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Experimental Section
Synthesis of Zr; precursor

Zr; precursor was synthesized following a similar strategy reported by Wei et al.!
615 mg of isonicotinic acid was dissolved in 15 mL of H,O and 200 mg of NaOH was
added and stirred for 10 min to obtain a clear solution of system 1. The clear solution
of system 2 was obtained by adding Cp,ZrCl, (1.465 g) and 30 mL CH,Cl, to another
beaker. The clear solution of system 1 was added dropwise to system 2 under stirring,
and stirred at 25 °C for 4 h, forming an emulsion suspension. The suspension was
filtered, washed, and vacuum dried at 60 °C to obtain a white trinuclear zirconium

metal precursor.



Synthesis of Zr;/NG

100 mg of graphene oxide (GO) was dispersed in 80 mL of CH3;CH,OH solution
under stirring for 30 minutes. Then the trinuclear zirconium precursor was added and
continually stirred for 1 h, and then the Zr;-GO powder was obtained by rotary
evaporation. The Zr;-GO powder was pyrolyzed in a Joule heating rapid heating
device in an NHj; environment. Zr;-n%-T-NG samples with different ratios (0.6%,
0.9%, 1.2%, 1.5%, 2.0%) at different temperatures (T = 1300 °C, 1400 °C and 1500

°C) were obtained.

Synthesis of Zr;/NG

100 mg of GO and 3.1 mg of ZrCly were uniformly dispersed in 80 mL of
ethanol via an ultrasound-assisted method, and the Zr;/GO powder was obtained by
rotary evaporation. Using NH; as the nitrogen source, the powder was calcined in a

Joule heating rapid thermal treatment device to obtain Zr;/NG.

Synthesis of NG
Using NHj as the nitrogen source, GO was calcined at 1400 °C in a Joule heating

rapid thermal treatment device, and the resulting material was denoted as NG.

Characterizations
The atomic distribution of zirconium in Zr;/NG catalyst was analyzed by AC-

HAADF-STEM (Spectra 300) and TEM (JEM-2100) combined with energy



dispersive X-ray spectroscopy. The catalyst’s crystalline structure was characterized
using powder X-ray diffraction (XRD-6100). Elemental composition and chemical
states of Zr in Zr:s/NG were examined by XPS (Thermo ESCALAB 250 Xi). Zr K-
edge X-ray absorption fine structure (XAFS) measurements were conducted at the

BL11B beamline of Shanghai Synchrotron Radiation Facility.

Electrochemical measurements
The ORR performance was tested in an electrolytic cell containing 100 mL of
0.1 mol/L KOH solution. The ring-disk electrode (RDE) or rotating ring-disk
electrode (RRDE) was used as the working electrode, Hg/HgO was used as the
reference electrode, and the platinum electrode was used as the counter electrode. The
powder catalyst of 2.0 mg was mixed with 200 mL of 0.25 wt.% Nafion solution and
put into an ultrasonic cleaner for 30 minutes to obtain a homogeneous slurry.
Subsequently, 8 uL of the slurry was uniformly deposited onto the working electrode.
Before the test, pure O, or pure N, gas was introduced into the electrolyte to reach the
saturation state of the solution for at least 30 min. After the test, we convert the
obtained parameters into a reversible hydrogen electrode (RHE):
Vrue = Vigngo + Voigneo + 0.0591pH
Using the RDE system, the linear sweep curve (LSV) test was performed at a
scanning speed of 5 mV/s under the condition that both O, and N, reached saturation,
and the cyclic voltammetry curve (CV) test was performed at a scanning speed of 50

mV/s and 100 mV/s, respectively.



ORR kinetic analysis was performed using the K-L equation:
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J: measured current density, j;: kinetically controlled current density, ji: diffusion-
controlled current density.

The electron transfer number and hydrogen peroxide yield were calculated by

RRDE measurement:
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1;: disk current, /,: ring current and N: ring electrode collection efficiency (N = 0.25).
ECSA is obtained by CV curves at different scanning rates. The formula is as

follows:
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C,: standard specific capacitance (0.04 mF cm2).

Zn-air battery measurements
The performance of Zr;/NG-based zinc-air battery was evaluated on a blue
electric test system (LANHE CT2001A). The polished zinc sheet was used as the

anode, and the carbon paper coated with catalyst was used as the cathode. The catalyst



slurry was prepared by mixing 100 pL of 1% Nafion/ethanol solution, 500 pL of
ethanol and 2 mg of catalyst powder. The electrolyte is a mixed solution of 6M KOH
and 0.2M Zn(CH3;COQ),. The polarization curve was measured at a scan rate of 10 m
V s'l. The constant current charge/discharge cycle test was performed at a current

density of 5 mA c¢cm2, and each charge/discharge cycle lasted for 10 min.

