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Supplementary Figure 1: (a) A typical TEM image for particle size survey. (b) Particle size 

distribution of Pt-Fe-N-C catalyst. The survey includes around 400 nanoparticles with clear 

boundaries. 
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Supplementary Figure 2: (a)The nitrogen absorption isotherm and (b) pore volume size 

distribution of Pt-Fe-N-C catalyst.  
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Supplementary Figure 3: HAADF-STEM image of Pt-Fe-N-C catalyst.   
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Supplementary Figure 4: XRD pattern for Pt-Fe-N-C (ordered PtFe (JCPDS #43-1359)) with 

the reference of Fe/C (JCPDS #6-0696) and Pt/C (JCPDS #4-0802).  
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Supplementary Figure 5: HAADF-STEM image of a bigger particle along [110] zone axis. It 

has the lattice space of 2.13 Å (111) and is identified as disordered PtFex (1<x<3).   
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Supplementary Figure 6: HAADF-STEM image of “particle-free” carbon region in Pt-Fe-N-

C catalyst, in which the blue and red dashed circles denote Fe and Pt single atoms, respectively.  
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Supplementary Figure 7: XPS result for (a) Pt 4f, (b) Fe 2p and (c) N 1s spectra for Pt-Fe-

N-C catalyst.  
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Supplementary Figure 8: XPS result for N 1s spectrum for Fe-N-C catalyst.1 
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Supplementary Figure 9: Comparison of XAS spectra of Fe-N-C with Fe based references 

(red line for Fe-N-C catalyst, blue line for FeO, and black line for Fe2O3): (a) XANES spectra 

of Fe K-edge where the spectra are k2 weighted and (b) Fourier transforms for EXAFS spectra 

of Fe K-edge where the spectra are k3 weighted. A clear shift is indicated by a dashed blue line. 

(c) EXAFS fitting using Fe-N and Fe-O scattering paths for Fe-N-C. More details could be 

found in the literature.1  

  



S12 
 

 

Supplementary Figure 10: Comparisons of FT-EXAFS spectra for (a) Pt L3-edge and (b) Fe 

K-edge of Pt-Fe-N-C catalyst.  
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Supplementary Figure 11: EXAFS fitting in R space for (a) Pt L3-edge and (b) Fe K-edge of 

Pt-Fe-N-C catalyst. 
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Supplementary Figure 12: 57Fe Mössbauer spectroscopy characterization for (a) Fe-N-C and 

(b) Pt-Fe-N-C catalysts. 
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Supplementary Figure 13: Cyclic-voltammogram comparison of Pt-Fe-N-C and Fe-N-C 

catalysts recorded at the potential range of 0–1.2 V and 50 mV s-1 scan rate in an Ar-saturated 

0.1 M HClO4 electrolyte. The catalyst loading for Fe-N-C and Pt-Fe-N-C catalysts are both 250 

ug cm-2.  
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Supplementary Figure 14: Rotating-ring disk electrode responses for Pt-Fe-N-C and Fe-N-C 

catalysts in an O2-saturated 0.1 M HClO4 electrolyte. The disk current density (jd) was gained 

by scanning the disk from 0.125 to 1.0 V and keeping the voltage of the ring at 1.2 V to record 

ring current density (jr). The catalyst loading for Pt-Fe-N-C (corresponding to 4.25 µgPt cm-2) 

and Fe-N-C are 250 ug cm-2. 
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Supplementary Figure 15: (a) Polarization curves and (b) cyclic voltammograms for Pt-Fe-

N-C catalyst after 40,000 cycles at the range of 0.6–1.0 V and 50 mV s-1 in an O2-saturated 0.1 

M HClO4 electrolyte. The polarization curves were recorded from 0.125 to 1.0 V at 5 mV s-1 

in an O2-saturated 0.1 M HClO4 electrolyte. Cyclic-voltammograms were recorded at the 

potential range of 0–1.2 V and 50 mV s-1 scan rate in an Ar-saturated 0.1 M HClO4 electrolyte. 

