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S1.  Synthesis of N-doped and pristine graphene sheets
The growth of nitrogen-doped graphene (NG) sheets was achieved in an atmospheric-pressure chemical vapor deposition (AP-CVD) system, as illustrated in the upper panel of Fig. S1. The quartz tube reactor's dimensions are 1.5 inch (OD) /1.3 inch (ID) /4.0 feet (Length). Not any vacuum apparatus is needed in this process. The optimized experimental parameters are shown in the lower panel of Fig. S1. 
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Figure S1  Atmospheric-pressure chemical vapor deposition (AP-CVD) setup (upper panel) and optimized experimental parameters (lower panel) for nitrogen-doped graphene (NG) sheets. Copper foil was used as a substrate for NG growth. Methane (CH4) and ammonia (NH3) were used as C and N precursors, respectively. 
A typical run for NG synthesis can be described as follows. Firstly, copper foils (99.8% purity, 25 µm thick, Alfa Aesar) were cleaned in a diluted HCl aqueous solution to remove the oxide coatings on the surface. Then, the copper foils were loaded into the center of AP-CVD quartz tube reactor, as shown in Fig. S1. Before heating the reactor up, a mixture of Ar (1000 sccm) and H2 (50 sccm) was introduced into the reactor to degas the air inside. Then, the reactor was heated up to 980 C at a rate of ~30 C/min and kept constant for 10 min to anneal the copper foils. After that, CH4 (10 sccm) was fed into the reactor at 980 C for 30 min. Subsequently, the feeding of CH4 was cut off and the reactor was cooled down to 850 C. Then, NH3 (5.0 sccm) was introduced into the reactor for 10 min at 850 C. Next, the reactor was cooled down to room temperature naturally. The copper foils with NG sheets were taken out of the reactor for further characterizations.
Pristine graphene (PG) sheets were synthesized in the same way except for the NH3 step, which was absent during growth. 
S2.  Transferring N-doped graphene sheets onto other substrates
As-grown graphene sheets could be easily transferred onto other substrates (e.g. silicon wafers, quartz slides, TEM grid). The processes are illustrated in Fig. S2.
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Figure S2  Transferring NG sheets from copper foil to other substrates. a, Transferring NG onto SiO2/Si wafer. b, Transferring NG onto TEM grid. Here PMMA and IPA denote polymethyl methacrylate and isopropanol, respectively.
Large-area NG sheets were transferred onto SiO2/Si wafers (or quartz slides) with the assistance of polymethyl methacrylate (PMMA). Typically, as shown in Fig. S2a, the top surface of NG sheets was firstly covered with PMMA by spin coating. Then, Cu foil underneath the NG sheet was etched away in copper etchant (FeCl3/HCl (0.5 M/0.5 M) aqueous solution in present work). Next, PMMA/NG sheets were rinsed several times in deionized water to remove the FeCl3 residues. Afterwards, a piece of SiO2/Si wafer (or quartz slide) was used to fish the floating PMMA/NG sheets from deionized water. Finally, PMMA was removed from the top surface of NG sheets by alternative rinse in acetone and isopropanol (IPA) solvents. A high-quality, large-area NG sheet could thus be obtained on SiO2/Si wafer after blowing solvents away with compressed N2.
In the case of transferring NG sheets onto TEM grid, we used a polymer-free method based on the work of Zettl group1. A typical procedure is shown in Fig. S2b. Firstly, TEM grid was mounted onto a piece of copper foil with NG sheet. Then, a drop of IPA was used to bind the amorphous carbon (a-C) layer of TEM grid and the NG sheet by surface tension. After the IPA was evaporated away, the a-C and NG sheet could combine tightly. Next, Cu foil underneath the NG sheet was etched away. NG sheets on TEM grid could finally be obtained after water rinse and drying.  The sample could then be analyzed by HRTEM. Fig. S3 shows the SEM images of NG sheets (green) on a TEM grid (blue). 
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Figure S3  SEM images of NG sheets on TEM grid. a, Low-magnification and b, High-magnification false-color SEM images of NG sheets on TEM grid. 
S3.  Occasional HRTEM features in N-doped graphene sheets
[image: image5.jpg]



