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Physical characterization

The morphology and structure of the samples were characterized by a scanning electron 

microscope (SEM, FEI Quanta 650 FEG) and a high-resolution transmission electron spectroscope 

(HRTEM, FEI Themis 60-300). High angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) was conducted on FEI Tecnai F20. Powered X-ray diffraction 

(XRD) was performed on a Rigaku minFlex II using Cu K radiation. Raman spectroscopy was 

obtained on LabRam HR Evolution. Nitrogen-sorption isotherms were measured at 77K with a 

Micromeritics ASAP 2020 analyzer. Pore distribution and the specific surface area were analyzed 

by the Density Functional Theory (DFT) method. Raman spectra were collected on LabRam HR 

Evolution. The surface valence state and composition of the sample were examined by X-ray 

photoelectron spectroscopy (XPS, ESCALABXi).  All the spectra were calibrated with the carbon 

(C1s, 284.6 eV).  Fe and Zn K-edge X-ray absorption spectroscopy (XAS) were conducted at 

beamline 14W1 of the Shanghai Synchrotron Radiation Facility (SSRF), China. Data were 

recorded using a Si (111) double crystal monochromator in fluorescence mode for Fe and 

transmission mode for Zn. All extended X-ray absorption fine structure (EXAFS) data were 

analyzed using the program Demeter.1 For all samples, the EXAFS oscillations were extracted 

from the normalized XAS spectra by subtracting the atomic background using a cubic spline fit 

to k3-weighted data, where k is the photoelectron wave number. The χ(k) functions were then 

Fourier transformed into R-space. The Fourier-transform window was in the k range 1.8–10 Å for 

Fe and in the k range 3–13 Å for Zn. The content of Fe in the sample is determined by inductively 

coupled plasma-atomic emission spectrometry (ICP-MS) by PerkinElmer Optima 2100DV 

spectrometer.   

MEA fabrication and testing of low-temperature PEMFC
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 The MEA for the low-temperature PEMFC with an active area of 4 cm2 based on the Fe-N-C-

1100 cathode was made as follows. In brief, the catalyst ink was created by ultrasonically 

combining Fe-N-C-1100 catalysts with a Nafion solution and isopropanol for 4 hours. The catalyst 

ink was sprayed onto the gas diffusion layer (GDL) until the Fe-N-C-1100 loading reached 3.5 mg 

cm2. The anode catalyst layer was created by spraying 60 wt. % Pt/C-JM ink with Nafion solution 

and isopropanol onto another GDL. The Pt loading was kept constant at 0.1 mg cm2. The MEA 

was created by sandwiching the membrane (Nafion 211) between two catalyst-coated GDL and 

hot pressing them together for 90s at 120 °C under 0.4 MPa.  The single cell was operated at the 

temperature of 70oC. The anode and cathode were fed  by fully humid H2 and O2 at 0.1 L min-1 

and 0.2 L min-1, respectively.

DFT Calculation

Spin-polarized density functional calculations have been performed by the Vienna ab initio 

simulation package (VASP)2,3 with the projector augmented wave (PAW) pseudopotentials.4 The 

Perdew-Burke-Ernzerhof (PBE) parameterization of the generalized gradient approximation 

(GGA) was adopted for the exchange correlation.5 The energy cutoff employed for plane-wave 

expansion was set to 500 eV. The dimensions of the Fe-N4-doped graphene sheet were calculated 

to be a=b=12.32 Å. The supercells were repeated periodically on the x-y plane while a vacuum 

region of 20 Å was applied along the z-direction to avoid mirror interaction between adjacent 

supercells. The Brillouin zone integration was sampled on a grid of 3×3×1 k-points for structural 

optimization and electronic structure calculation. All atoms were relaxed until the Hellman-

Feynman forces on individual atoms were less than 0.01 eV/Å. To describe the static electronic 

correlation effect in the Fe 3d states, we applied the Hubbard U correction in the rotationally 
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invariant formalism.6 We used Ueff (=U-J) of 4.3 eV on the Fe 3d states according to the literature.7 

Van der Waals correction has been considered by utilizing the DFT-D2 approach of Grimme.8,9

The adsorption energy, Eads, of an H2PO4 cluster adsorbed on the surface was defined as Eads 

= Esurface + Ecluster – Etotal, where Esurface is the energy of the bare and relaxed surface, Ecluster is the 

energy of the optimized cluster in a supercell with the same size as the bare surface, and Etotal is 

the total energy of the graphene sheet with a cluster, according to the definition, a positive value 

of Eads corresponds to a thermodynamically favorable adsorption process. 
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a b

