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1. Instruments

Scanning electron microscopic (SEM) images were acquired on a Hitachi S-4800 SEM (Japan) with
an accelerating voltage of 10 kV. Transmission electron microscopic (TEM) images were obtained
from a T20 FEI TECNA1 G2 (USA). High-angle annular dark field scanning TEM (HAADF-STEM)
images and HAADF-STEM energy dispersive X-ray spectroscopy (HAADF-STEM-EDS) maps were
recorded on a FEI Titan G2 60-300 (USA). Circular dichroism (CD) spectra of different samples
were recorded by using Jasco-815 CD spectrometer (Japan). Fourier transform infrared
spectroscopy (FT-IR) was acquired with a Perkin EImer Spectrum One instrument (USA). X-ray
photoelectron spectra (XPS) were obtained from an ESCALAB 250Xi X-ray photoelectron
spectrometer (USA). The C 1s line at 284.8 eV was used to calibrate the positions of all binding
energies. X-ray powder diffraction (XRD) was carried out at D/max 2550 power diffractometer
(Japan) using a graphite-filtered Cu Ka radiation manipulating at 40 kV. Voltammetry tests were
performed on the RST 5200F electrochemical workstations (China). Rotating disk electrode (RDE)
measurements were employed on a MSR speed controller of Pine Research Instrumentation
(USA) and Zahner electrochemical workstations (Germany).

2. Catalyst synthesis
2.1 Synthesis of Fc-F. The Fc-F was synthesized as described in our previous work.!!

2.2 Synthesis of Fc-F/Co@N-C150 nanocomposites. A certain amount of Fc-F stock solution (200
mM, in DMSO), cobalt acetate stock aqueous solution (200 mM, ph~7), and Ketjenblack EC 600)
(EC) were added into deionized water. After sonication for 20 minutes, the Fc-F/Co and carbon
black co-assembled into hybrid bimetallogel Fc-F/Co@C. Final concentrations of Fc-F, Co?* and EC
in the hybrid bimetallogel were 20 mM, 20 mM and 0.7 mg mL™, respectively. The well-dispersed
black gel was transferred into a Teflon autoclave and allowed by hydrothermal treatment at 150
°C for 12 h. The obtained product was collected by centrifugation (5000 rpm for 5 min), and then
washed with water to remove impurities. After freeze-drying, Fc- bimetal nanocomposite Fc-
F/Co@N-C150 were prepared. Likewise, Fc-F/Ni@N-C150, Fc-F/Mn@N-C150 were prepared in

similar way.

2.3 Synthesis of Fc-F/Co@N-C800 derived from Fc-F/Co@N-C150. The Fc-F/Co@N-C150
nanocomposite was calcined at 800 °C with a rate of 10 °C min'! in an argon atmosphere for 2 h.
Moreover, by replacing cobalt acetate with manganese chloride and nickel chloride, Fc-F/TM@N-
C800 (TM=Mn, Ni) catalysts can be prepared. The synthesis procedure of Fc-F@N-C800 and
Co@N-C800 control samples are similar to the Fc-F/Co@N-C800 product except for without
adding Fc-F and Co?* into the precursor solution, respectively. Likewise, another control sample,
C800, was prepared by using the same approach as that employed for the synthesis of Fc-
F/Co@N-C800 except for adding no metal sources into the precursor solution.

2.4 Synthesis of Fc/Co@N-C800 and Fe/Co@N-C800. The Fc/Co@N-C800 and Fe/Co@N-C800
were obtained by using the same approach as that employed for the synthesis of Fc-F/Co@N-
C800, but in these cases ferrocene and iron chloride were used instead of Fc-F, respectively.

3. Electrochemical measurements



All the electrochemical measurements were performed in a conventional three-electrode
electrochemical cell in a 0.1 M KOH (or 0.1 M HCIO,) electrolytic solution using a glassy carbon
electrode as the working electrode, a Pt wire (Pt plate for RDE test) as the counter electrode, and
Ag/AgCl electrode (saturated KCl) as the reference electrode. N, or O, was used to adjust
oxygen-free or oxygen-filled environments. Potential measured was converted to the reversible
hydrogen electrode (RHE) value in line with Nernst equation as follows: Egye = Eag/agc + 0.2089 +
0.05916pH V (at 15 °C).

