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Theoretical Methods

Computational Details and Modeling

All ab initio calculations were performed with the Vienna Ab initio Simulation 

Package (VASP 5.4.4)S1-S5. We used the BEEF-vdWS6 exchange-correlation functional using 

the projector augmented wave (PAW) methodS6,S7 with a generalized gradient to accurately 

describe the chemisorption as well as physisorption on the catalytic surface. Integration in the 

Brillouin zone was performed based on the Monkhorst-Pack scheme using a Γ-centered 2  2 

 1 k-point mesh in each primitive lattice vector of the reciprocal space for geometric 

optimization. A plane-wave cutoff energy of 500 eV was used. Lattice constants and internal 

atomic positions were fully optimized until the residual forces were less than 0.04 eV/ Å. The 

vacuum slab space of a unit cell in the z-direction was set to 20 Å to avoid interactions between 

layers. The schematics of our models are shown as Supplementary Figure S8 and S10. For the 

convenience of identifying the active site positions, we name them by element name and Arabic 

number. The details of the active site naming are also included in Supplementary Figure S8 

and S10.

ORR Reaction Pathways

In this work, we used the theoretically well-defined free energy diagram (FED) 

approach proposed by Norskov group. It has been generally accepted method for the 

electrochemical activity works based on density functional calculations, in which the 

thermodynamic stabilities of the intermediates for catalytic reactions can be used as the main 

descriptor on the catalytic activityS8,S9. In the oxygen reduction reaction (ORR), we considered 

the overall reaction mechanism for the complete direct four-electron process, in which O2 is 

reduced to water without the formation of the hydrogen peroxide intermediate, H2O2. Also, this 

mechanism in an alkaline environment can be described as follows:

         O2(g) + * → O2* (1)

           O2* + H2O(l) + e– → OOH* + OH– (2)

         OOH* + e– → O* + OH– (3)
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        O* + H2O(l) + e– → OH* + OH– (4)

       OH* + e– → * + OH– (5)

, where * represents the active site, and O2*, OOH*, O* and OH* are adsorbed intermediates 

on the surface. 

Derivation of the free energy relations

We calculated the reaction Gibbs free energies of the intermediates O2*, OOH*, O* 

and OH* on the pure and Si doped FNC structures with six different structural conformations 

(BP1, BP2, AE, ZE, IE1, and IE2, where BP, AE, ZE and IE represent basal plane, armchair 

edge, zigzag edge and inter-edge, respectively.) to determine the point of the potential-

determining step of ORR on various reaction sites for different structure. For each step, the 

reaction Gibbs free energy ΔGads can be expressed by,

ΔGads = ΔEads + ΔZPE – TΔS (6) 

where ZPE is the zero-point energy, T is the temperature, and ΔS is the entropy change. Using 

this equation (S10), we can construct free energy diagram (FED) considering the following 

four electrons/four steps with equations at standard conditionsS10.

The reaction Gibbs free energy of each electrochemical reaction of ORR in alkaline media 

can be expressed as follows:

ΔG1 = (GOOH* + μOH–) – (G* + μO2 + μH2O(l) + μe–) (7)

ΔG2 = (GO* + μOH–) – (GOOH* + μe–) (8)

ΔG3 = (GOH* + G*) – (GO* + μH2O(l) + μe–) (9)

ΔG4 = (μOH– + G*) – (GOH* + μe–) (10)

These free energy change values can be calculated by using the chemical potentials of 

hydroxide, electron, liquid water, and oxygen molecule (μOH–, μe–, μH2O(l) and μO2) and the free 

energies of each intermediates (GOH*, GO*, GOOH*) on the surface (*).

Free energy diagram (FED) and Overpotential (η)
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From the calculated ΔG values, we can deduce a critical parameter of electrocatalytic 

activity, which is the magnitude of the ORR potential-determining step (GORR) in four 

electrons/four steps. It is the specific reaction point with the largest ΔG in the ORR elementary 

reaction steps; i.e., the concluding step to achieve a downhill reaction in the free energy 

diagram (FED) with increasing potential (Supplementary Figure S12 and S13):

GORR = max[ΔG1, ΔG2, ΔG3, ΔG4]0  (11)

After finding the largest ΔG value meaning bottleneck point of ORR, we can finally get the 

theoretical overpotential in alkaline condition in the following equation (12):

ηORR = (GORR/e) – xV, x = 0.402 V (12)
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Fig S1. SEM images of 36±3 and 62±4 nm closed packed SiO2 (a and b). SEM and TEM 

images of 3DMC_25 (c,e) and 3DMC_50 (e,f).
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Fig S2. N2 sorption isotherms (a and c) and BJH profiles (b and d) of 3DMC_25 and 50 

samples. 
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 Fig S3. XRD results of FeSiNC samples before and after acid treatment.
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 Fig S4. N2 sorption (a), BJH plot of (b), and SEM image (c) of FeSiNC_25.
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Fig S5. N2 sorption isotherms (a) and BJH plots (b) of FeSiNC_50a and FeNC_50a. 
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Fig S6. HAADF image of FeSiNC_50a: EEL spectra displayed in Fig 2C was obtained from 

the red square area. 
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Fig S7. XPS survey spectra (a-b) and high-resolution XPS spectra (c-d) of Si 2p of 

FeSiNC_25a and 50a samples.



