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Figure S1. Doping energy of Fe atom into Zn atom sites of ZIF-7 framework, with the schematic 

diagram of the corresponding atomic structures. The energies of Fe and Zn atoms are in reference 

to their citrate complexes (ferric citrate and zinc citrate). 

Figure S2. Doping energy of Fe atom into Zn atom sites of ZIF-7 framework, with the schematic 

diagram of the corresponding atomic structures.  

Figure S3. (a) SEM and (b) HRSEM images of ZIF-(12, 8h).  

Figure S4. (a) SEM and (b) HRSEM images of ZIF-(12, 16h). 
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Figure S6. High-resolution HADDF-STEM images of Fe©N-C-12. 
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-
 selectivity of ZIF-7 derived catalysts with different 

impregnation durations. 

Figure S9. Raman spectra of ZIF-7 derived catalysts with different impregnation durations. 
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Figure S11. LSV curves of Fe©N-C-12 in O2-saturated 0.1 M KOH solution at different rotation 

rates. 

Figure S12. (a) The schematic diagram and (b) photograph of in situ XAS cell in working 

condition for ORR; (c-d) In situ XANES and EXAFS of Fe©N-C-12 under ORR test with 

different potentials. 

Table S1. Fe content (wt%) of ZIF-7 derived catalysts with different impregnation durations as 

confirmed by ICP-OES. 
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Figure S1. Doping energy of Fe atom into Zn atom sites of ZIF-7 framework, with the schematic 

diagram of the corresponding atomic structures. The energies of Fe and Zn atoms are in reference 

to their citrate complexes (ferric citrate and zinc citrate). 

C: grey; N: blue; Zn: green; H: white; O: red; Fe: yellow. 

The doping energy is calculated by: ΔEdoping = Etotal – [E(ZIF-7) – E(Zn-citrate) + E(Fe-citrate)] 

where Etotal is the energy of Fe-doped ZIF-7, E(ZIF-7) is the energy of perfect ZIF-7, E(Zn-citrate) 

and E(Fe-citrate) are the energies of ferric citrate and zinc citrate complexes, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S4 

 

 

 

Figure S2. Doping energy of Fe atom into Zn atom sites of ZIF-7 framework, with the schematic 

diagram of the corresponding atomic structures. C: grey; N: blue; Zn: green; Fe: yellow. 

The doping energy is calculated by: ΔEdoping = Etotal – [E(ZIF-7) – E(Zn-atom) + E(Fe-atom)] 

where Etotal is the energy of Fe-doped ZIF-7, E(ZIF-7) is the energy of perfect ZIF-7, E(Zn-atom) 

and E(Fe-atom) are the energies of single Fe atom and Zn atom, respectively. 
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Figure S3. (a) SEM and (b) HRSEM images of ZIF-(12, 8h). The red arrows in Figure S3a show 

the self-assembly of 2D ZIF structure in the partially-transformed ZIF-(12, 8h). 

 

 

 

 

Figure S4. (a) SEM and (b) HRSEM images of ZIF-(12, 16h). The red arrows in Figure S4a show 

the self-assembly of 2D ZIF structure in the partially-transformed ZIF-(12, 16h). 
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Figure S5. SEM images of Fe©N-C-12. 

 

The SEM images of Fe©N-C-12 obviously show the highly porous structure with interconnected 

pores throughout the micrometer-length nanosheet. 
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Figure S6. High-resolution HADDF-STEM images of Fe©N-C-12. 
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Figure S7. Nitrogen adsorption–desorption isotherms of ZIF-7 derived catalysts with different 

AFC dosages after impregnation for 24 h.  

 

 

Figure S8. Electron transfer number and HO2
-
 selectivity of ZIF-derived catalysts with different 

impregnation durations; Catalyst usages were all kept 61 μg. 
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Figure S9. Raman spectra of ZIF-7 derived catalysts with different impregnation durations. 

 

 

 

 

Figure S10 XRD patterns of ZIF-L, ZIF-(12, 24h), ZIF-(30, 24h) and ZIF-(60, 24h). 
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Figure S11. LSV curves of Fe©N-C-12 in O2-saturated 0.1 M KOH solution at different rotation 

rates. 
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Figure S12. (a) The schematic diagram and (b) photograph of In situ XAS cell in working 

condition for ORR; (c-d) In situ XANES and EXAFS of Fe©N-C-12 under ORR test with 

different potentials (V, vs. RHE), R(Å), distance in angstroms. k, wavenumber. All the data was 

obtained in O2-saturated 0.1 M KOH solution. 
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Table S1. Fe content (wt%) of ZIF-7 derived catalysts with different impregnation durations as 

confirmed by ICP-OES. 

