


[bookmark: _Hlk91421240]Supplementary information for
Single atomic cobalt catalyst for efficient oxygen reduction reaction
[bookmark: _Hlk73459112]Peng Raoa, Daoxiong Wua, Tian-Jiao Wangb, Jing Lia, Peilin Denga, Qi Chena, Yijun Shena, Yu Chenb,*, and Xinlong Tiana,*
[bookmark: _Hlk60239062]a State Key Laboratory of Marine Resource Utilization in South China Sea, Hainan Provincial Key Lab of Fine Chemistry, School of Chemical Engineering and Technology, Hainan University, Haikou 570228, China
b School of Materials Science and Engineering, Shaanxi Normal University, Xi’an 710062, China
Corresponding authors: Yu Chen (ndchenyu@gmail.com); Xinlong Tian (tianxl@hainanu.edu.cn)

Experiment section
Chemicals.
Zn(NO3)2·6H2O, CoCl2·6H2O, KOH, 2-methylimidazole, ethanol, and methanol were purchased from Shanghai Macklin Biochemical Co., Ltd. 20% Pt/C and Nafion (5 wt%) were obtained from Johnson Matthey (JM) Corp. The all chemicals were used without further purification.
Synthesis of NC.
Following a typical procedure, 1.8 g Zn(NO3)2·6H2O was dissolved in 15 ml methanol and subsequently added to 35 ml methanol containing 6.5 g 2-methylimidazole under vigorous stirring for 24 h. And then, the precipitates were centrifuged, washed with methanol and dried in a vacuum at 60 ℃ for 12 h. After that, the obtained solid was further carbonized in Ar atmosphere for 1 h at 950℃, the final obtained solid was named NC.
[bookmark: _Hlk97491317]Synthesis of Co-SAC/NC.
Firstly, the CoCl2·6H2O and NC powder were sequentially placed in a quartz boat. The quartz boat was transferred into the plasma-enhanced chemical vapor deposition (PECVD). And then, set the parameters of the PECVD as follows, the temperature was 400 ℃, radio frequency (RF) power was 500 W, the processing time was 40 min, the tube pressure was 50 Pa, and under the N2 flowing. Finally, started on the instrument, when the temperature reached the setting value, turned on the plasma generator. When the time was up, turned off the plasma generator, and after the temperature of the instrument dropped to room temperature, the Co-SAC/NC was obtained.
[bookmark: _Hlk98064623]Synthesis of Co-NPs/NC.
Firstly, the CoCl2·6H2O and NC powder were sequentially placed in a quartz boat. The quartz boat was transferred into the plasma-enhanced chemical vapor deposition (PECVD). And then, set the parameters of the PECVD as follows, the temperature was 900 ℃, radio frequency (RF) power was 500 W, the processing time was 60 min, the tube pressure was 50 Pa, and under the N2 flowing. Finally, started on the instrument, when the temperature reached the setting value, turned on the plasma generator. When the time was up, turned off the plasma generator, and after the temperature of the instrument dropped to room temperature, the Co-NPs/NC was obtained.
Material characterizations.
[bookmark: _Hlk90763771][bookmark: _Hlk90763759]Transmission electron microscopy (TEM), high-resolution TEM (HRTEM), high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and related energy-dispersive X-ray (EDX) mapping images were recorded with a Thermo scientific Talos F200X G2. The aberration-corrected (AC) HAADF-STEM was carried out on an aberration-corrected FEI Titan G2 60-300 fieldemission TEM (FEI, USA), operated at 300 kV (αmax = ~100 mrad). X-ray diffraction (XRD) was conducted on a HAOYUAN powder diffractometer (DX-2700BH). X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific K-Alpha X-ray photoelectron spectrometer using Al Kα X-ray as the excitation source. The actual loading of Co in the prepared catalysts was determined by the inductively coupled plasma-optical emission spectrometer (ICP-OES, Aglient 5110). The X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) of Co K-edge was measured at the beamline 1W1B of the Beijing Synchrotron Radiation Facility (BSRF, Beijing).
Electrochemical measurements.
All the electrochemical measurements were performed in a standard three-electrode system on an electrochemical workstation (Gamry 1010E) using a rotating disk electrode (RDE) at room temperature in 0.1 M KOH electrolyte. A carbon rod and a Hg/HgO electrode were employed as the counter electrode and the reference electrode, respectively. A glass carbon electrode (GCE, 5 mm inner diameter) was used as the working electrode. The catalysis ink was prepared by ultrasonically dispersing of 5 mg catalysts in a mixed solution of 970 μL of ethanol and 30 μL Nafion. After that, the catalyst layers were prepared via dropping 7 μL of the catalysis ink onto the GCE, and drying in air. The LSV curves were collected at the scan rate of 5 mV s-1 with 1600 revolutions per minute (rpm) in O2-saturated 0.1 M KOH aqueous solution. The durability of the catalysts was tested by accelerated durability test (ADT) method, with potential cycling from 0.6 to 1.0 V at 100 mV s−1 for 20,000 cycles, and then recorded the LSV data at 1600 rpm with a scan rate of 5 mV s-1 in O2-saturated 0.1 M KOH aqueous solution.
[bookmark: _Hlk81332745]Rotating ring-disk electrode (RRDE) measurements of the catalysts was measured to determine the selectivity of the four-electron. The H2O2 yield and n per oxygen molecule were calculated by Eqs. (1) and (2).
   (1)
          (2)
where ID and IR are the disk and ring currents, respectively. N is the ring current collection efficiency (37%).
All potentials in this work are quoted with respect to a reversible hydrogen electrode (RHE). The potential at the zero current point was determined to be -0.890 V, so the potential verse Hg/HgO can be related by E (RHE) = E (Hg/HgO) + 0.890 V.
Zinc-Air Battery (ZAB) Test.
All the tests were performed under an ambient atmosphere. The ZAB were fabricated using home-made plastic cells. The electrolyte is composed of 6 M KOH. A polished zinc foil (0.25 mm thickness) was used as the anode. A Ni foam was used as the current collector. The catalysts coated on the carbon paper were used as the membrane electrode assembly (MEA) of the cathode (catalysts loading was controlled at 1 mg cm-2). The LSV profiles were recorded on a Gamry 1010E electrocatalytic station at a scan rate of 5.0 mV s−1. The discharge power density was calculated based on the LSV profiles using the following equation: P = Ud × jd, where P is the discharge power density, Ud is the discharge voltage, and jd is the discharge current density. The Galvanostatic discharge tests were carried out on LANHE (CT2001A) battery testing system.
DFT calculations. 
Spin-polarized density functional theory calculations were performed using the Perdew-Burke-Ernzerhof (PBE) [1] functional and the projector augmented wave (PAW) [2, 3] potential as implemented in the Vienna Ab Initio Simulation Package (VASP) [4, 5]. The Ueff = U – J = 3.42 eV [6]was applied to Co’s d orbitals. An energy cutoff of 400 eV and a convergence criterion of 10-5 eV for self-consistent calculations was adopted. All structures were fully relaxed until the total force on each atom was less than 0.05 eV/Å. The solvent effect was included by using the implicit solvation model as implemented in the VASPsol code [7, 8]. The thickness of the vacuum layer was large than 15 Å. Our single-atom catalysts models were built based on 6 × 6 × 1 graphene supercells. A Γ-centered 3 × 3 × 1 k-point was used. VASPKIT code [9], Bader charge analysis code [10], and VESTA software [11] were used for calculation pre-processing and post-processing. 
The computational hydrogen electrode (CHE) model [12] was used in our calculations. The Gibbs free energy of molecules and ORR-related adsorbates was calculated by G = EDFT + ZPE – TS, where EDFT, ZPE, and S were the DFT energy, zero-point energy, and entropy, respectively, and temperature T was adopted as 298.15K. The ORR involves four-electron steps. The theoretical overpotential at equilibrium potential was determined according to η = 1.23 - |△Gmax/e-|, where △Gmax was the maximum free energy change of adjacent electronic steps.
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Fig. S1 XRD pattern of Co-SAC/NC.
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Fig. S2 TEM image of Co-SAC/NC.
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Fig. S3 XPS spectrum of Co-SAC/NC.