12

Fig S8. LSV curves of FeSiNC_25 (a), FeSiNC_25a (b), and FeSiNC_50a (c) from 400 to 1600 

rpm (0.1M KOH) and Koutecky-Levich (K-L) plots at various voltages of FeSiNC_25 (d), 

FeSiNC_25a (e), and FeSiNC_50a (f).
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Fig S9. Comparison of polarization curves for FeSiNC_50a and FeNC_50a at 1600 rpm (a), 

polarization curves from 400 to 1600 rpm for FeNC_50a (b), and K-L plots at various voltages 

(c) for FeNC_50a.
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Fig S10. Chronoamperometric responses (a) at -0.4 V vs Ag/AgCl (V) with injection of 

methanol at 500 sec. The ORR polarization curves of FeSiNC_25a (b) and FeSiNC_50a (c) in 

O2-saturated 0.1 M KOH solution before and after 5000 potential cycles between 0 to -0.4 V 

vs Ag/AgCl (V). 
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Fig S11. Polarization curves and power density plots of FeSiNC_25a (a and c), and 

FeSiNC_50a (b and d).
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Fig S12. The rate performances (a) and galvanostatic discharge curves of FeSiNC_25a and 50 

and the commercial Pt/C at catalyst loading of 2.5 mg/cm2.
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Fig S13. Possible Fe and N co-doped graphene structures (FeNCs) of (a) FeNCPdN-BP, (b) 

FeNCPrN-BP, (c) FeNCPdN-ZE, (d) FeNCPdN-AE, (e) FeNCPdN-IE and (f) FeNCPrN-IE (PdN/PrN 

and BP/AE/ZE/IE represent pyridinic/pyrrolic N, and basal plane/armchair/zigzag/inter-edge, 

respectively).
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Fig S14. Formation energy, , dependencies on the two different inter-edge conformations, 𝐸𝑓

which represent bending and rotating forms.



19

Fig S15. Possible Si, Fe and N co-doped graphene structures (FeSiNCs) of (a) FeSiNCPdN-BP, 

(b) FeSiNCPrN-BP, (c) FeSiNCPdN-ZE, (d) FeSiNCPdN-AE, (e) FeSiNCPdN-IE and (f) 

FeSiNCPrN-IE (PdN/PrN and BP/AE/ZE/IE represent pyridinic/pyrrolic N and basal 

plane/armchair/zigzag/inter-edge, respectively).
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Fig S16. Formation energies, , of Si, Fe and N co-doped graphene structures (FeSiNCs).𝐸𝑓
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Fig S17. ORR Free energy diagrams on (a) FeNCPdN-BP, (b) FeNCPrN-BP, (c) FeNCPdN-ZE, 

(d) FeNCPdN-AE, (e) FeNCPdN-IE and (f) FeNCPrN-IE in an alkaline environment. 
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Fig S18. ORR Free energy diagrams on (a) FeSiNCPdN-BP, (b) FeSiNCPrN-BP, (c) FeSiNCPdN-

ZE, (d) FeSiNCPdN-AE, (e) FeSiNCPdN-IE and (f) FeSiNCPrN-IE in an alkaline environment. 

We have performed a detailed analysis for the overpotentials and free energy diagrams 

(FEDs) under different electrode potentials (U=0 V, 0.402 V and  V), considering four 𝜂

electrons/four pathways (Supporting Information Equation S1-S16).  Figs S12 and S13 show 

FEDs for Fe and N co-doped graphene (FNC) and Si, Fe and N co-doped graphene (SFNC) 

structures with six different structural conFigurations, respectively. In the FEDs, we can deduce 

the , which is corresponded to the largest endothermic ΔG under the standard reaction 𝜂𝑂𝑅𝑅

potential (U=0.402 V in alkaline media), represented by red lines of  Fig S12-S13. By applying 
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 to offset the endothermic ΔG, we can get the blue lines, in which the calculated results 𝜂𝑂𝑅𝑅

revealed that the FeSiNCPrN-BP has the lowest ORR overpotentials of 0.40 V, which represents 

competitive catalytic activity for conventional Pt.
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Fig S19. Partial density of states (PDOS) of Fe d-orbital in FeSiNCPrN-BP. The black and red 

lines represent Fe 3d state and d-band center, respectively. The Fermi level is indicated by a 

black dashed line.
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Sample Elemental Weight (%)

