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S1. Preparation of graphene oxide

Graphene oxide (GO) was synthesized from graphite powder (Sigma Aldrich) using a modified
Hummer’s method as described previously.! Briefly, 2 g of graphite and 1 g KNO3z were placed in a
three-neck flask followed by adding 100 mL concentrated H>SOa. Then, 15 g of KMnO4 was gradually
added to the mixture under vigorous agitation and the reaction system was stirred for 24 h at 38 °C.
The flask was then taken out and 300 mL deionized water was added to the mixture in an ice bath,
followed by addition of 10 mL of 30 wt% H-O to terminate the reaction. In order to purify the product,
the centrifuged product was dialyzed for about two weeks until no precipitate was detected upon
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addition of a few drops of BaCl, aqueous solution. Finally, the dialysate was subject to acutely

ultrasonic exfoliation and then lyophilized to obtain the fluffy GO powder.

S2. SEM and TEM images of the prepared nanocarbons

Fig. S1 SEM images of (a) N-CS/GS, (b) FeN-CNT, and TEM images of (c) N-CS, (d) N-GS.

S3. Cyclic voltammograms (CVs) of all the prepared catalysts
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Fig. S2 (a) CVs (100 mV s) and (b) ORR polar curves (5 mV s) for various samples

measured in Ar-saturated 0.1 M HCIOa,.
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S4. Effect of heating temperature, Fe and carbon nanosphere (CS) content in the precursor

mixture on ORR activities
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Fig. S3 ORR polarization curves of the ternary FeN-CS/CNT/GS catalysts obtained

from precursor composites at different heating temperatures and durations.

Fig. S4 TEM images of ternary N-CS/CNT/GS catalysts prepared from precursor

composites with Fe/GO mass ratios of (a) 1:75 and (b) 1:15.
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Fig. S5 (a) ORR polarization curves and (b) variation of the half wave potential (E1/2) for the FeN-CS/CNT/GS

catalysts prepared from precursor composites with different Fe/GO mass ratios.
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Fig. S6 (a) ORR polarization curves and (b) variation of the half wave potential (E1) for FeN-CS/CNT/GS

catalysts prepared from precursor composites with different GO/C mass ratios.

S5. Additional electrochemical properties of the optimized FeN-CS/CNT/GS composite
Koutecky-Levich analysis. The electron transfer numbers (n) were calculated using

Koutecky-Levich equation:?
it=ic I+ =i 1+1/(0.62nFAD 0223w 206 Co) (eq. S1)

where, i is the measured current; ik is the kinetic current; i is the diffusion-limited current; n is the
number of electrons exchanged per mole of Oz; F is the Faraday constant (96500 C mol™?); A is
electrode area (0.196 cm); Doy is the diffusion coefficient of Oz in 0.1 M HCIO4 solution (2.0 x
10° cm? s1); w is the rotation rate (rad s*); v is the kinetic viscosity of water (0.01 cm? s) and Co
is bulk concentration of Oz in 0.1 M HCIO4 solution (1.2 < 10® mol cm™®). The slope of the
reciprocal current (i) versus the reciprocal square root of rotation rate (™) gives n values.
RRDE analysis. The rotating ring-disk electrode (RRDE) measurement was performed on a
three-electrode system in O»-saturated 0.1 M HCIO4 solution at a rotation rate of 1600 rpm. The
H202 percentage released during ORR and the apparent electron transfer numbers were calculated

using the following equations:®
n=4lp/[Io+(Ir/N)] (eq. S2)

H202% =2001r/(N*Ip+IR) (eg. S3)

where Ip and Ir represent the disk and ring current, respectively, and N is the current collection

efficiency of the Pt ring, which was 0.25 in our system.
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Fig. S7 (a) ORR polar curves of FeN-CS/CNT/GS obtained at different rotating speed in Oz-saturated 0.1 M HCIO4;

(b) Koutecky-Levich plots at a variety of potentials compared to Pt/C at 0.85 V. (c) Steady-state RRDE experiments
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Fig. S8 (a) Current-time curves of FeN-CS/CNT/GS, FeN-CNT/GS, and Pt/C; (b) ORR polarization curves for Pt/C
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and (d) the electron transfer number (n) and H20- yield of the ternary composite.