The catalyst loading is 250 ug cm-2. 
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Supplementary Figure 16: Polarization curves of Pt/C catalyst before and after 10,000 cycles 

at 0.6–1.0 V. The polarization curves were recorded in the potential range of 0.125 to 1.0 V 

(shown in the range of 0.4-1.0 V for a better comparison) at 5 mV s-1 in an O2-saturated 0.1 M 

HClO4 electrolyte. The catalyst loading is 51 ug cm-2. 
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Supplementary Figure 17: (a) HAADF-STEM image of Pt-Fe-N-C catalyst and (b) EDX 

mapping for Fe and Pt elements after 40,000 cycles in the range of 0.6–1.0 V.  
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Supplementary Figure 18: (a) A representative nanoparticle and EDX mapping for (b) Pt, (c) 

Fe, (d) N and (e) Pt+Fe elements after 40,000cycles and (f) corresponding elemental line scan 

across the yellow arrow in (a). 
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Supplementary Figure 19: H2/air fuel cell polarization (solid symbols and left y-axis) and 

power density (hollow symbols and right y-axis) plots with a Pt loading of 0.015 mgPt cm−2 for 

Pt-Fe-N-C (red circles), and 3.5 mg cm−2 catalyst loading for Fe-N-C (blue stars) in the cathode. 

Membrane = Nafion HP, temperature = 80 °C, relative humidity = 100%, and anode loading = 

0.1 mgPt cm-2. The H2/air fuel cell polarization curves were recorded at the H2/air flow rates of 

300/520 mL min-1, absolute pressure of 1.5 baranode and 2.5 barcathode. 
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Supplementary Figure 20: (a) H2/O2 fuel cell polarization (solid symbols and left y-axis) and 

power density (hollow symbols and right y-axis) plots of Pt/C cathode before (black) and after 

(red) 30,000 voltage cycles. (b) H2/O2 fuel cell polarization (solid symbols and left y-axis) and 

power density (hollow symbols and right y-axis) plots of Fe-N-C cathode before (black) and 

after (red) 30,000 voltage cycles. Membrane = Nafion HP, temperature = 80 °C, relative 

humidity = 100%, and anode loading = 0.1 mgPt cm-2. The H2/O2 fuel cell polarization curves 

were recorded at the H2/O2 flow rates of 300/300 mL min-1, absolute pressure of 1.5 baranode 

and 2.5 barcathode. 
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Supplementary Figure 21: HAADF-STEM image of Pt-Fe-N-C catalyst after 100,000 cycles 

in fuel cell.  
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Supplementary Figure 22: (a) HAADF image of nanoparticle after 100,000-cycle durability 

test with percolated structure, and corresponding EDX mapping of (b) Pt, (c) N, (d) Fe, (e) 

Pt+Fe elements, and (f) spectrum.  
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Supplementary Figure 23: Raman characterization for Pt-Fe-N-C before and after 100,000 

durability cycling.  
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Supplementary Figure 24: Current density as a function of time for (a) Pt/C with 0.1 mgPt 

cm-2 loading and (b) Fe-N-C cathode with 3.5 mg cm-2 catalyst loading at potential hold 

durability measurement at 0.6 V in H2/air environment. The chronoamperometric measurement 

at a discharge voltage of 0.6 V at H2/air flow rates of 100/200 mL min-1 and1 bar absolute 

pressure for both anode and cathode.  
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Supplementary Figure 25: The initial and final current density at 0.85 V of Pt-Fe-N-C before 

and after 0.6 V durability measurement in (a) H2/air and (b) H2/O2 environments. The data are 

obtained from H2/O2 polarization plots. 
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Supplementary Figure 26: Slab models for various possible active sites in Pt-Fe-N-C, 

including (a) Pt-N1C3, (b) Pt-N2C2, (c) Fe-N1C3, (d) Fe-Pt dual metal and (e) PtML/PtFe(111). 

The dashed black line indicates the unit simulation cell. Color code: Pt: dark blue; Fe: orange; 

C: gray; N: blue.  
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Supplementary Figure 27: Various slab models for Pt-N2C2. Slab2 was selected as the model 

catalyst for ORR pathway evaluation because it has the lowest system energy. Color code: Pt: 

dark blue; C: gray; N: blue. 
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Supplementary Figure 28: Various slab models for Fe-Pt dual metal. Slab1 was selected as 

the model catalyst for ORR pathway evaluation because it has the lowest system energy. Color 

code: Pt: dark blue; Fe: orange; C: gray; N: blue.  
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Supplementary 29: Optimized adsorption structures of *OOH, *O and *OH on (a) Pt-N1C3, 