C 89.17

O 8.41

N 1.68

Fe 0.55

FeSiNC_25a

Si 0.19

C 89.01

O 8.39

N 1.74

Fe 0.6

FeSiNC_50a

Si 0.21

Table S1. XPS survey results of FeSiNC samples.
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Sample Path* N R (Å) σ2 (Å2) R-factor (%)

Fe-N 4.1 ± 1.0 1.960 ± 0.028 0.006 ± 0.003

Fe-Si 1.7 ± 0.8 2.430 ± 0.014 0.006 ± 0.004FeSiNC_25a

Fe-C 2.5 ± 1.2 3.036 ± 0.034 0.009 ± 0.008

0.1

Fe-N 4.4 ± 1.7 1.914 ± 0.040 0.008 ± 0.004

Fe-Si 3.3 ± 1.7 2.408 ± 0.038 0.008 ± 0.005FeSiNC_50a

Fe-C 4.9 ± 2.8 3.014 ± 0.058 0.011 ± 0.008

0.8

Table S2. Summary of EXAFS fitting. (N = coordination number, R = interatomic distance, 

σ2 = Debye-Waller factor (bond disorder), R-Factor = a measure of the quality of EXASFS fit, 
* : fixed parameter)
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Sample

On-set

Potenital

(v vs RHE)

Half-wave

(V vs RHE)
References

Fe-N-CNF 0.93 0.81 Ref. S11.

Fe-NMCs 1.027 0.86 Ref. S12.

Fe@C-FeNC-2 - 0.899 Ref. S13.

Fe-N/C-800 0.923 0.809 Ref. S14.

PMF-800 - 0.861 Ref. S15.

N-CSN-120 0.888 0.754 Ref. S16.

Fe-N-CC 0.94 0.83 Ref .S17.

Fe3C/C-800 1.05 0.83 Ref. S18.

CoP NCs 0.8 0.7 Ref. S19.

NPOMC-L1 0.92 0.82 Ref. S20.

Co3O4/N-rmGo 0.9 0.83 Ref. S21

CoP-CMP800 0.844 0.774 Ref .S22

NL-C 0.95 0.85 Ref. S23

FeSiNC_50a* 1.02* 0.858* In this work

Table S3. Comparison of ORR performances of various samples in published data. (0.1M 

KOH at 1600 rpm) *RHE (V) = Ag/AgCl (V) + 0.964V
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Sample

Maximum

Power Density

(mW/cm2)

References

C‐MOF‐C2‐900 105 Ref. S24

Fe-N-C 100 Ref. S25

NDGs-800 115 Ref. S26

NiCo2O4@MnO2-CNTs-3 86 Ref. S27

CN-800 80 Ref. S28

FeBNC-800 9 Ref. S29

N-HCN 76 Ref. S30

CF‐K‐A 62 Ref. S31

CNTs@Co–N–C 148 Ref. S32

Co-NCNT/Ng-900 174 Ref. S33

SN-PC-a 11 Ref. S34

N,P-NC-1000 146 Ref. S35

FeSiNC_50a 127 In this work

Table S4. Comparison of primary Zn-Air battery performances of various samples in published 

data.
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Sample
Catalyst loading

 (mg/cm2)

Maximum

Current density 

(mA/cm2)

Maximum

Power density

(mW/cm2)

Ref

Fe-NMG-35wt% 3.5 670 218 Ref. S36

Fe-N-CC 0.2 375 123 Ref. S37

Pd−N/3D-GN 0.3 910 250 Ref. S38

SNBC12 2.0 810 217 Ref. S39

Fe−N−Co@C-800-AL 3.0 355 137 Ref. S40

Fe/Co-NpGr 2.5 54.4 35 Ref. S41

m-FePhen-C 1.0 830 272 Ref. S42

Fe0.5-N-C 1.0 1670 504 Ref. S43

Fe/N/CDC 1.5 230 80 Ref. S44

Fe-LC-900 2.0 360 164 Ref. S45

Co1.08Fe3.34@NGT 3.0 400 117 Ref. S46

CNT/PC 2.0 1250 380 Ref. S47

Fe-CN-S-800 3.0 450 125 Ref. S48

Co/N/MWCNT 0.6 340 115 Ref. S49

CoMn/pNGr(2:1) 2.0 120 67 Ref. S50

FeCNB‐900 2.0 610 172 Ref. S51

FeSiNC_50a 3.0 680 208 In this work

Table S5. Comparison of AEMFC performance of various samples in published data.
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