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Microkinetic analysis
Microkinetic analysis was carried out under typical benzene oxidation reaction conditions at 298.15K [1]. And the oxidation of benzene over metal single catalysts could be regarded as a gas phase reaction in our work [2]. The TOF could be obtained from the mean-field model calculated by the elementary steps [3]. In addition, the rate-determining step is the C-H bond activation of C6H6 (5) judged by the Gibbs free energy analysis plot, which has been confirmed by other literature and our early work [2, 4, 5]. The detailed elementary steps are as follows: 
(1)H2O2(g) + * → H2O2*
(2)H2O2* + * → O* + H2O*
(3)H2O* → H2O(g) + *
(4)C6H6(g) + * → C6H6*
(5)C6H6* + O* → C6H6O* + *     (Rate determining step)
(6)C6H6O* → C6H5OH*
(7)C6H5OH* → C6H5OH(g) + *
Where * represents the active site on the catalytic surface.
Step 5 could be regarded as the rate-determining step and other steps as the quasi-equilibrium step. 
r1=k1PH2O2θ* = r-1=k-1θH2O2
r2=k2θH2O2θ* = r-2=k-2θOθH2O
r3=k3θH2O = r-3=k-3PH2Oθ*
r4=k4PC6H6θ* = r-4=k-4θC6H6
r5=k5θC6H6θO
r6=k6θC6H6O = r-6=k-6θC6H5OH
r7=k7θC6H5OH = r-7=k-7PC6H5OHθ*
The coverages are hence:
θH2O2 = K1PH2O2θ*                                                                  with K1=k1/k-1
θO = K2θH2O2θ*/θH2O                                                                with K2=k2/k-2
θH2O = PH2Oθ*/K3                                                                   with K3=k3/k-3
θC6H6 = K4PC6H6θ*                                                                   with K4=k4/k-4
θC6H5OH = PC6H5OHθ*/K7                                                            with K7=k7/k-7
Since the sum of all coverages equals 1:
1=θ* +θH2O2 +θH2O +θC6H6 +θC6H5OH
θ* =1/(K1PH2O2 +PH2O/K3 +K4PC6H6 +PC6H5OHθ*/K7)
The total reaction rate is often controlled by the speed control step. So the turnover frequency can be written as:
TOF=r5= k5θC6H6θO=k5K1K2K3K4PC6H6PH2O2θ*2/PH2O
 




Deep oxidation of phenol to benzoquinone is an important side reaction of the oxidation of benzene to phenol, and the deduction process of its microscopic dynamics is as follows:
(1) H2O2(g) + * → H2O2*
(2) H2O2* + * → O* + H2O*
(3) H2O* → H2O(g) + *
(4) C6H5OH(g) + * → C6H5OH*
(5) C6H5OH* + O* → OC6H5OH* + *
(6) OC6H5OH* → HOC6H4OH*
(7) HOC6H4OH* + * → HOC6H4O* + H*    (Rate determining step)
(8) HOC6H4O* + H* → OC6H4O* + H2* 
(9) OC6H4O* → OC6H4O(g) + *
(10) H2* → H2(g) + *
1=θ* +θH2O2 +θH2O +θC6H5OH+θOC6H4O+θH2
Similar to the kinetic equation in the oxidation of benzene to phenol, the TOF of the side reaction can be obtained as follows：
TOF^=r7= k7θC6H6θO=k7K1K2K3K4K5K6PC6H5OHPH2O2θ*2/PH2O
The selectivity is defined by the rate of C6H5OH formation divided by the sum of rates of C6H5OH and OC6H4O formation:
S=TOF/(TOF+TOF^)
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Figure S1. (a) Top and side views of the optimized TM1-N4/C structure. (b) Formation energies of TM1-N4/C. (c) Binding energy of TM1-N4/C and cohesive energy of TM atom. (d) Hirshfeld charge of TM and N atoms.
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Figure S2. Electron density distribution map of the TM1-N4-C configuration. Blue indicates the loss of electrons, and red indicates the acquisition of electrons.
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Figure S3. The pathway of H2O2 oxidizing benzene to phenol on TM1-N4-C configurations.
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Figure S4. Gibbs free energy change of H2O2 oxidation benzene to phenol on TM1-N4O1 support (TM=Cr, V, Cu, Zn).
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Figure S5. Reactant configuration of H2O2 activation elementary reaction on TM1N4O2 support
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Figure S6. Product configuration of H2O2 activation elementary reaction and their electron density distribution on (a) Cu1N4O2 and (b) Zn1N4O2 support.
[image: 图S7]
Figure S7. DOSs projected onto the d orbital of the metal atom and p orbital of inert oxygen and nitrogen on Zn1N4O2 configuration.
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Figure S8. Adsorption energy for C6H6 over TM1-N4O2 and adsorption energy for C6H5OH over TM1-N4O1.
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Figure S9. The d band positions of metal single atom in TM1N4O1 (TM = Ni, Co, Pt, Mn, Fe, Zn, Cu, V, Cr and Mn) as produced by DFT calculations.
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Figure S10. Relative energy change of phenol to hydroquinone over TM1-N4O1 support.
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Figure S11. Relative energy change of hydroquinone to benzoquinone over TM1-N4 support (TM=Cr, V, Cu, Zn).


Table S1. Gibbs free energy change of benzene to phenol by H2O2 oxidation on TM1-N4O1 support.
	
