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Figure S1. (a) The setup of atmospheric chemical vapor deposition (APCVD) combined 

with mass spectrometry (MS). Species are flowed into MS after decomposing with the 

APCVD, where the flow of gases and temperature are controlled through the computer 

terminal and the APCVD, respectively. (b) APCVD-MS plot of growth N-doped graphene  

at growth temperature (TS) was set to 800 °C, the growth time (tG) was set to 50 min. 

Real-time evolution of species vs the ion current changes during the ramp-up, annealing, 

growth and cooling stage. The analysis data was selected in the grey section, covering 

annealing, growth, and cooling stage.
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Figure S2. XPS high-resolution spectra of N-doped graphene on the Cu foil. (a) C 1 s, 

(b) N 1 s. The tG = 50 min.
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Figure S3. The central element XPS survey spectra of the N-doped graphene on the Cu 

substrate. (a) TS = 700 °C and 800 °C, tG = 50 min. (b) TS = 800 C, tG = 5, 15, 30, and 50 

min.



5

Table S1. The peak positions of each N type.

Pyridinic-N Pyrrolic-N Graphitic-N N-oxide

398.67±0.01 eV 400.47 ± 0.1 eV 401.57 ± 0.2 eV 403.57 ± 0.3 eV

5 min 18.52 % 47.63 % 19.92 % 13.93 %

15 min 16.86 % 37.85 % 35.84 % 9.45 %

30 min 24.91 % 25.25 % 24.99 % 24.85 %

50 min 10.56 % 11.72 % 64.10 % 13.62 %
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Figure S4. MS of the ions at: (a) before and (b) after injection of CH3CN and H2 at room 

temperature.
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Figure S5. The illustrates the derivations of Δi and Δt..
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Figure S6. Real-time evolution of H, C, CH, CH2, N, CH3, CH4, NH3, CC, CN, HCN, CCN, 

CHCN, CH2CN, CH3CN, and NH3 under 700 °C and 800 °C, respectively.
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Table S2. Difference values of ion current and time-lag of detected species according to 

equations (1 – 4). The Δt1 and Δt2 of hydrogen were selected the downward shown in 

Figure 3a and b. (* CH2 was calculated before decomposing 5 min, the C and N were 

calculated after decomposing 5 min.)

Chemical formula Atomic mass Δi Δt

H+ 1 >0 <0

H2 2 >0 <0

*C 12 >0 <0

CH 13 >0 >0

*CH2 14 >0 >0

*N 14 >0 <0

CH3 15 <0 <0

CH4 16 <0 <0

NH3 17 <0 <0

CC 24 >0 <0

CN 26 <0 >0

HCN 27 <0 >0

CCN 38 >0 <0

CHCN 39 >0 <0

CH2CN 40 >0 <0

CH3CN 41 >0 <0
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Figure S7. Real-time evolution of molecular H2 and proton. (a, c) Growth of N-doped 

graphene over the Cu substrate at TS = 700 °C and TS = 800 °C, and tG = 50 min. (b, d) 

Pyrolysis of CH3CN at TS = 800 °C and tG = 50 min compared with growth of N-doped 

graphene on the Cu foil at the same condition. (e–f) the main products before injecting H2 

with Cu, TS = 800 °C.
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Table S3. Reaction scheme for the growth of N-doped graphene or pyrolysis of CH3CN

Reaction Source

1 H2 + 2(s) → H(s) + H(s) 1, 2

2 H(s) + H(s) → H2 + 2(s) 1, 2

3 CH3CN → CH2CN + H 3-5

4 CH3CN + H → CH3 + HCN 3, 5

5 CH3CN + CH3 → CH4 + CH2CN 3, 5

6 CH3CN + H → H2 + CH2CN 3, 5

7 CH2CN + H → CH2 + HCN 3, 5

8 CH3CN + CN → CH2CN + HCN 3, 5

9 CH4 + Ar → CH3 + H + Ar 3, 5

10 CH4 + H → CH3 + H2 3, 5

11 HCN + Ar → H + CN + Ar 3, 5

12 CN + H2 → HCN + H 3, 5

13 CN + HCN → C2N2 + H 3, 5

14 CN + CH4 →  HCN + CH3 3, 5

15 CH4 → CH3+ H 3, 6-8

16 CH3 → CH2+ H 3, 6-8

17 CH2 → CH+ H 3, 6-8

18 CH → C+ H 3, 4, 6-8

19 CH2CN → CHCN + H This work

20 CHCN → CCN This work

21 C + C → CC This work
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Figure S8. Real-time evolution of main radicals during the growth of graphene and/or N-

doped graphene over the Cu substrate at TS = 800 °C, and tG = 50 min. (a) CH2CN, (b) 

