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EXPERIMENTAL SECTION

All regents and chemicals are obtained commercially and used without further
purification.
Synthesis of Co-N-C and Fe-N-C
1,3-dicyanobenzene (0.2 g), anhydrous CoCl, (0.1 g) and anhydrous ZnCl, (1 g) were
mixed in a glove box, and then transferred into a quartz tubes, heated at the
designated temperatures (400 °C) for 1 h and then (700 °C) for 20 h. The black
powder was washed in 1 M HCI for 20 h, then washed with deionized water and
tetrahydrofuran respectively, and finally dried in a vacuum to obtain the Co-N-C. The
Fe-N-C was prepared by replacing CoCl, with anhydrous FeBr; (110 mg) under the
same conditions with the Co-N-C. For comparison, the Co-N-C and Fe-N-C catalysts
in this paper are all pyrolyzed at 900 °C.
Synthesis of Fe/Co-N-C
Typically, Co-N-C (100 mg) was dispersed in 10 ml isopropanol by ultrasound at
room temperature for 1 h. Then the FeCl;-6H,O was added dropwise to the above
solution under iltrasound for 30 min. Then, continue stirring the mixture at room
temperature until it is dry. The powder was placed in a tube furnace and annealed at
900 °C for 2 h at a heating rate of 5 °C min! under flowing Ar gas to obtain Fe/Co-N-

C.

Materials Characterizations.
The powder X-ray diffraction (XRD) patterns were collected using a Rigaku

D/Max-2550 V X-ray diffractometer with a Cu Ka radiation. X-ray photoelectron
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spectroscopy (XPS) spectra recorded on ESCALAB250. Raman spectra was
measured on a GX-PT-1500 with a 532 nm laser excitation. The surface morphologies
of the samples were obtained by transmission electron microscopy (TEM, FEI Tecnai
G2 F20) and high-angle annular dark field-scanning TEM (HAADF-STEM, JEM-
2100F at an acceleration voltage of 200 kV). The specific surface area was
determined by the Brunauer-Emmett-Teller (BET) method using an ASAP2020
volumetric adsorption analyzer (Micromeritics, U.S.A.). The metal contents were
analyzed by the inductively coupled plasma-optical emission spectrometer (ICP-OES,
OPTIMA 8000).

Electrochemical Measurements.

The hydrogen peroxide yield (H,0,%) and the electron transfer number (n) were

calculated by the equations:

21,
H,0,(%) = ———— x 100
N|Ip| + I,

H,0,(%)
n=4-[2—"—""
( 100 )

Here, I and I represent the disk and the ring currents; N is the current collection

efficiency of Pt ring (0.37).
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Fig. S1 Full XPS spectrum of Fe/Co-N-C, Fe-N-C and Co-N-C.
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Fig. S2 Fe 2p XPS deconvolution results of Fe/Co-N-C and Fe-N-C.
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Fig. S3 Co 2p XPS deconvolution results of Fe/Co-N-C and Co-N-C.
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Fig. S4 N1s XPS deconvolution results of Fe-N-C and Co-N-C.
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Fig. S5 Tafel plots of Pt/C, Fe/Co-N-C, Fe-N-C and Co-N-C in 0.1 M KOH.
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Fig. S6 (a, c, e) LSV curves of Pt/C, Fe-N-C and Co-N-C at different rotating speeds
with a scan rate of 10 mV s'! in O,-saturated 0.1 M KOH solution, respectively. (b, d,
f) The corresponding Koutecky-Levich plots of Pt/C, Fe-N-C and Co-N-C,

respectively.
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Fig. S7 H,0, yield (bottom) and n (top) of different catalysts in 0.1 M KOH solution.
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Fig. S8 Electrochemical oxygen evolution reaction activity of these catalysts in 1 M

KOH solution.
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Fig. S9 The electrochemical impedance spectra of Fe/Co-N-C, Fe-N-C and Co-N-C in

0.1 M KOH electrolyte.

S-12



(a) (b)
0.8 T 1
“ Fe/Co-N-C 25mV s « 061 FeN-C 25mV s
g =i
; 0.4 < 0.4
2 E,,
S 0-0- e -
£ S5mVst e
2 g 001
W "]
<-04 302
=
0.8 E-0.41
3 S
© -0.6-
_1-2 L) L) L) L) L) L) L] L L) L] L) L
1.02 1.04 1.06 1.08 1.10 1.12 1.02 1.04 1.06 1.08 1.10 1.12
Potential vs. RHE /V Potential vs. RHE / V
() (d) g5
o 0.4 "
s
é 0-2 _ E 0.6'
z &
% 0.0 E 0.4-
= -
:
‘g 50.24
C0.4- “
1.02 1.04 1.06 1.08 110 1.12 5 10 15 20 25
Potential vs. RHE / V Scan rate (mV s™)