Fig. S1 SEM images of (a) ZIF-8 and (b) Fe-doped ZIF-8.
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Fig. S2 Comparison of ID/IG values of Fe-N-C-T and CNx-T samples.
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Fig. S3 Surface areas of Fe-N-C-T and CNx-T samples.
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Fig. S4 Pore size distribution of (a) Fe-N-C-T and (b) CNx-T samples.
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Fig. S5 ORR polarization curves of Fe-N-C-1200 and 20 wt.% Pt/C catalysts in 0.1 M HClO4 (black line) 

and 0.1 M HClO4 containing 100 mM H3PO4 (red line). (Rotaing rate: 1600 rpm; Scan rate: 10 mV s-1)
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containing 100 mM H3PO4 (dotted lines).
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 Fig. S7 (a) The ORR polarization curves and the corresponding (b) Tafel plots for Fe-N-C-1100 at 

different electrolyte temperatures.
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Fig. S8 Comparison of the peak power density (PPD) of the HT-PEMFC with non-precious metal 

catalysts.
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Fig. S9 The enlarged view of the selected region in Fig.3f.
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Fig. S10 The discharge curves of PEMFC based on the Fe-N-C-1100 catalyst at 70oC. The anode and 
cathode were fed full humidified H2 and O2 gas at rates of 0.1 L min-1 and 0.2 L min-1, respectively, with 
no backpressure. The cathodic catalyst loading was kept at 3.5 mg cm-2. The Pt loading in the anode was 
0.1 mgPt cm-2.
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C 61.33 67.25 75.09 84.74 92.65
N 22.49 18.94 13.85 7.67 2.92
O 7.28 8.06 7.1 5.79 4.25
Fe 0.64 0.3 0.37 0.35 0.19
Zn 8.26 5.45 3.59 1.45 None
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Fig. S11 XPS survey of (a) Fe-N-C-T and (b) CNx-T. (Note: the other peaks are belong to Zn other orbital 
peaks.10)
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Fig. S12 (a) N 1s XPS spectra and (b) O 1s XPS spectra of CNx-T samples.
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Fig. S13 (a) Zn K-edge XANES spectra and (b) Fourier transforms of k3-weighted x(k)-function of the 
EXAFS spectra for Fe-N-C-700 and CNx-700 samples with Zn foil, ZnO as references.

The Fe-N-C-700 and CNx-700 Zn K-edge XANES spectra show Zn species in an oxidation state of Zn2+. 
Furthermore, according to the FT of EXAFS spectra, the peak at 1.53 Å is associated with the scattering of 
Zn-N/O coordination. There was no Zn-Zn peak detected, indicating that Zn atoms are atomically 
dispersed.
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Table S1. Comparison of peak power density of HT-PEMFC operated with non-precious metal catalysts cathodes.

Cathode catalyst Anode catalyst T [oC] flow rate
[anode/ cathode, L min-1]

Peak power density
mW cm -2 Ref.

Fe-N-C-1100
3 mg cm−2

Pt/C
0.3 mgPt cm-2 160 0.1/0.2 229 This 

work
230 302Fe4Cu1/N-CNTs

4 mg cm−2
Pt/C

1 mgPt cm-2 160 250

230 240Fe SAC
4 mg cm−2

Pt/C
1 mgPt cm-2 160

0.1/0.1

212

11

240 266FeSA/HP
0.6 mg cm-2

Pt/C
1 mgPt cm-2

160 217
FeSA/AC

0.6 mg cm-2
Pt/C

1 mgPt cm-2 160

0.15/0.1

150

12

Fe/C-700(Fe3C)
6.3 mg cm−2

Pt/C 
1.56 mgPt cm-2 160 - 60 13

BP-FeNC
77.8 mg cm−2

Pt-based 
electrodes

1.6 mgPt cm−2 
160 0.02/0.02 184.6 14

FeSA-G
0.3 mgFe cm-2

Pt/C
1 mgPt cm-2 160 0.1/0.1 276 15

Fe-N-C
2 mg cm-2

Pt/C
1 mgPt cm-2 160 0.5/0.4 150 16
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Table S2. The elemental composition (%) in catalyst surface derived from the XPS spectra in Fig. S11.