CHCN, (c) CCN and C, and (d) CC. The dash lines are fit for the real-time evolution of 

various species, Solid curves indicate Gompertz fitting to evolution of various species.
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Figure S9. Fitting the real-time evolution of CH2CN with Gompertz fitting in various time 

range. (a) The space of time is 12 min when the real time change from 119 min to 130 

min. (b) The space of time is 6 min when the real time change from 119 min to 130 min. 

(c) The space of time is 3 min when the real time change from 119 min to 130 min. (d) 

The space of time is 3 min when the real time change from 119 min to 130 min. The space 

of time is gradually increase with real-time evolution after 130 min.
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Figure S10. Real-time-lag relationship of decomposing species during the growth of 

graphene and/or N-doped graphene over the Cu substrate at TS = 800 °C, and tG = 50 

min. (a) CH3CN and main radical CH2CN, (b) Main products HCN, CH4 and its secondary 

products, (c) Probable species of forming N-doped graphene, and (d) C and CC. The 

dash lines are fit for the real-time evolution of various species with Gompertz fitting.
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Figure S11. Real-time evolution of C, CH, CC, H, CH2/N, and NH3 with pulse periodic 

injection of H2, TS = 800 °C. Ar = 50 sccm, H2 = 50 sccm. The total pressure is 1 atm.
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Figure S12. Real-time evolution of C2H4. (a) Growth of graphene and/or N-doped 

graphene over the Cu substrate at TS = 700 °C, TS = 800 °C, and tG = 50 min. (b) Pyrolysis 

of CH3CN analyzed compared with growth of NG at TS = 800 °C, and tG = 50 min.
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Figure S13. Real-time evolution of CH2, NH3, and N. (a) Growth of N-doped graphene 

over the Cu substrate at TS = 700 °C and TS = 800 °C, and tG = 50 min. (b). Growth of NG 

with and without Cu substrate at TS = 800 °C, and tG = 50 min. (c, d) Real-time evolution 

of NH3, CH2, NH3, CH4, CH3, CH2, C (CH ≈ C). Where the growth of N-doped graphene 

over the Cu substrate at TS = 800 °C, and tG = 50 min.
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Figure S14. The geometric structure and barrier of CH3CN dehydrogenation on Cu (111) 

surface. Blue, pink, gold and grey spheres represent Cu, H, C and N atoms, respectively.

TS1: CH3CN (s) → CH2CN (s) + H (s) and TS1*: CH4 (s) → CH3 (s) + H (s)

The CH3CN molecule dissociates on the Cu surface to form a CH2CN molecule 

and an H atom. In the TS1 shown in the Figure S12, the CH2CN fragment adsorbs 

on the Cu atom with N-Cu bond, the adsorption energy is about -1.02 eV. We didn’t 

consider the distance between C and Cu (dC-Cu). The activation energy for the C-H 

bond cleavage was 1.14 eV, and the reaction was endothermic (ΔH = +0.68 eV) in 

the TS1 step. The CH4 molecule dissociates to form a CH3 molecule and an H atom 

at the TS1* step, the value of Eact was higher than the value of acetonitrile (Eact = 

1.43 eV, ΔH = 0.55 eV). The value of Eact obtained from our calculations was lower 

than those calculated by Kokalj et al. 9 and Pao et al 1. (By ∼0.24 and ∼0.14 eV, 

respectively), as shown in Figure 6.

TS2: CH2CN (s) → CHCN (s) + H(s) and TS2*: CH3 (s) → CH2 (s) + H (s)
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The starting and final structures of our CI-NEB calculation for the dissociation of 

CH2CN were the CH2CN molecule adsorbed at the Cu (111) sites (Figure S12 

TS2) and the CHCN and H species adsorbed at the Cu (111) surface. The reaction 

was endothermic (ΔH = +0.80 eV; Eact = +1.46 eV). The CH3 were the CH3 molecule 

adsorbed at the Cu fcc sites and CH2 and H species adsorbed at the Cu (111) 

surface. Again, the activation energy calculated in our study (ΔH = +0.84 eV; Eact 

= +1.32 eV) was lower than those reported by Kokalj et al. and Pao et al.