Fig. S10 Cyclic voltammetry (CV) curves of Fe/Co-N-C (a), Fe-N-C (b), Co-N-C (c)
at varied with different scan rates from 5 to 25 mV-s! in a non-faradic potential range
of 1.02~1.12 V vs. RHE in 0. 1 M KOH solution. (d) double-layer capacitance (Cg4;) of

Fe/Co-N-C, Fe-N-C and Co-N-C in 0.1 M KOH electrolyte.
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Fig. S11 LSV curves of Fe/Co-N-C and Co/Fe-N-C in O,-saturated 0.1 M KOH

solution.
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Fig. S12 (a) Current-time (I-t) curves and (b) RDE results of Fe/Co-N-C in O,-
saturated 0.1 M HCIO, solution (without and with KSCN).
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Fig. S13 (a, c, e) LSV curves of Pt/C, Fe-N-C and Co-N-C at different rotating speeds
with a scan rate of 10 mV s! in O,-saturated 0.1 M HCIOj, solution, respectively. (b, d,

f) The corresponding Koutecky-Levich plots of Pt/C, Fe-N-C and Co-N-C,

respectively.
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Fig. S14 Tafel plots of Pt/C, Fe/Co-N-C, Fe-N-C and Co-N-C in 0.1 M HCIO,.
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Fig. S15 The electrochemical impedance spectra of Fe/Co-N-C, Fe-N-C and Co-N-C

in 0.1 M HCIO, electrolyte.
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Fig. S16 Cyclic voltammetry (CV) curves of Fe/Co-N-C (a), Fe-N-C (b), Co-N-C (c)
at varied with different scan rates from 5 to 25 mV-s! in a non-faradic potential range
of 1.02~1.12 V vs. RHE in 0. 1 M HCIO, solution. (d) double-layer capacitance (Cg)

of Fe/Co-N-C, Fe-N-C and Co-N-C in 0.1 M HCIO, electrolyte.
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Fig. S17 Discharge polarization and power density plots of PEMFC using Fe/Co-N-C

as cathode catalysts.
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Table S1 Nitrogen sorption analysis results of Fe/Co-N-C, Fe-N-C and Co-N-C.

D
Sample 2w (emigh) (nm)
Fe/Co-N-C 2447 2.4 3.5
Fe-N-C 2405 2.0 3.2
Co-N-C 2324 2.5 3.8
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Table S2 The XPS element content of Fe/Co-N-C, Fe-N-C and Co-N-C.

Sample C(at.%) N(at.%) O(at.%) Fe(at.%) Co(at.%)
Fe/Co-N-C 91.08 2.19 6.18 0.21 0.34

Fe -N-C 91.92 2.95 4.96 0.17 -

Co-N-C 90.91 2.78 6.13 - 0.18
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Table S3 The metal content of Fe/Co-N-C, Fe-N-C and Co-N-C measured by ICP-

OES.
Sample Fe(wt.%) Co(wt.%)
Fe/Co-N-C 1.80 0.92
Fe -N-C 0.27 -
Co-N-C - 0.63
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Table S4. The electrocatalytic activities of Fe/Co-N-C and some recently reported

NMP catalysts for ORR in 0.1 M KOH or NaOH solution.

Catalyst Electrode rotation Half-wave potential Catalyst loading Reference
speed (rpm) (mV) (mg cm?)

Fe/Co-N-C 1600 922 0.4 This work
Co-N;-C 1600 891 0.26 SI[1]
FeN,-PN 1600 910 0.2 S2[2]
Fe-Nx/C 1600 910 0.71 S3([3]

Co-TMPyP/CCG 1600 824 0.25 S4[4]
Co@N, S-C 1600 894 0.6 S5[5]

Cu/Zn-NC 1600 830 0.4 S6[6]

ZFN-900 1600 850 - S7[7]
ZneCo 1600 890 0.5 S8[8]
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Table SS5. The electrocatalytic activities of Fe/Co-N-C and some recently reported

NMP catalysts for ORR in acidic media.

Catalyst Electrode rotation Half-wave potential Catalyst loading Reference
speed (rpm) (mV) (mg cm?)

Fe/Co-N-C 1600 769 0.4 This work
Fe-N-C-1 1600 743 0.5 S9[9]
Fe-N-GC-900 1600 740 0.6 S10[10]
FeNC-900 1600 720 0.2 SI1[11]
Fe;C/C-700 900 730 0.6 S12[12]
Co-N-GA 1600 730 0.6 S13[13]
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