Sample Elemental composition (a.t.%)

C N O Fe Zn

Fe-N-C-700 61.3 22.5 7.3 0.6 8.3

Fe-N-C-800 67.3 18.9 8.1 0.3 5.5

Fe-N-C-900 75.1 13.9 7.1 0.4 3.6

Fe-N-C-1000 84.7 7.7 5.8 0.3 1.5

Fe-N-C-1100 92.7 2.9 4.3 0.2 None

CNx-700 60.9 23.0 7.4 None 8.7

CNx-800 68.0 19.0 7.0 None 6.1

CNx-900 73.5 15.6 6.3 None 4.6

CNx-1000 87.6 5.9 5.3 None 1.2

CNx-1100 92.8 2.2 5.0 None None
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Table S3.  Deconvolution results of N 1s core level spectra of CNx-T and Fe-N-C-T.

N 1s Binding Energy (eV)
Catalysts     Pyridine 

N  Metal-Nx Pyrrolic N Graphitic N Oxydic N

Relative 
Intensity

(%)

Absolute 
Intensity
(a .t. %)

700 397.9 399.1 400.1 - - 71/18/11/0/0 16.3/4.1/2.5/0
/0

800 397.8 399.1 400.1 - - 56/21/23/0/0 10.6/4.0/4.4/0
/0

900 398.0 399.1 400.1 - - 58/13/29/0/0 9.1/2.0/4.5/0/
0

1000 398.0 399.1 - 400.6 402.2 29/17/0/34/2
0

1.7/1.0/0/2.0/
1.2

C
N

x -T

1100 398.0 - - 400.6 402.2 17/0/0/39/44 0.4/0/0/0.9/1.
0

700 398.0 399.1 399.9 - - 67/18/15/0/0 15.1/4.1/3.4/0
/0

800 398.0 399.1 399.9 - - 66/17/17/0/0 12.5/3.2/3.2/0
/0

900 397.7 399.0 400.1 - - 50/21/29/0/0 6.95/2.9/4.0/0
/0

1000 398.0 399.1 - 400.6 402.2 30/23/0/25/2
2

2.3/1.8/0/1.9/
1.7

Fe- N
-C

-T

1100 398.0 399.1 - 400.6 402.2 14/10/0/40/3
6

0.4/0.3/0/1.2/
1.0
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Table S4.  Deconvolution results of O 1s core level spectra of CNx-T and Fe-N-C-T.

O 1s Binding Energy (eV)

Relative 
Intensity

(%)

Absolute
Intensity 
(a. t. % )Catalysts

      Metal-O  C-O C=O

700 530.2 531.2 532.6 30/56/14 2.2/4.1/1.0

800 530.2 531.2 532.6 42/37/21 2.9/2.6/1.5

900 530.2 531.2 532.6 26/39/35 1.6/2.5/2.2

1000 530.2 531.2 532.6 28/27/45 1.5/1.4/2.4

C
N

x -T

1100 - 531.2 532.6 0/40/60 0/2/3

700 530.2 531.2 532.6 31/54/15 2.3/3.9/1.1

800 530.2 531.2 532.6 42/36/22 3.4/2.9/1.8

900 530.2 531.2 532.6 36/30/34 2.6/2.1/2.4

1000 530.2 531.2 532.6 39/26/35 2.1/1.4/1.9

Fe-N
-C

-T

1100 530.2 531.2 532.6 18/23/59 0.77/0.99/2.5
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Table S5. Summary of fitting parameters of Fe-K-edge EXAFS spectra of Fe-N-C-700 and Fe-N-C-1100 catalysts.

Sample Atomic Scatter Coordination 
Number

Bond 
Length(Å)

Debye-Waller factor 
(10-3×Å2) R factor

Fe-N-C-700 Fe-N 4 2.01 6.4 0.015

Fe-N-C-1100 Fe-N 5 2.00 8.0 0.010
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Table S6. Summary of Bader charges on the atoms of N and C neighbored to Fe in Fe-N4, Fe-N5 and Fe-

N4-O.

Atoms N4 Fe-N4 Fe-N5 Fe-N4-O

N1 -1.140 -1.138 -1.100 -1.118

N2 -1.177 -1.262 -1.205 -1.080

N3 -1.184 -1.206 -1.150 -1.155

N4 -1.158 -1.2554 -1.221 -1.118

C16 0.554 0.387 0.397 0.408

C18 0.464 0.414 0.631 0.502

C19 0.830 0.405 0.204 0.206

C21 0.640 0.3114 0.531 0.537

C24 0.582 0.313 0.311 0.325

C26 0.623 0.450 0.450 0.459

C27 0.701 0.481 0.4912 0.390

C29 0.405 0.335 0.361 0.371
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