For CV tests, 2 mg catalysts (or commercial 20% Pt/C) were dispersed in 1 mL of mixed solvent
(water : isopropanol = 1:1; V/V) with 10 pL of nafion by ultrasound treatment for 30 min to form
a homogeneous black solution. 7 uL of the well-dispersed catalyst ink was dropped onto the 3-
mm glassy carbon electrode surface (the catalyst loading: 0.20 mg cm-2). For RDE tests, 19.6 pL of
ink was dropped onto the 5-mm glassy carbon electrode surface to obtain the same catalyst
loading. All RRDE measurements were carried out at a rotation speed of 1600 rpm. The CV curves

were obtained at a scan rate of 50 mV s™1. The LSV curves were obtained at a scan rate of 5 mV s
1

The stability test was carried out at room temperature before and after 3000 cycles at a rate of
100 mV s1. At the end of the cycles, the consequent electrode was used for CV at a scan rate of
50 mV s1. Chronoamperometry was measured at 0.678 V for 40000 s in O,-satured 0.1 M KOH.

For the electrical impedance spectra, the frequency range was 0.01 Hz to 1000 kHz.

For Al-air full battery test, aluminium plate was used as the anode and 6 M KOH consisting of
0.01 M Na,Sn0s, 0.0005 M In(OH)3, 0.0075 M ZnO as corrosion inhibitors. The air electrode was
composed of gas diffusion layer, current collector and the catalytic layer. Nickel foam was
employed as the current collector owing to its good conductivity and intense strength. The
catalytic layer was constructed as follows: Fc-F/Co@N-C800, active acetylene black,
polytetrafluoroethylene (PTFE) in a weight ratio of 6:1:3 were mixed well firstly, and then the
paste was rolled into sheets with a thickness of ~0.2 mm. Finally, the film and gas diffusion layer
were pressed onto the two sides of nickel foam, respectively, and then dried at 60 °C for 12 h.



Fig. S1 SEM images of different hydrogels. (a) Fc-F hydrogel; (b) Fc-F/Co hydrogel, respectively.
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Fig. S2 CD signals for Fc-F (black line), Fc-F/Co (red line), and Fc-F/2Co (blue line). The number “2” represents
molar ratio.
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Fig. S3 FT-IR spectra of the Fc-F and Fc-F/Co gels.
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Fig. S4 Reversible gel-sol transitions of the supramolecular metallogel triggered by temperature. (a) Fc-F, (b) Fc-
F/Co.

Fig. S5 SEM images of (a) Fc-F/Co@N-C150, (b) Fc-F@N-C150, (c) Co@N-C150, and (d) C150, respectively.



Fig. S6 HRTEM image of raspberry-like Fc-F/Co@N-C150. The inset shows the selected area electron diffraction
(SAED) pattern.
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Fig. S7 The energy dispersive X-ray spectra of the raspberry-like Fc-F/Co@N-C150.

Fig. S8 The HAADF-STEM images and the HAADF-STEM-EDS maps of raspberry-like Fc-F/Co@N-C150.



Fig. S9 HRTEM images of the Fc-F/Co@N-C800, and the lattice distance and crystal plane angle indicate the
coexistence of FeCo and CoFe,04 nanoparticles.

Fig. $10 TEM images of (a) Fc-F@N-C800, (b) Co@N-C800, respectively. The corresponding metal nanoparticles
and the index crystal planes are shown in the insets.
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Fig. S11 TEM images of as-prepared Fc-F/Co@N-C at (a) 700 ° C, (b) 900 ° C, respectively.
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Fig. S12 CV curves of as-prepared Fc-F/Co@N-C materials at different pyrolysis temperatures in O,-saturated 0.1
M KOH. Scan rate: 50 mV s
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Fig. S13 XRD patterns of Fc-F@N-C800, Co@N-C800, Fe/Co@N-C800 and C800.
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$14 Survey spectra of the as-prepared materials.
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Fig. S15 Nyquist plots of as-prepared materials.
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Fig. S16 CV curves of as-prepared catalysts in 0.1 M KOH. Scan rate: 50 mV s,
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Fig. S17 (a) TEM image and (b) EDS of Fc-F/Co@N-C800 catalyst after acid leaching.
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Fig. S18 CV curves of as-prepared and acid-leached Fc-F/Co@N-C800. Scan rate: 50 mV s
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Fig. S19 Polarization curves of Fc-F/Co@N-C800 at different rotation rates.




a) —— Fc-FICo@N-C800 b) 0.4 —— Fe-FICo@N-C800
0.54 ——Fc-FIMn@N-C800 —— Fe-F/Mn@N-C800
—— Fe-FIN@N-C800 — 02{  — FcFN@N-C800
o
0.0 £
o < 0.04
5 osl > 024
E 2
= 04 Bi047
=
(7]
i # 061
il =3
-0.8-
00 02 04 06 08 10 12 00 02 04 06 08 10 12
E1Vvs. RHE EIVvs. RHE

Fig. S20 (a) CV curves and (b) Mass activity of Fc-F/M@N-C800 (M=Co, Ni, Mn). Scan rate: 20 mV S, loading
mass: 0.2 mg cm™2.
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Fig. $21 RRDE voltammograms of the as-prepared materials. Rotation rates: 1600 rpm, scan rate: 5 mV S,
loading mass: 0.2 mg cm2,
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Fig. S22 Tafel plots of Fc-F/Co@N-C800 and 20 wt% Pt/C.
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Fig. $23 Cycling durability test of Fc-F/Co@N-C800 catalyst in O,-saturated 0.1 M KOH.