	Fe1-N4O1/eV
	Co1-N4O1/eV
	Mn1-N4O1/eV
	N1-N4O1/eV
	Pt1-N4O1/eV

	support
	0.00
	0.00
	0.00
	0.00
	0.00

	H2O2*
	-0.01
	-0.05
	0.18
	0.16
	-0.02

	TS1
	0.06
	0.43
	1.01
	0.70
	0.01

	O*+H2O*
	-0.97
	-0.62
	-0.87
	0.01
	-0.84

	O*
	-0.83
	-0.36
	-0.77
	0.34
	-0.72

	O*+C6H6*
	-0.80
	-0.50
	-0.77
	0.39
	-0.14

	TS2
	0.06
	0.19
	0.25
	0.96
	0.54

	O*+C6H6O*
	-0.71
	-0.78
	-0.35
	-0.24
	-0.36

	TS3
	-0.17
	-0.31
	0.23
	0.13
	0.28

	O*+C6H6OH*
	-2.85
	-2.97
	-2.71
	-2.65
	-2.26

	support
	-2.14
	-2.77
	1.46
	-2.66
	-2.72



	
	Pd1-N4O1/eV
	Cu1-N4O1/eV
	Zn1-N4O1/eV
	V1-N4O1/eV
	Cr1-N4O1/eV

	support
	0.00
	0.00
	0.00
	0.00
	0.00

	H2O2*
	-0.96
	0.25
	0.47
	-0.01
	-0.01

	TS1
	-0.37
	1.85
	2.09
	0.48
	0.29

	O*+H2O*
	-1.43
	-0.36
	-0.05
	0.14
	-0.32

	O*
	0.07
	-0.42
	-0.20
	-0.26
	-0.43

	O*+C6H6*
	0.72
	-0.49
	-0.21
	0.04
	-0.25

	TS2
	1.12
	0.24
	0.81
	1.45
	1.28

	O*+C6H6O*
	0.26
	-1.07
	-0.84
	-2.48
	-2.26

	TS3
	0.70
	-0.51
	-0.16
	-0.32
	-0.17

	O*+C6H6OH*
	-2.01
	-3.24
	-3.13
	-3.96
	-3.03

	support
	-2.70
	-2.90
	-2.47
	-1.83
	1.29



Table S2. Relative energy change of phenol to hydroquinone on TM1-N4O1 support.
	
	Fe1-N4O1/eV
	Co1-N4O1/eV
	Mn1-N4O1/eV
	N1-N4O1/eV
	Pt1-N4O1/eV

	O*
	0.00
	0.00
	0.00
	0.00
	0.00

	O*+C6H5OH*
	-0.64
	-0.68
	-4.74
	-0.71
	0.03

	TS1
	0.31
	0.10
	-3.23
	-0.07
	0.85

	HOC6H5O*
	-0.14
	-1.05
	-3.31
	-1.72
	-2.83

	TS3
	1.35
	-0.24
	-1.49
	-1.32
	-0.66

	HOC6H4OH*
	-1.33
	-2.62
	-4.10
	-4.11
	-3.56



	
	Pd1-N4O1/eV
	Cu1-N4O1/eV
	Zn1-N4O1/eV
	V1-N4O1/eV
	Cr1-N4O1/eV

	O*
	0.00
	0.00
	0.00
	0.00
	0.00

	O*+C6H5OH*
	-4.63
	-0.80
	-0.50
	-1.01
	-4.85

	TS1
	-4.13
	-0.19
	0.10
	4.93
	-2.60

	HOC6H5O*
	-7.95
	-1.86
	-1.74
	1.87
	-2.42

	TS3
	-5.70
	-1.30
	-0.66
	4.07
	-0.77

	HOC6H4OH*
	-8.59
	-4.16
	-3.31
	1.13
	-2.64



Table S3. Relative energy change of hydroquinone to benzoquinone on TM1-N4 support.
	
	Fe1-N4/eV
	Co1-N4/eV
	Mn1-N4/eV
	N1-N4/eV
	Pt1-N4/eV

	support
	0.00
	0.00
	0.00
	0.00
	0.00

	HOC6H4OH*
	0.56
	0.32
	-1.30
	-0.18
	0.18

	TS3
	3.87
	3.44
	1.92
	3.06
	4.43

	HOC6H4O*
+H*
	1.47
	1.71
	-0.30
	1.95
	2.20

	TS4
	7.70
	3.77
	1.89
	7.08
	4.55

	OC6H4O*
+H2*
	1.74
	1.90
	-0.32
	1.67
	1.93



	
	Pd1-N4/eV
	Cu1-N4/eV
	Zn1-N4/eV
	V1-N4/eV
	Cr1-N4/eV

	support
	0.00
	0.00
	0.00
	0.00
	0.00

	HOC6H4OH*
	-0.62
	-0.67
	-0.88
	-1.03
	0.76

	TS3
	3.94
	2.53
	1.96
	2.63
	2.56

	HOC6H4O*
+H*
	1.79
	1.39
	0.65
	1.88
	0.75

	TS4
	3.50
	2.87
	5.56
	4.16
	2.62

	OC6H4O*
+H2*
	1.01
	0.96
	0.69
	-0.86
	0.44



Table S4. Comparison of the performance of benzene oxidation to phenol over Fe/Co/CuN4 catalyst
	Catalyst
	Reaction Temperature(℃)
	Time
(h)
	Benzene Conversion(%)
	Phenol 
Selectivity(%)
	Reference

	FeN4 SA/CNS
	25
	24
	22
	91
	Nat Commun 9, 3861(2018)

	NiN4 SA/CN
	25
	24
	38
	90
	J. Am. Chem. Soc. 2017, 139, 10976-10979

	CoN4 SA/CNS
	25
	24
	58
	94
	Nat Commun 9, 3861(2018)

	Cu-N2/HCNS
	25
	24
	81.2
	86.6
	iScience 2019, 22, 97-108

	Cu SAC/ S-N
	25
	48
	60..2
	85
	J. Am. Chem. Soc. 2020, 142, 12643-12650
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