Samples 
Before pyrolysis 

Fe (wt%) 

After pyrolysis & acid leaching 

Fe (wt%) 

ZIF-7 — — 

ZIF-(12, 4h) 0.21 0.40 

ZIF-(12, 8h) 0.20 0.37 

ZIF-(12, 16h) 0.19 0.38 

ZIF-(12, 24h) 0.22 0.37 

 

 

 

 

 

Table S2. Porosity characters of ZIF-7 derived catalysts with different impregnation durations. 

Catalyst 

BET 

surface 

area  

(m
2
 g

-1
) 

Micropore 

surface area 

(m
2
 g

-1
) 

External 

surface 

area 

 (m
2
 g

-1
) 

Vtotal 

(cc g
-1

)
[a]

 

Vμ 

(cc g
-1

)
[b]

 

ΔV 

(cc g
-1

)
[c]

 

C-ZIF-7 356.9 226.1 130.8 0.357 0.097 0.260 

C-ZIF-(12, 4h) 384.1 116.1 268.0 0.452 0.054 0.398 

C-ZIF-(12, 8h) 499.0 137.3 361.7 0.618 0.064 0.554 

C-ZIF-(12, 16h) 610.5 121.2 489.3 0.793 0.058 0.735 

Fe©N-C-12 594.5 192.5 402.0 0.691 0.089 0.602 

[a] Total pore volume was calculated at P/P0=0.995; 

[b] Micropore volume was calculated using t-plot method. 

[c] ΔV means the difference between Vtotal and Vμ.  
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Table S3. Porosity characters of ZIF-7 derived catalysts with different AFC dosages. 

Catalyst 

BET 

surface 

area  

(m
2 

g
-1

) 

Micropore 

surface area 

(m
2
 g

-1
) 

External 

surface 

area  

(m
2
 g

-1
) 

Vtotal  

(cc g
-1

)
[a]

 

Vμ  

(cc g
-1

)
[b]

 

ΔV 

(cc g
-1

)
[c]

 

C-ZIF-7 356.9 226.1 130.8 0.357 0.097 0.260 

Fe©N-C-12 594.5 192.5 402.0 0.691 0.089 0.602 

Fe©N-C-30 644.2 170.9 473.3 0.722 0.078 0.644 

Fe©N-C-60 888.9 227.3 661.6 1.073 0.105 0.968 

Fe©N-C-120 594.8 323.5 271.3 0.479 0.141 0.338 

Fe©N-C-480 346.5 247.2 99.3 0.309 0.103 0.206 

[a] Total pore volume was calculated at P/P0=0.995; 

[b] Micropore volume was calculated using t-plot method. 

[c] ΔV means the difference between Vtotal and Vμ.  

 

 

 

Table S4. Fe content (wt%) of ZIF-7 derived catalysts with different AFC usages as confirmed by 

ICP-OES. 

Samples 
Before pyrolysis 

Fe (wt%) 

After pyrolysis & acid leaching 

Fe (wt%) 

ZIF-7 — — 

ZIF-(12, 24h) 0.22 0.37 

ZIF-(30, 24h ) 0.37 0.69 

ZIF-(60, 24h) 0.42 0.87 

ZIF-(120, 24h) 0.47 0.82 

ZIF-(480, 24h) 1.13 2.38 
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Table S5. Mass activities of different single-atom non-precious-metal catalysts in O2-saturated 0.1 

M KOH solution (1600 rpm).  

Catalyst 
metal loading 

(μgmetal cm
-2

) 

Activity @ 0.80V 

(mA μgmetal
-1

) 
References 

Fe©N-C-12 1.15 2.92 This work 

Co SAs/N-C(900) 17.54 0.33 1 

Fe-ISAs/CN 8.81 0.64 2 

S,N-Fe/N/C-CNT 20.00 0.24 3 

SA-Fe-NHPC 2.30 1.67 4 

CNT/PC 23.20 0.23 5 

Fe-N/C-700 3.21 1.48 6 

FeN2/NOMC-3 7.53 0.59 7 

Fe-Nx/HPC 1.55 2.58 8 

Fe,N/PGC-30 6.22 0.58 9 
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