[image: ]
Fig. S4 High-resolution N 1s XPS peak of Co-SAC/NC.
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Fig. S5 High-resolution Co 2p XPS peak of Co-SAC/NC.
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Fig. S6 XRD pattern of Co-NPs/NC.
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Fig. S7 RRDE result of Co-SAC/NC.
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[bookmark: _Hlk102998509]Fig. S8 Discharge curve of the Co-SAC/NC-based ZAB.


Table S1 Structural parameters extracted from the Co K-edge EXAFS fitting.
	Sample
	Scattering pair
	CN
	R(Å)
	σ2 (Å2)
	ΔE0 (eV)
	R factor

	Co-SAC/NC
	Co-N
	4.17±0.39
	1.985±0.021
	0.013±0.002
	-3.682
	0.007


CN is the coordination number; R is interatomic distance (the bond length between central atoms and surrounding coordination atoms); σ2 is Debye-Waller factor (a measure of thermal and static disorder in absorber-scattered distances); ΔE0 is edge-energy shift (the difference between the zero kinetic energy value of the sample and that of the theoretical model). R factor is used to value the goodness of the fitting.


Table S2 ORR data of the prepared catalysts and Pt/C.
	Samples
	Eonset
(V vs. RHE)
	E1/2
(V vs. RHE)
	jk@ 0.90 V vs. RHE
(mA cm-2)

	Co-SAC/NC
	1.006
	0.896
	4.909

	Co-NPs/NC
	0.972
	0.812
	0.704

	NC
	0.942
	0.758
	0.155

	Pt/C
	0.989
	0.858
	1.519




Table S3 Comparation of ORR performance of the Co-SAC/NC before and after ADT test.
	Sample
	Before ADTs
	After ADTs

	
	E1/2
(V vs. RHE)
	jk@ 0.90 V vs. RHE
(mA cm-2)
	E1/2
(V vs. RHE)
	jk@ 0.90 V vs. RHE
(mA cm-2)