2.0

1.8+

Z 1.6'....'..........""'l'-"nl.l.Fll
@ eI
(@) "afay,
& g
oS 144
>

1.2

1.04 T T T

0 4 8 12 16

Time/h

Fig. S24 Constant current discharge test for Al-air battery at a discharge current density of 20 mA cm2.
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Fig. S25 CV curves of as-prepared Fc-F/Mn@N-C80 and Fc-F/Ni@N-C800 in 0.1 M KOH. Scan rate: 50 mV s,
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Fig. $26 Polarization curves of as-prepared Fc-F/Mn@N-C800 and Fc-F/Ni@N-C800 at different rotation rates.
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Fig. S27 CV curves of Fc-F/M@N-C800 (M=Co, Mn, Ni) catalysts in O,-saturated (solid line) and N,-satureted
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Table S1 Elements distribution of the as-prepared materials from XPS.

Catalysts C/at% N/ at% 0/ at% Fe/at% Co/at% Active N/at%
Fc-F@N-C800 86.08 5.79 6.44 1.7 5.44
Co@N-C800 95.75 1.06 2.59 0.6 0.95

Fe/Co@N-C800 95.86 1.23 1.88 0.14 0.88 0.91
Fc-F/Co@N-C800 88.85 3.14 7.01 0.23 0.77 2.75

Table S2 The calculated EIS results of C800, Fe/Co@N-C800, Co@N-C800, Fc-F@N-C800, and Fc-F/Co@N-C800

catalysts.
Catalysts Rs Rt Q Car o]
C800 27.03 54.62 4.281E* 3.346E8 1.588E
Fc-F@N-C800 26.13 52.07 1.508E* 3.169E8 1.541E°
Co@N-C800 26.31 54.79 1.356E* 4.668E8 1.706E7
Fe/Co@N-C800 25.76 69.86 2.861E* 3.129€8 1.694E°
Fc-F/Co@N-C800 26.31 50.26 3.328E* 3.549€8 1.425E°

Table S3 The ORR catalytic performances of MNC catalysts in recent literatures (electrode rotating speed is 1600
rpm, in 0.1 M KOH solution).

" ) Loading Eqneer (V Ex (V Electron
aterials (mg2 cm vs, RHE) vs. RHE) transfer Reference
numbers
Fc-F/Co@N-C800 0.2 1.01 0.86 3.89 This work
CoO, NPs/BNG N.A. 0.95 0.805 ~4.0 (1
S,N-Fe/N/C-CNT 0.6 N.A. 0.85 ~4.0 21
Co@Co30,4/NC-1 0.21 N.A. 0.80 3.78 B3l
{Co}[FeCo]0,/NG 0.6 0.98 0.866 3.9 4
Co-TA-800 0.3 0.95 N.A. 3.7-4.0 Bl
FP-Fe-TA-N-850 0.3 0.98 N.A. 3.7-3.9 (6l
CoN-CNT N.A. 0.93 0.82 3.96 71
FeoS10(700)/N,S-G 0.283 0.959 0.80 ~4.0 t
LDH@ZIF-67-800 0.2 0.94 0.83 3.94 9l
2IF-67 derived 0.2 ~1.00 0.87 3.97-3.99 (o
NCNT/Co,Mn,,0 0.21 0.96 0.84 ~3.8 (1

Fe/N-CNT 0.2 0.96 0.84 ~3.85 (12




Table S4 The total metal (TM) contents of Fc-F/M@N-C800 (M=Co, Mn, Ni) detected by AAS.

Concentration;e  Concentrationy,,  Volume Masstmy  MasStotal

0,
Catalysts / mg Lt / mg Lt /L / mg /mg Wt %
Fc-F/Co@N-C800 0.797 0.305 0.25 0.276 1.9 14.53
Fc-F/Mn@N-C800 0.783 0.193 0.25 0.244 1.9 12.84
Fc-F/Ni@N-C800 0.658 0.357 0.25 0.254 1.9 13.37
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