(b) Pt-N2C2, (c) Fe-N1C3 and (d) Fe-Pt dual metal. Color code: Pt: dark blue; Fe: orange; C: 

gray; N: blue; O: red; H: white. 
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Supplementary Figure 30: Optimized adsorption structures of (a) *OOH, (b) *O and (c) *OH 

on PtML/PtFe(111). The structures of (4 × 4) supercells are shown, and the coverage of 

adsorbates is 0.25 ML. Color code: Pt: dark blue; Fe: orange; O: red; H: white. 
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Supplementary Figure 31: Gibbs free energy diagram of ORR on core-shell nanoparticles 

with various numbers of layers of Pt skin at U = 0.9 V, including PtML/PtFe(111), 

2PtML/PtFe(111), and 3PtML/PtFe(111). The free energy curve of Pt(111) is also shown for 

comparison. 
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Supplementary Figure 32: Gibbs free energy diagram of H2O2 formation on Fe-N1C3 and 

H2O2 reduction on PtML/PtFe(111). Color code: Pt: dark blue; Fe: orange; C, grey; N: blue; O: 

red; H: white. 
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Supplementary Figure 33:  Gibbs free energy diagram of H2O2 formation on Pt-N1C3 and 

H2O2 reduction on PtML/PtFe(111) at U = 0.9 V. Color code: Pt: dark blue; Fe: orange; N: blue; 

O: red; H: white. 
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Supplementary Table 1: Fitting parameters of Pt L3-edge and Fe K-edge EXAFS spectra of 

Pt-Fe-N-C catalyst. (N: coordination number; R: distance between absorber and backscatter 

atoms; σ2: the Debye–Waller factor value.) 

 

Spectrum Model Element N R(Å) σ
2

(10
-3

 Å
2

) 

Pt L
3
-edge 

1 C/N/O 1/2 2.01±0.033 12±4 

2 Fe 4 2.64±0.009 4±1 

Fe K-edge 

1 C/N/O 1 1.94±0.031 8±4 

2 Fe 5 2.53±0.005 9±1 

3 Pt 1 2.65±0.045 8±4 

This EXAFS fitting result is the reference for single atom model setting during DFT 

calculation. Metal-O is arisen from the adsorption bond between metal and O2, which is 

observable for catalyst exposed to air and is unstable during reaction. Thus, metal-N was put 

into the consideration and the total coordination number was proposed to four based on the 

previous experience.2,3 
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Supplementary Table 2: Mössbauer parameters derived from the fittings. Isomer shift (IS), 

quadrupole splitting (QS), line width (Γ) and relative spectral area % of each component. 

 

Materials Component 
IS 

(mm/s) 

QS 

(mm/s) 

Γ 

(mm/s) 

Area 

(%) 
Assignment 

Fe-N-C 

Singlet -0.16 — 0.24 4.7 γ-Fe 

Doublet1 0.20 1.07 0.77 85.9 FeN4(FeII,LS) 

Doublet2 0.38 3.97 1.09 9.5 FeN4(FeII,MS) 

Pt-Fe-N-C 

Singlet -0.16 — 0.51 68.0 
largely from 

Pt-Fe alloy  

Doublet1 0.20 1.07 0.44 13.9 FeN4(FeII,LS) 

Doublet2 0.38 3.97 1.58 18.0 FeN4(FeII,MS) 

  



S38 
 

Supplementary Table 3: Summary ORR performance of reported Pt-based electrodes. 

 

Catalyst (ref.) 

MAa 

in LCb 

(A mg-1) 

MA 

in FCc 

(A mg-1) 

Pt 

loading 

in 

cathode 

(mg cm-

2) 

 

Power 

density 

(W cm-2) 

/current 

density 

(A cm-2) 

 

Durability 

(in FC) 

Pt-Fe-N-C 

This work 
1.74 0.77¶ 0.015 1.08/2 

3% MA loss after 

100,000 cycles 

 

No current drop 

at 0.6 V over 

200h in both 

H2/air and H2/O2 

in FC 

 

PtNi nanocage/C 4 3.52 Not given 0.15 Not given 

3% current 

density decay at 

0.6 V after 180 h 

in H2/air 

 

fct-PtFe/C 5 1.60 - 0.2(Pt+Fe) 0.52* /1.2 

3.4% PPD d drop 

after 100 h 

polarization tests 

 