	Co-SAC/NC
	0.896
	4.909
	0.888
	4.094




Table S4 Comparation of the ORR performance of Co-based SACs at RDE-level in in recent publish works.
	Samples
	EONSET
V vs. RHE
	E1/2
V vs. RHE
	References

	Co-SAC/NC
	1.006
	0.896
	This work

	Pt/C
	0.989
	0.858
	This work

	CoSAs/N-C(900)
	0.98*
	0.881
	Angew. Chem. Int. Ed. 2016, 55, 10800 

	CoSAs-NGST
	0.99
	0.89
	Adv. Funct. Mater. 2021, 31, 2010472

	Co-SAs@NC
	0.96
	0.82
	Angew. Chem. Int. Ed. 2019, 58, 5359-5364

	Co SA@NCF/CNF
	0.98
	0.88
	Adv. Mater. 2019, 31, 1808267

	Co@Co-N-C-A NHs
	0.98
	0.85
	Appl. Catal. B: Environ. 2020, 260, 118207

	B, N, Co/C nanotubes
	1.02
	0.87
	ACS Appl. Energy Mater. 2020, 3, 4539-4548

	Co-Nx-C
	0.90*
	0.83
	Adv. Mater. 2019, 31, 1900592

	SCoNC
	1.0*
	0.91
	Adv. Energy Mater. 2019, 1900149

	Co-pyridinic N-C
	0.99
	0.87
	Adv. Energy Mater. 2020, 2002592

	Co-N-C
	0.97
	0.86
	Adv. Energy Mater. 2020, 2002592

	Co SAs/N-C(900)
	0.982
	0.881
	Angew. Chem. Int. Ed. 2016, 128, 10958-10963

	CoSAs/PTF
	0.86*
	0.808
	J. Mater. Chem. A, 2019, 7, 1252

	Co SANC-850
	0.995
	0.863
	J. Mater. Chem. A, 2020,8, 2131-2139

	Co-SA/NC
	0.98*
	0.89
	Chem. Eng. J. 2022, 429 132119

	Co-N-3DOM/mC
	0.97
	0.85
	Int. J. Energy Res. 2021, 45, 6250-6261.

	Zn/CoN-C
	1.004
	0.861
	Angew. Chem. Int. Ed. 2019, 131, 2648-2652

	Co SA/N-CNS-900
	1.00
	0.877
	J. Energy Chem. 2022, 68, 184-194

	Co-ISAS/p-CN
	0.98*
	0.84
	Adv. Mater. 2018, 30 1706508.

	Co-SAs@NC
	0.96
	0.82
	Angew. Chem. Int. Ed. 2019, 58 5359-5364

	Co-SAs/NSC
	0.95
	0.86
	J. Am. Chem. Soc. 2019, 141, 20118-20126.

	Co-CTF/KB
	0.89
	0.83
	Sci. China Mater. 2021, 64: 2221-2229


NOTE: *The data is not given, but excavated from the LSV curves.


Table S5 Comparation of the ORR performance of Co-based SACs catalysts at ZAB-level in in recent published work.
	Samples
	ZAB performance
	References

	
	Open circuit potential (V)
	Peak power density
mW m-2
	

	Co-SAC/NC
	1.555
	322
	This work

	Pt/C
	1.500
	144
	This work

	Co-Nx-C-1
	1.590*
	152
	Adv. Mater. 2017, 29, 1703185

	CoSAs@NC
	1.45
	105.3
	Angew. Chem. Int. Ed. 2019, 58, 1-7

	Co-N-C (A)
	1.585
	158
	Small 2021, 17, 2104684

	B, N, Co/C nanotubes
	1.315*
	125
	ACS Appl. Energy Mater. 2020, 3, 4539-4548

	Co-Nx-C-2
	1.36*
	78
	Adv. Mater. 2019, 31, 1900592

	SCoNC
	1.44
	194
	Adv. Energy Mater. 2019, 1900149

	Co-N-3DOM/mC
	1.49*
	146
	Int. J. Energy Res. 2021, 45, 6250-6261.

	Co-MOF-800
	1.38
	144
	J. Energy Chem. 2021, 56 290-298

	Co/CNFs (1000)
	163
	163
	Adv. Mater. 2019, 31, 1808043


NOTE: *The data is not given, but excavated from the ZAB data.


Table S6 Calculated Co-N bond length (Å), Co-O bond length (Å), and N-Co-O bond angle (°). The Co-N bond length and the N-Co-O bond angle are adopted as the average value.
	
	*
	OOH*
	O*
	OH*

	Co-N bond length (Å)
	1.89
	1.90
	2.03
	1.90

	Co-O bond length (Å)
	--
	1.96
	1.68
	1.87

	N-Co-O bond angle (°)
	--
	95.83
	109.67
	95.79




Table S7 Calculated Bader charge on Co atom (e).
	
	*
	OOH*
	O*
	OH*

	Co (e)
	-1.01
	-1.09
	-1.20
	-1.14




Table S8 Calculated relative free energy (eV) under electrode potential U = 0.00 V.
	
	*
	OOH*
	O*
	OH*
	OH-

	Co-N4-C (eV)
	4.92
	3.95
	2.26
	1.03
	0.00
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