TS3: CHCN (s) → CCN (s) + H (s) and TS3*: CH2 (s) → CH (s) + H (s)

For CH3CN, the largest energy barrier of kinetics presents the step from GS3 to 

TS3 (Eact = +1.55 eV, ΔH = +0.95eV), namely the rate-determining step. Compared 

with CH4, the activation energy for the C-H bond cleavage was 0.96 eV and the 

reaction were endothermic (ΔH = +0.57 eV) in the TS3 step. The dissociation of 

CH3CN has completed and transformed into the inert intermediate for contributing 

N-doped graphene, CCN.

TS4: CH (s) → C (s) + H (s)

In this step, the CH (s) underwent an upmost kinetics energy barrier, Eact = +1.87 

eV. Finally, the CH molecule dissociates to form a C atom and an H atom, and the 

reaction was endothermic (ΔH = +0.95 eV). As we know, the C species are the 

vital intermediate of forming graphene by the conversion to CC dimers.
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Figure S15. The geometric structure and barrier of CH4 dehydrogenation on Cu (111) 

surface. Blue, pink, gold and grey spheres represent Cu, H, C and N atoms, respectively.



21

Table S4. Reaction energy with Cu (111)

Reactant Product ER EP ΔE
CH3CN → CH3+CN -37.36 -36.93 0.43
CH3CN → CH2CN+H -37.36 -36.89 0.47

H+CH3CN → CH4+CN -41.05 -41.18 -0.13
H+CH3CN → CH3+HCN -41.05 -40.07 0.98

2H+CH3CN → CH4+HCN -44.74 -44.32 0.42
2H+CH3CN → CH3CH+NH -44.74 -43.89 0.85

CH2CN → CH2+CN -33.2 -32.43 0.77
CH2CN → CHCN+H -33.2 -32.33 0.87

H+CH2CN → CH3+CN -36.89 -36.93 -0.04
H+CH2CN → CH2+HCN -36.89 -35.57 1.32

2H+CH2CN → CH3+HCN -40.58 -40.07 0.51
CHCN → CH+CN -28.64 -28.3 0.34
CHCN → CCN+H -28.64 -27.65 0.99

H+CHCN → CH2+CN -32.33 -32.43 -0.1
H+CHCN → CH+HCN -32.33 -31.44 0.89

2H+CHCN → CH2+HCN -36.02 -35.57 0.45
CCN → C+CN -23.96 -23.38 0.58
CCN → CC+N -23.96 -22.72 1.24

H+CCN → CH+CN -27.65 -28.3 -0.65
H+CCN → C+HCN -27.65 -26.52 1.13

2H+CCN → CH+HCN -31.34 -31.44 -0.1
H2 → 2H -6.86 -7.38 -0.52

HCN → H+CN -20.03 -20.58 -0.55
CN → C+N -16.89 -13.42 3.47

H+CN → CH+N -20.58 -18.34 2.24
H+CN → C+NH -20.58 -18.36 2.22

2H+CN → CH+NH -24.27 -23.28 0.99
CC → 2C -15.79 -12.98 2.81

H+CC → C+CH -19.48 -17.9 1.58
2H+CC → 2CH -23.17 -22.82 0.35

CH4 → CH3+H -24.29 -23.73 0.56
CH3 → CH2+H -20.04 -19.23 0.81
CH2 → CH+H -15.54 -15.1 0.44
CH → C+H -11.41 -10.18 1.23
NH3 → NH2+H -20.37 -19.84 0.53
NH2 → NH+H -16.15 -15.56 0.59
NH → N+H -11.87 -10.62 1.25
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Table S5. Reaction energy without Cu (111).

