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Figure S2. (a) HAADF micrograph showing the defect site in the outermost graphitic shell of a S-CNO, (b) 
indicates the position of the line profile (blue dashed box), (c) Fourier filtered image of (b) for improved clarity. 
(d) and (e) are line profiles across the defect sites in (b) and (c), respectively.  

 

 
 
 
 
 

Figure S1. Fourier filtered HAADF image indicating single and grouped dopant atoms (yellow circles) in a N-CNO 



 

 

 

 

 

Figure S3.  XPS survey scans of CNO, Ox-CNO, N-CNO, S-CNO and NS-CNO 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first order G-band originates from the sp2 hybridized (C-C) in-plane stretching mode for both rings 
and chains.1 Typically, a G-band can be seen for all sp2 hybridized systems.2,3 It is noted that for all 
doped and undoped CNO samples, the G-band center is slightly downshifted (~1570 cm-1) with respect 
to that of highly oriented pyrolytic graphite (~1580 cm-1). This G-band downshift is attributed to the 
tensile strain in the graphene planes due to the curvature of the CNOs,4 consistent with the curvature 
of the CNO remaining intact after doping. On the other hand, the first-order D-band arises from the 
breathing oscillation mode of sp2 hybridized hexagonal C-C rings.3 This vibrational mode becomes 
active only in the presence of symmetry breaking defects such as heteroatoms, vacancies, sp3 centers 
and grain boundaries.2 The intensity ratio, ID/IG, is therefore a measurement of the material disorder.5 
 

 

 

 

 

 

 

 

 

Figure S4. Raman spectra of CNO, Ox-CNO, N-CNO, S-CNO and NS-CNO 



Figure S5. (a) HAADF micrographs and (b) the respective Fourier filtered images of pristine CNOs imaged at 
three different areas of the same sample. 

 

 

The scattering intensity of electrons on this detector ∝ Z1.6-1.9 

Intensity ratio (from HAADF micrograph (Figure S1) = ଷ.ହ ௫ ଵషయ

.ହ ௫ ଵషయ = 7 

Ratio between Z1.9 of S and C =ଵభ.వ

భ.వ = 6.45 

 

Figure S6. Line scan across C and S atoms in S-CNO sample (HAADF image) 



Figure S7. Proximity to defect site histogram with equal bin size (0.01 nm). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Quantitative analysis of NS-CNO 

 Dopant atom Proximity to defect site 

CNO 
Single Grouped At defect site 0 - 0.4 nm 0.41- 0.7 nm >0.71nm 

1 2 3 4 1 2 3 4 
Number of 

dopants 
Proximity 

(nm) 
Number of 

dopants 
Proximity 

(nm) 
Number of 

dopants 
Proximity 

(nm) 

1 3    2    

    1 1.00 
      

      

2 2        

    1 0.80 
    1 >2.0 
      

3 3  1      
3 0.35 1 0.45   

1 0.25     

1 0.35     

4 3 1 1  1  1  
1 0.24   1 > 2.0 
    2 1.50 
      

5 9 3 2  7 2 1  
1 0.30     

1 0.35     

3 0.21   2 >2.0 

6 5 1 1 1 1 1 1 1 

1 0.35 1 0.55   

  1 0.57   

  1 0.56   

7 8 2   6 2   
1 0.33 1 0.45   

      

      

8 7 1   4 1   
1 0.40     

1 0.35     

1 0.25     

9 8 3   7 2   
1 0.20     

2 0.30     

      

10 6 4   3 3   
1 0.35 1 0.45   

1 0.30     

2 0.30     

11-12 11 2 1 1 9 2 1 1 

1 0.25   1 >2.0 
      

      

13-14 7  1  4  1  

  1 0.45 1 >2.0 
    1 0.80 
      



15 3 1   1 1   
1 0.25     

1 0.35     

      

16 2    2    

      

      

      

17 2    1    
1 0.30     

            

            

18-21 10 2   7 2   
1 0.30 1 0.60   

1 0.30     

      

22-23 3    2    

    1 1.10 
      

      

24-29 9  1 1 7  1 1 

  1 0.70 1 1.00 
      

      

30-32 6 1   6    

  2 0.60   

      

      

33-36 7 1 1  5 1   
1 0.35   1 2.00 
    3 >2.0 
      

37-39 7 1 1  5  1  
1 0.35     

2 0.30     

1 0.25     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S2. Quantitative analysis of S-CNO 

  Dopant atom Proximity to defect site 

CNO 

Single Grouped At defect site 0 - 0.4 nm 0.41- 0.7 nm >0.71nm 

1 2 3 4 1 2 3 4 
Number of 

dopants 
Proximity 

(nm) 
Number of 

dopants 
Proximity 

(nm) 
Number of 

dopants 
Proximity 

(nm) 

1-4 12    8    
  1 0.45 1 0.9 
  1 0.6 1 0.8 

0     
 

5-7 5 4 1  1 3 1  

1 0.3 1 0.7   
  2 0.55   

  1 0.6   

  1 0.45   

8-10 2 1 1 1  1 1  

 
 4 0.5 1 >2.0 

    1 >2.0 

0      

11-16 5 2   2 2   

 
   1 >2.0 

    1 1.2 
    1 0.8 

17-24 10  1  2  1  

1 0.3 1 0.7 1 1 
1 0.3   1 1 
    1 0.8 
    1 >2.0 
    1 1.8 

25-27 12    7    

 
   1 1.2 

    1 >2.0 
    1 >2.0 
    1 >2.0 
    1 >2.0 

28-29 9        

1 0.35 1 0.7 1 >2.0 
    1 >2.0 
    1 >2.0 
    1 >2.0 
    1 >2.0 

 

 

 

 

 

 



Table S3. Quantitative analysis of N-CNO 

 Dopant atom Proximity to defect site 

CNO 
Single Grouped At defect site 0 - 0.4 nm 0.41- 0.7 nm >0.71nm 

1 2 3 4 1 2 3 4 
Number of 

dopants 
Proximity 

(nm) 
Number of 

dopants 
Proximity 

(nm) 
Number of 

dopants 
Proximity 

(nm) 

1-4 4        

  1 0.50 1 1.60 
    1 1.10 
    1 0.80 

5-9 6 2   1 1   

  1 0.55 1 1.40 
    1 1.00 
    1 1.10 
    2 >2.0 
    1 >2.0 

10-12 7 2   2    

2 0.20 1 0.60 1 >2.0 

1 0.40   1 >2.0 
    2 1.10 
    1 >2.0 

13-22 10 2 3  4 1 1  

    1 1.20 
    1 1.20 
    3 >2.0 
    1 >2.0 
    2 1.20 
    1 >2.0 
    1 >2.0 
    3 1.00 
    1 >2.0 

23-24 4    1    

  1 0.60 1 >2.0 
    1 >2.0 

0      

25-27 5 1 1  1    

  1 0.50 1 >2.0 
    1 >2.0 
    3 >2.0 
    2 >2.0 
    1 >2.0 

28-30 3 1       

    1 >2.0 
    1 >2.0 
    1 >2.0 
    2 >2.0 

 
 



 

 
n=3 
 
Initial oxidation of CNO increases oxygen functional groups and subsequent heteroatom doping 
reduces the oxygen content due to the exchange of heteroatoms or due to the removal of oxygen 
during the thermal annealing. It is important to mention that, after doping, the heteroatom content of 
each sample is approximately twice that of oxygen (Table S4).  
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Table S4. Results of XPS survey scans 


