air battery test

2 mg of CeO2/SACe-N-C catalyst was uniformly dispersed in 195 μL ethanol and 5 μL 

Nafion (5 wt.%), and the catalyst ink was uniformly coated on carbon paper (2x2 cm) 

as the air cathode, nickel foam was used as the fluid collector, and zinc plate was used 

as the metal anode to assemble zinc-air battery. The battery performance was tested in 

6 M KOH solution. CeO2/SACe-N-C and Pt/C were loaded with 0.5 mg cm-2.

Theoretical calculation

In this work, the initial models of different structures were built using VESTA.1-6 For 

the exchange and correlation energies, the generalized gradient approximation (GGA) 

in the form of Perdew-Burke-Ernzerhof (PBE) functional is adopted.7 Considering the 

reality that the vdW interaction has an unneglected effect on the final stability of the 

heterostructures, the standard PBE function cannot handle this weak interaction well, 

so we adopted the DFT-D2 method by Grimme to describe the weak vdW interaction 

in all calculations,8 in which all the force field parameters are obtained based on the 

PBE function. The total energy (Etotal) is expressed as: Etotal = EKS-DFT + EvdW, where 

EKS-DFT and EvdW are Kohn-Sham DFT energy and dispersion correction respectively.9, 

10 The first Brillouin-zone sampling of 1×1×1 and 5×4×1 k-points generated by 



Monkhorst-Pack scheme are used for geometric optimization and energy calculations, 

respectively. The vacuum layer is set to 20 Å along the Z direction to avoid the 

interactions induced by the periodic effects. To find a balance between accuracy and 

efficiency, a 450 eV cut-off energy has been adopted in all calculations. The pristine 

and heterojunction structures were optimized until the forces on each atom are less than 

10-4 eV and the Hellmann-Feynman force on each atom is 0.01 eV Å-1, which was 

sufficient enough to reach convergence for the whole calculations. The charge density 

different is obtained by: Δρ = ρAB – ρA – ρB.

The free energies of reactants and each intermediate state at an applied electrode 

potential U were calculated as follows: ΔG = ΔE + ΔZPE - TΔS-neU, where n is the 

electron number of such state and ΔE represents the change in enthalpy which is 

considered from the DFT total energy value, ΔZPE represents the change in zero-point 

energy and ΔS represents the change in entropy. Since it is difficult to obtain the exact 

free energy of OOH, O, and OH radicals in the electrolyte solution, the adsorption free 

energy ΔGOOH*, ΔGO*, and ΔGOH* are used in the calculations. The equilibrium 

potential U0 for ORR at pH = 13 was determined to be 0.455 V vs. NHE where the 

reactant and product are at the same energy level. The free energy of H2O(l) was derived 

as GH2O(l) = GH2O(g) + RT*ln(p/p0) since only GH2O(g) can be directly obtained by DFT 

calculations. The free energy of O2(g) was derived as GO2(g) = 2GH2O(l)−2GH2 – 1.82 

eV.11 The free energy of OH− was derived as GOH− = GH2O(l) − GH+, where GH+ = 1/2GH2 

− kBTln10 * pH. The overall reaction scheme of ORR in alkaline environment is: O2 + 

2H2O + 4e- → 4OH-,12 and the following associative mechanism is considered in our 

calculations:

O2(g) + * + H2O + e- ⇆ *OOH + OH-                 (1)

*OOH + e- ⇆ *O + OH-                                 (2)



*O + H2O + e- ⇆ *OH + OH-                           (3)

*OH + e- ⇆ * + OH-                                     (4)

Figure S1. Schematic diagram of protonated melamine self-assembly.

Figure S2. SEM of CeO2/SACe-N-C catalyst.



Figure S3. SEM of CeO2/SACe-N-C precursor.

Figure S4. SEM of N-C precursor.

Figure S5. SEM of N-C catalyst.



Figure S6. EDS spectrum of CeO2/SACe-N-C.
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Figure S7. XRD spectrum of CeO2/SACe-N-C and after CeO2/SACe-N-C acid 

treatment.
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Figures S8. a, c, e) XPS survey of the corresponding catalyst; b, d, f) High resolution 

XPS spectra of C 1s for catalyst.



Figures S9. Proportion of different N species in CeO2/SACe-N-C and N-C.

Figures S10. High resolution XPS spectra of O 1s for CeO2/SACe-N-C and CeO2/C 

catalyst.



 

a b 

Figures S11. (a, b) EPR spectra of CeO2/SACe-N-C catalyst.
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Figure S12. FT-EXAFS fitting curves of CeO2/SACe-N-C catalyst at K-space.
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Figure S13. FT-EXAFS fitting curves of CeO2/SACe-N-C catalyst at R-space; inset 

is coordination structure of Ce-N4/O4.
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Figures S14. CV curves of CeO2/C, N-C and CeO2/SACe-N-C catalysts tested in 0.1 

M KOH solution saturated with O2 or N2.
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Figures S15. LSV curves of CeO2/SACe-N-C catalysts and after CeO2/SACe-N-C 

acid treatment tested in 0.1 M KOH solution saturated with O2.