W-doped L10-CoPt 
6 

 

2.21 0.57 0.11 Not given 

17.5% MA loss 

after 30,000 

cycles 

 

Connected PtFe 7 0.53* - 0.3 0.62*/1 

Negligible 

performance loss 

after 10,000 

cycles 

 

L10-CoPt@Pt/C 8 2.26 0.56 0.105 Not given 

19% MA loss 

after 30,000 

cycles 

 

PtCo@Pt/C 9 0.335 0.105 0.2 1.287/2.7* 

25% PPD decay 

after 30,000 

cycles 

 

PtNi nanocage/C 10 0.501 Not given 0.1 
1.28/Not 

given 

58% MA loss 

after 30,000 

cycles 
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Catalyst (ref.) 

MAa 

in LCb 

(A mg-1) 

MA 

in FCc 

(A mg-1) 

Pt 

loading 

in 

cathode 

(mg cm-

2) 

 

Power 

density 

(W cm-2) 

/current 

density 

(A cm-2) 

 

Durability 

(in FC) 

L10-PtZn 11 1.02 0.52 0.10 1.25*/2 

16.6% MA loss 

after 30,000 

cycles 

 

PtNiCo/NC 12 7.21 Not given 0.12 1.07/2.2* 

Negligible PPD 

decay after 100 h 

in H2/O2 

 

cBCP-PtFe 13 9.0 0.81/0.26¶ 0.01 0.98/2.6* 

30.6% PPD loss 

after 30,000 

cycles 

 

Pt–Ni–Au /C 14 0.651 Not given 0.1 0.55/1.2* 

27.3% current 

density (0.6 V) 

decay after 

10,000 cycles 

 

PtNi@Pt/C 15 1.24 Not given 0.2 2.4/5* 

37.5% PPD 

decay after 

30,000 cycles 

 

Pt/N-KB 600°C16 0.35 0.20¶ 0.11 1.39/2.5* 

Negligible 

performance loss 

after 1500 cycles 

 

Pt/carbon coated 

TiO2 
17 

0.92 Not given 0.15 1.07/2.5* 

23.4% current 

density (0.6 V) 

decay after 

10,000 cycles 
aMA: mass activity at 0.9 V. bLC: liquid cell. cFC: fuel cell. *The data are not given directly in 

some studies but are extracted from the fuel-cell polarization curves. dPPD: peak power density. 

¶The mass activity is calculated at 1 bar absolute pressure of H2 and O2.  
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Supplementary Table 4: Summary ORR performance of hybrid electrocatalysts. 

 

Catalyst (ref.) 

Pt 

loading 

of 

catalyst  
(Wt.%) 

MAa 

in LCb 
(A mg-1) 

MA 

in FCc 
(A mg-1) 

MLd/PDe/CDf 

 

(mgPt cm-2/W cm-2/ 

A cm-2) 

Durability 

(LC or FC) 

Pt-Fe-N-C 

 (This work) 
1.7 1.74 0.77¶ 0.015/1.08/2 

14 mV E1/2 loss 

after 40,000 

cycles in LC 

 

3% MA loss 

after 100,000 

cycles in FC 

 

No current drop 

at 0.6 V over 

200h in both 

H2/air and H2/O2 

in FC 

 

Pt-Co/Co-N-

C(LP@PF-1) 18 
2.72 8.64 1.08/0.65¶ 0.033/1.05*/2 

36% MA loss 

after 30,000 

cycles in FC 

 

Pt-Co/Co-N-

C(LP@PF-2) 18 
2.81 12.36 1.77/1.07¶ 0.035/1.2*/2 

85% MA loss 

after 30,000 

cycles in FC 

 

PtA@FeSA-N-C 19 13.1 
Not 

given 
0.45 0.13/1.31/2.81 

24.4% current 

density (0.6 V) 

drop after 

10,000 cycles in 

FC 

 

Pt/FeN4-C20 20 0.57 0.45 
0.1/1.31* Δ/1.5 

 

20% MA loss 

after 30,000 

cycles in FC 

 

Pt3Co/ FeN4-C20 20 1.34 0.72 0.1/0.88*Δ/1.5 

38% MA loss 

after 30,000 

cycles in FC 

 

Pt3Co/Co-N-C21 20 
1.15 

(SAg) 
Not given 0.13/0.70* Δ/1.3 

12 mV E1/2 loss 

after 30,000 

cycles in LC 

 

Pt/ZnFe-N-C22 2.4  0.22 Not given 0.035/1.02/2.5 

1 mV E1/2 loss 

after 2,000 

cycles in LC 
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Catalyst (ref.) 