Reactant Product ER EP ΔE
CH3CN → CH3+CN -36.73 -30.71 6.02
CH3CN → CH2CN+1/2H

2 -36.73 -34.33 2.4
1/2H

2
+CH3CN → CH4+CN -40.11 -36.55 3.56

1/2H
2
+CH3CN → CH3+HCN -40.11 -37.88 2.23

H
2
+CH3CN → CH4+HCN -43.49 -43.72 -0.23

H
2
+CH3CN → CH3CH+NH -43.49 -34.86 8.63
CH2CN → CH2+CN -30.95 -24.62 6.33
CH2CN → CHCN+1/2H

2 -30.95 -28.29 2.66
1/2H

2
+CH2CN → CH3+CN -34.33 -30.71 3.62

1/2H
2
+CH2CN → CH2+HCN -34.33 -31.79 2.54

H
2
+CH2CN → CH3+HCN -37.71 -37.88 -0.17
CHCN → CH+CN -24.91 -18.72 6.19
CHCN → CCN+1/2H

2 -24.91 -22.89 2.02
1/2H

2
+CHCN → CH2+CN -28.29 -24.62 3.67

1/2H
2
+CHCN → CH+HCN -28.29 -25.89 2.4

H
2
+CHCN → CH2+HCN -31.67 -31.79 -0.12
CCN → C+CN -19.51 -13.78 5.73
CCN → CC+N -19.51 -9.06 10.45

1/2H
2
+CCN → CH+CN -22.89 -18.72 4.17

1/2H
2
+CCN → C+HCN -22.89 -20.95 1.94

H
2
+CCN → CH+HCN -26.27 -25.89 0.38
H2 → 2H -6.76 -0.02 6.74

HCN → 1/2H
2
+CN -19.69 -15.9 3.79

CN → C+N -12.52 -1.31 11.21
1/2H

2
+CN → CH+N -15.9 -6.25 9.65

1/2H
2
+CN → C+NH -15.9 -7.56 8.34

H
2
+CN → CH+NH -19.28 -12.5 6.78
CC → 2C -9.01 -2.52 6.49

1/2H
2
+CC → C+CH -12.39 -7.46 4.93

H
2
+CC → 2CH -15.77 -12.4 3.37

CH4 → CH3+1/2H
2 -24.03 -21.57 2.46

CH3 → CH2+1/2H
2 -18.19 -15.48 2.71

CH2 → CH+1/2H
2 -12.1 -9.58 2.52

CH → C+1/2H
2 -6.2 -4.64 1.56

NH3 → NH2+1/2H
2 -19.52 -16.16 3.36

NH2 → NH+1/2H
2 -12.78 -9.68 3.1

NH → N+1/2H
2 -6.3 -3.43 2.87
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Table S6. The adsorption energy of the main intermediates in the decomposition of 

CH3CN and CH4.

Etot Esub NH E Erelative Emolecole Eads

CH3CN -318.68 -281.32 0 -318.68 0 -36.73 -0.63

CH2CN -314.52 -281.32 1 -318.20 0.48 -30.95 -2.25

CHCN -309.96 -281.32 2 -317.33 1.35 -24.91 -3.73

CCN -305.28 -281.32 3 -316.34 2.34 -19.51 -4.45

H -285.01 -281.32 --- --- ---

CH4 -203.57 -179.28 0 -203.57 0 -24.03 -0.26

CH3 -199.32 -179.28 1 -203.02 0.55 -18.19 -1.85

CH2 -194.82 -179.28 2 -202.22 1.35 -12.10 -3.44

CH -190.69 -179.28 3 -201.79 1.78 -6.20 -5.21

C -185.77 -179.28 4 -200.57 3.00 -1.26 -5.23

H -182.98 -179.28 --- --- ---
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Table S7. The adsorption energy of decomposed species.

Etot Esub Emolecole Eads

H2 -288.18 -281.32 -6.76 -0.1

H -285.01 -281.32 -0.01 -3.68

HCN -301.35 -281.32 -19.69 -0.34

CN -298.21 -281.32 -12.52 -4.37

CC -297.11 -281.32 -9.01 -6.78

CH3CH2 -317.78 -281.32 -34.33 -2.13

CH3CH -313.34 -281.32 -28.56 -3.46

NH3 -301.69 -281.32 -19.52 -0.85

NH2 -297.47 -281.32 -12.78 -3.37

NH -293.19 -281.32 -6.30 -5.57

N -288.25 -281.32 -0.05 -6.88
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Figure S16. Geometric structures of the probable state of the relevant intermediates on 

Cu (111) surface. Where the first state is the lowest energy state among probable states.
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