Figure S4  Occasional high-resolution transmission electron microscope (HRTEM) features in as-synthesized NG sheets. a, Bi-layer and b, Tri-layer NG sheets. Moire patterns could be clearly observed. The insets in a-b are the corresponding fast Fourier transform (FFT) patterns. In the case of bi-layer NG sheets in a, the FFT image shows two layer stacking with ~15 rotation. While in the case of tri-layer NG sheets in b, it shows three layer stacking with ~7.5 rotation.
S4.  Raman mappings of N-doped graphene sheets
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Figure S5  Raman mappings of N-doped graphene sheet on SiO2/Si substrate. a, D-band intensity (ID). b, G-band intensity (IG) and c, 2D-band intensity (I2D) mapping of N-doped graphene sheet. The NG sheets contain the majority of single-layer sheets and some few-layer islands (see circled parts in b). d, Atomic force microscope (AFM) image of the area indicated in c. It can be seen that most of the area are monolayer graphene except for some few-layer islands, which is in agreement with the Raman mapping and HRTEM analysis.
S5.  STM images of different doping defects in as-synthesized NG sample
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Figure S6  Typical scanning tunneling microscopy (STM) image of NG sample. It can be seen that most of the nitrogen incorporation occurs in the same sub-lattice (N2AA), as opposed to the other sub-lattice (N2BB). 
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Figure S7  High-resolution STM images of less common doping defects found in as-synthesized NG sample. All the scale bars in a-c are 5 Ǻ. 
S6.  Possible formation mechanism of dominant N2AA defects
Total energy calculations indicate that it is energetically more favorable to introduce a second N2AA defect in the same A sub-lattice than to place it on the B sub-lattice (see Fig. S8 as below). The calculation was carried out in a 512 atom supercell, where the distance of the two different N2 defects is ca. 2.5 nm. The difference in energy is 14 meV.
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Figure S8  N-doping incorporation at the same and different sub-lattices. a, AA-AA doping. b, AA-BB doping. Total energy calculations reveal that having two N2AA as in a defects is more favorable than having a second N2 defect in the other sub-lattice (N2BB). 
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Figure S9  Raman analysis of NG sheets synthesized at different NH3 reaction temperatures. a, Typical Raman spectra. b, intensity ratio of D-band and G-band. c, position of G-band. d, position of 2D-band. It should be mentioned that these statistical results were obtained based on 50 Raman spectra collected randomly in NG samples synthesized at different NH3 reaction temperatures.
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Figure S10  Raman analysis of NG sheets synthesized at 850 (C with different NH3 reaction times. a, Typical Raman spectra. b, intensity ratio of D-band and G-band. c, position of G-band. d, position of 2D-band. These statistical results were obtained based on 50 Raman spectra collected randomly in NG samples synthesized at 850 (C with different NH3 reaction times.
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Figure S11  Raman analysis of NG sheets synthesized at 800 (C with different NH3 reaction times. a, Typical Raman spectra. b, intensity ratio of D-band and G-band. c, position of G-band. d, position of 2D-band. These statistical results were obtained based on 50 Raman spectra collected randomly in NG samples synthesized at 800 (C with different NH3 reaction times.
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Figure S12  Typical STM images of control samples synthesized at different NH3 reaction temperatures and times. a, NG synthesized at 750 (C for 10 min. In this case, it is very hard to find N2AA dopants. b, NG synthesized at 800 (C for 30 min. In this sample, both N2AA (highlighted by circles) and single-substituional N dopants (pointed by arrows) could be easily visualized. Images sizes: a, 15 nm x 15 nm; b, 15 nm x 15 nm.
S7.  STS of NG sample and pristine graphene
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Figure S13  Local electronic characteristics of NG sheets and pristine graphene. a, dI/dV curves measured on N2AA dopants (red solid curve) and on undoped graphene region (olive dot curve). b, dI/dV curve of pristine graphene. 
S8.  Graphene-enhanced Raman scattering (GERS) measurement
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Figure S14  GERS experiments of RhB molecules on NG sheets and on bare SiO2/Si wafer. a, NG/SiO2/Si wafer was incubated in a RhB/ethanol solution (5×10-5 mol/L) for 10 min and then rinsed and dried. b, GERS measurement of NG sheet. The laser line is 514 nm. The integration time is 10 s for all cases. Pristine graphene sheets were also tested. c, Raman spectrum of RhB molecules on bare SiO2/Si wafer. Raman peaks from silicon wafer can be clearly observed. However, due to the strong fluorescence effect, no obvious Raman peaks from RhB molecules could be detected.
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Figure S15  Raman spectra of different graphene sheets with and without RhB molecules. a, pristine graphene sheets.  b, NG sheets. Obvious peak shifts could be seen in the case of NG sheets after the anchoring of RhB molecules.
Table S1  Raman peak positions of different graphene sheets with and without RhB molecules
	
	D-band (cm-1)
	G-band (cm-1)
	2D-band (cm-1)

	
	No RhB
	With RhB
	No RhB
	With RhB
	No RhB
	With RhB

	Pristine graphene
	1348
	1352
	1588
	1589
	2689
	2690

	N-doped graphene
	1344
	1361
	1586
	1600
	2682
	2698
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