Pt 

loading 

of 

catalyst  
(Wt.%) 

MAa 

in LCb 
(A mg-1) 

MA 

in FCc 
(A mg-1) 

MLd/PDe/CDf 

 

(mgPt cm-2/W cm-2/ 

A cm-2) 

Durability 

(LC or FC) 

 

Pt–FeNC23 
2.1 

(µg cm-2) 

0.69 

(initial) 
Not given Not given 

23% MA rise 

after 25,000 

cycles in LC 

 

Pt/Fe-N-C24 

(Pt2.0Fe1.0d) 
1.7 

 

Similar activity as Fe-N-C 

Stable current 

density at 0.5 V 

for 180 h in FC 

Pt/Fe-N-C25 

(Pt5/FeNC) 

 

5 2.19 18.76@0.6V 0.18/0.8* /2 - 

Pt/C_Fe/N/C26 

(0.035Pt_1.0 mg 

cm−2) 

0.035 
(mg cm-2) 

Not 

given 
0.22 0.035/0.63* /1.4 

11%* current 

density loss at 

0.6 V for 100 h 

in FC 

 

CoN-Pt/CoNC-

2D27 
23.68 

Not 

given 
2.14@0.8V 0.1/1.33/3* 

17 mV E1/2 loss 

after 30,000 

cycles in LC; 

12.1% MA (0.8 

V) loss after 100 

h at 1.0 A cm-2 

in FC 

 

L-Co-doped 

Pt/CCC 28 
30 

Not 

given 
0.47 0.1/1.05 Δ /1.8 

66% MA loss at 

after 30, 000in 

FC 
aMA: mass activity at 0.9 V (except for special mark). bLC: liquid cell. cFC: fuel cell. dML:Pt 

mass loading in the cathode. ePD: power density. fCD: current density for reading the power 

density. gSA: specific activity (mA cmPt
-2) at 0.9 V. hPPD: peak power density. *The data are 

not given directly in some studies but are extracted from the fuel-cell polarization curves. ΔThe 

fuel cell data recorded in H2/air environment. ¶The mass activity is calculated at 1 bar absolute 

pressure of H2 and O2. 
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Supplementary Table 5: DFT calculated energy for various slab models for Pt-N2C2 and Fe-

Pt dual metal. The unit is eV. 

 Slab1 Slab2 Slab3 Slab4 

Pt-N2C2 -653.44 -653.78 -653.21 N/A 

Fe-Pt dual metal -637.56 -634.52 -634.65 -636.97 
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Supplementary Table 6: Gibbs free energies of key intermediates in the free energy diagram 

of ORR on various possible active sites at U = 0.9 V. The unit is eV.  

 *OOH *O *OH 

Pt-N1C3 1.31 1.07 -0.17 

Pt-N2C2 1.86 1.85 0.55 

Fe-N1C3 1.10 0.28 -0.53 

Fe-Pt dual 

metal 
1.04 0.30 -0.75 

PtML/PtFe(111) 1.19 0.24 -0.18 

Pt(111) 1.05 -0.23 -0.34 

The bold numbers represent the key intermediates determining the energy barriers, and all of 

the active sites show the energy barriers in the last *OH-to-H2O step except for the Pt-N2C2, 

where *OOH formation is the most difficult step, with an energy barrier of 0.54 eV. It should 

be noted that the energy levels of *OOH and *OH were corrected by -0.48 eV and -0.575 eV, 

respectively, with the consideration of solvation effects.29 
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Supplementary Table 7: Gibbs free energies of key intermediates in the free energy diagram 

of H2O2 reduction reaction on PtML/PtFe(111) and Pt(111) at U = 0.9 V. The unit is eV. 

 2*OH *OH 

PtML/PtFe(111) 0.63 -0.18 

Pt(111) 0.19 -0.34 
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