-1.2

.
o
©0

A
e
)

o
o
=)

FeN-CS/CNT/GS
FeN-CNT/GS
—Pt/IC

15 20 25
Time (h)

10 30

b) o—
2
§-2p 0
£ 2
(3]
< -4
Eul s
- 04 06 08 1.0
Potential (V vs. RHE)
6}
0.2 0.4 0.6 0.8 1.0

Potential (V vs. RHE)

~

N

(%) pI21A €0%H

1
(2]

1
o

(inset) and FeN-CS/CNT/GS with (red line) and without (black line) addition of 0.1 M methanol.
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S6. XPS spectra of N1s
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Fig. S9 XPS spectra of N1s and the corresponding deconvolution into components of different N functionalities for (a)

FeN-CNTI/CS, (b) N-CS/GS, (c) FeN-CNT, (d) N-GS, and (e) N-CS.

S7. M&sbauer results and analysis

M&ssbauer spectra were conducted on Oxford Instruments MS 500 with a standard *’Co (Rh)
Md&ssbauer source at the room temperature. Velocity scale and isomer shift diso were calibrated against
natural iron (a-Fe-foil, 25 um thick, 99.99% purity) and the diso from calibration was used to be the
gravity center for the fitting procedure to acquire the accurate Fe nanostructures. The spectroscopic

data were analyzed by using the program “Recoil” with the fitting parameters unfixed.
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Fig. S10 "Fe M&sshauer spectra of the FeN-CNT sample.

Singlet:

The singlet found in the ternary and binary composites (diso = 0.16 mm s™) and the FeN-CNT (iso
= -0.08 mm s™) may be assigned to a FeN phase observed by Yang. et al* in the carbon nanotubes
encapsulating cubic FeN nanoparticles, or the paramagnetic and superparamagnetic y-Fe phase

reported by Prudnikava. et al® for the prepared carbon nanotubes.

Doublets:

It may be associated with the C-Fe-N2 and FeN4 species for the doubletl of the ternary composite
(diso = 0.57 mm s, Eq = 1.41 mm s1) and the binary composite (diso = 0.56 mm s, Eq = 1.44 mm s™)
as well as the doublet 2 of the ternary composite (diso = 0.20 mm s, Eq = 2.9 mm s?) and the binary
composite (diso = 0.21 mm s, Eq = 2.64 mm s). Similar results were reported by Koslowski. et al®
for catalysts with iron porphyrin structures and by Kramm. et al” when studying catalysts prepared by
heating iron porphyrin impregnated on carbon black, respectively.

Furthermore, in FeN-CNT moiety, the doubletl (diso = 0.39 mm s, Eq = 0.94 mm s) should be
ascribed to the in-plane FeNg structures as the catalysts with iron porphyrin structures investigated by
Koslowski. et al®, and the catalysts prepared by heating iron porphyrin impregnated on carbon black
by Kramm. et al’. Additionally, the doublet 2 (diso = 1.05 mm s, Eg = 1.71 mm s™) can be associated

with C-Fe-N; according to its Eq values.® ’

Sextets:
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The sextetl should be due to the ferromagnetic a-Fe with magnetically split sextet,® in the
FeN-CS/CNT/GS ternary composite (diso = -0.08 mm s, Eqg = 0.56 mm s, Ho = 31.01 T) and
FeN-CNT/GS binary composite (diso = -0.01 mm s, Eq = 0.92 mm s, Ho = 31.00 T), also in the
FeN-CNT (diso = 0.002 mm s, Eg =0.01 mms? Hy=324T)

The sextet 2 in the ternary and binary composites could be due to Fe>CxNi.x phase observed by
Yang. et al* (diso = 0.23 mm s, Eq = 0.2 mm s%, Ho = 15.9 T) or the FexN which are similar with the
results by Borsa. et al® (diso = 0.28 mm s, Ho = 17.9 T). However, for FeN-CNT, it was similar to that
of various iron nitrides found by Borsa. et al® (diso = 0.28 mm s, Ho = 24.6 T) and that of
nanostructured Fe nitrides obtained by Gajbhiye. et al® (diso = 0.43 mm s?, Eq = -0.85 mm s, Ho =
24.78 T). Thus, the sextet 2 in FeN-CNT should be contributed to the Fe nitrides.

Additionally, a sextet 3 has been found in FeN-CNT, which may be explained as the magnetic
FesC, phase. The almost similar results were observed by Bauer-Grosse et al'® in probing the Fei-«Cx
amorphous alloys and by Tao. et al*! in investigating a precipitated iron-based Fischer-Tropsch

synthesis catalyst.

S8. Elemental mapping spectra of the FeN-CNT

Fig. S11 Elemental mapping spectra of C, N, and Fe for FeN-CNT.
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