0.2 0.4 0.6 0.8 1.0
-6

-5

-4

-3

-2

-1

0

j (
m

A
 c

m
-2
)

E (V vs. RHE)

 400 rpm
 625 rpm
 900 rpm
 1225 rpm
 1600 rpm
 2025 rpm
 2500 rpm

0.06 0.08 0.10 0.12 0.14 0.16

0.20

0.25

0.30

0.35

0.40

0.45

 0.35 V
 0.40 V
 0.45 V
 0.50 V
 0.55 V
 0.60 V

j -1
 (

m
A 

cm
-2
)-1

-1/2(rad-1/2 s-1/2)

0.2 0.4 0.6 0.8 1.0
-2.0

-1.5

-1.0

-0.5

0.0

j (
m

A
 c

m
-2
)

E (V vs. RHE)

 400 rpm
 625 rpm
 900 rpm
 1225 rpm
 1600 rpm
 2025 rpm
 2500 rpm

  

0.06 0.08 0.10 0.12 0.14 0.16

1

2

3

4

5

 0.35 V
 0.40 V
 0.45 V
 0.50 V
 0.55 V
 0.60 V

j -1
 (

m
A 

cm
-2
)-1

-1/2（ rad-1/2 s-1/2（  

0.2 0.4 0.6 0.8 1.0
-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

j (
m

A
 c

m
-2
)

E (V vs. RHE)

 400 rpm
 625 rpm
 900 rpm
 1225 rpm
 1600 rpm
 2025 rpm
 2500 rpm

0.06 0.08 0.10 0.12 0.14 0.16

0.4

0.6

0.8

1.0

 0.35 V
 0.40 V
 0.45 V
 0.50 V
 0.55 V
 0.60 V

j -1
 (

m
A 

cm
-2
)-1

-1/2（ rad-1/2 s-1/2（  

a b 

c d 

e f 

Figures S16. a, c, e) LSV curves of CeO2/SACe-N-C, CeO2/C and N-C at different 

speeds; b, d, f) the corresponding K-L plots.
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Figures S17. a-c) CV curves of CeO2/SACe-N-C, CeO2/C and N-C at different 

scanning speeds in the non-Faradaic potential range; d) Double-layer capacitance of 

corresponding catalysts.
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Figure S18. LSV curves of after CeO2/SACe-N-C acid treatment catalyst before and 

after 10000 cycles at 1600 rpm.



Figure S19. I-t curves of CeO2/SACe-N-C and commercial Pt/C catalysts after two 

additions of 3 M methanol.
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Figure S20. a-b) Schematic diagram and real product photo of Zn-air batteries.
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Figure S21. Open-circuit voltage curves of Zn-air batteries based on CeO2/SACe-N-

C and Pt/C catalyst.
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Figures S22. a-b) High resolution XPS spectra of Ce 3d and N 1s for CeO2/SACe-N-

C catalyst after doing continuous charge-discharge tests of 300 cycles.



Figure S23. The geometric configuration of 16 different oxygen defect configurations 

in Ce-N4O4-CeO2. The red circle denotes the vacancy position of oxygen atom.

Table S1.EDS element distribution spectrum of CeO2/SACe-N-C catalyst.

element C N O Ce totalElement 

distribution 

spectrum
Wt% 93.17 2.44 1.91 2.48 100.00



Table S2. BET surface area and pore distribution of CeO2/C, N-C and CeO2/SACe-N-

C catalyst.

CeO2/C N-C CeO2/SACe-N-C

Vmicro (cm³/g)

Smicro (m²/g)

Vtotal (cm³/g)

SBET (m²/g)

Vmicro / Vtotal (%)

Smicro / SBET (%)

0.0005

1.20

0.07

19.73

0.82

6.07

0.02

43.57

0.27

125.00

8.24

34.86

0.15

298.25

0.45

592.65

32.39

50.33

Table S3. Proportion of Ce3+ and Ce4+ for CeO2/C and CeO2/SACe-N-C.

Ce3+ Ce4+

CeO2/SACe-N-C 32.6% 67.4%

CeO2/ C 17.5% 82.5%



Table S4. EXAFS fitting results for CeO2, CeCl3 and CeO2/SACe-N-C at the Ce L3-

edge.

Sample Path C.N. R (Å) σ2×103 (Å2) ΔE (eV) R factor

CeO2 Ce-O 8* 2.37±0.02 9.8±4.6 4.0±1.9 0.018

CeCl3 Ce-Cl 6.1±3.2 2.91±0.05 16.1±9.4 2.5±3.8 0.013

CeO2/SACe-

N-C

Ce-N

Ce-O

3.9 ± 

0.6 3.9 

± 0.8

2.38±0.01

2.42±0.01

0.0117±0.003

3

0.0117±0.003

3

7.8 ± 

1.2

0.0054

C.N.: coordination numbers; R: bond distance; σ2: Debye-Waller factors; ΔE: the inner 

potential correction. R factor: goodness of fit. * fitting with fixed parameter.

Table S5. The properlties of CeO2/SACe-N-C were compared with other catalysts.

Catalyst
Catalyst loading 

(mg cm-2)
E1/2(V) Eonset(V) References

CeO2/SACe-N-C

Ag-CeO2-Co3O4/C

Ce SAS/HPNC

SACe-N/PC

La0.7Ce0.3CoO3

Sm2O3–Co/NEC300J

MnOOH@CeO2

CeO2@NC-900

Ce-MnO2/C

0.384

0.484

1.02

0.1

1.0

0.146

0.244

0.2

0.5

0.842

0.80

0.86

0.88

0.75

0.811

0.80

0.854

0.783

0.94 V

-

1.04

-

0.87

0.924

0.91

0.905

0.872

This work

13

14

15

16

17

18

19

20



Co-CeO2/N-CNR

Co3O4-CeO2/KB

0.21

0.1

0.834

0.83

-

-

21

22

Table S6. ECSA (m2 g-1) of prepared catalysts from 0.9163V to 1.0163V.

CeO2/C N-C CeO2/SACe-N-C

ECSA 4.25 60 937.5

Table S7. Contents of different N species in CeO2/SACe-N-C catalysts before and 

after charging and discharging batteries.

Pyridinic-N Graphitic-N Oxidized-N

CeO2/SACe-N-C

Spent CeO2/SACe-N-C

    29 %

     30 %

61 %

61.7 %

10 %

8.3 %
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