DFT calculations

In this study, a series of theoretical calculations were carried out using the
density functional theory (DFT) framework combined with the Vienna self-consistent
simulation package (VASP) to explore the mechanism of ORR. All calculations are
based on the generalized gradient approximation (GGA) and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional. The electron-ion interaction is
described by the projection enhanced wave (PAW) method. All calculations are spin-

polarized to ensure an accurate description of the magnetic or electronic structure.
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Figure S1. (a) The molecular structure of Zr; precursor. (b) Ball-stick model of Zr;

precursor.
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Figure S2. 'H NMR spectrum of Zr; precursor.
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Figure S3. XPS survey spectrum of Zr;/NG.
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Figure S4. (a, b) FT-EXAFS of the R-space and k-space fitting curve for the Zr;/NG.

(c) FT-EXAFS of the k-space fitting curve for the Zr;/NG.



Zr foil

-5 0 10 15

5
k(A7)
Figure S5. WT-EXAFS plots for Zr foil and ZrO,.
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Figure S6. CV curves of Zr;/NG, Zr;/NG, NG and 20% Pt/C in O,-saturated 0.1 M

KOH at a sweep rate of 5 mV s,
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Figure S7. (a) Polarization curves of x wt.% Zr;/NG-1400 at a rotation speed of 1600

rpm min~'. (b) Tafel plots.
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Figure S8. (a) Polarization curves ofZr;/NG-T at a rotation speed of 1600 rpm min™'.

(b) Tafel plots.
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Figure S9. (a) CVs of Zr;/NG measured in a non-Faradaic region at scan rate of 10
mV s, 20 mV s, 40 mV s, 60 mV s, 80 mV s, and 100 mV s’!. (b) Capacitive j

VS scan rate.
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Figure S10. (a) CVs of Zr;/NG measured in a non-Faradaic region at scan rate of 10
mV s, 20 mV s, 40 mV s, 60 mV s, 80 mV s, and 100 mV s!. (b) Capacitive j

VS scan rate.
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Figure S11. (a) CVs of Pt/C measured in a non-Faradaic region at scan rate of 10 mV
s1,20 mV s, 40 mV s, 60 mV s, 80 mV s!, and 100 mV s’!. (b) Capacitive j vs

scan rate.
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Figure S12. (a) CVs of NG measured in a non-Faradaic region at scan rate of 10 mV
s1,20 mV s, 40 mV s, 60 mV s, 80 mV s!, and 100 mV s’!. (b) Capacitive j vs

scan rate.
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Figure S13. Potential-dependent in sifu Raman spectra of Zr;/NG during the ORR

process.

Figure S14. Model schematic diagram of Zr;/NG (a) and Zr;/NG (b).
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Figure S15. Illustration of ORR process of Zr;/NG for the adsorption mode of

reaction intermediates.

Figure S16. Top and side views of differential charge density of oxygen

intermediates adsorbed on Zr;/NG.
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Figure S17. The cyclic stability of Zr;/NG.
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Table S1. Structural parameters extracted from the Zr K-edge EXAFS fitting

Sample  Path CN R (A) o2 (A% AEg (eV) R-factor
Zri NG Zr-N 4.2+0.1 1.79£0.02 0.005 -1.2 0.02
Zr-N 1.9+0.2 1.82+0.02 0.005
Zr;/NG  Zr-O 1.1+0.3 1.93+0.03 0.008 0.8 0.018
Zr-Zr 1.9+0.2 3.03+£0.03 0.005

The Sy> was fixed at 0.86 (Error = 0.03). CN is the coordination number. R is the
distance between the absorber and the backscattered atom. o? is the Debye-Waller

factor. R-factor is the residual factor.
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Table S2. ORR comparison of Zr;/NG with other catalysts

Eonset (V vs. Eis (V vs. Tafel (mV

Catalyst Ref.
RHE) RHE) dec™)
Zr;/NG 0.987 0.857 48.2 This work
Co-SA@N-CNFs - 0.85 50 2
Co@WC,/NCNTs 091 0.81 62.5 3
FeCo-N-C - 0.81 83 4
Co,P/CosFe;@N-C - 0.801 99 3
Zn-NG-800 - 0.84 50 6
FeCo/MoN@NCNTs - 0.845 84.3 7
ZnS@C-2 0.916 0.82 79.8 8
TiCN-BCN-Co - 0.83 90.8 ?
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