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Supplementary Methods and Figures 

 

Physicochemical Characterization  

TEM images were obtained from a JEM–2010FEF high resolution electron microscope operated 

at 20 kV. X-ray diffraction (XRD) patterns were recorded on a Rigaku D/MAX-RB diffractometer 

with monochromatized Cu-Kα radiation at 50 mA and 40 kV. Surface features and morphologies 

were investigated using a JSM–7100F field emission scanning electron microscopy (FE-SEM) 

installed with an energy dispersive analyzer and operated at 20 kV. Selected area elemental 

mapping was obtained via Energy-dispersive X-ray Spectroscopy (EDX). Atomic force 

microscopic (AFM) images were acquired under tapping mode on a Si-tip NanoScope IIIA, Digital 

Instruments/VEECO. A Fourier transform infrared (FT-IR) spectrometer (Bio-Rad FTS 300) was 

used to recorded IR spectra of solid particles by KBr pellet method. Raman spectra were analyzed 

on a LabRAM Aramis Raman equipment using Ar-ion laser at λ=632.8 nm. A VG Multi-lab 2000 

instrument was used to acquire X-ray photoelectron spectroscopic (XPS) data. Elemental 

composition was performed on a German elemental analysis instrument (GmbH EL Cube Vario 

Elemental Analyzer), and nitrogen sorption porosimetry on a Micromeritics TriStar II 3020, 

Version 2.00. The yield per sample was determined by weight-difference analysis of the initial 

(GO/Hn and GO/L-Cysteine mixtures) and final (NSG) samples. 

 

Electrochemical Characterization 

A catalyst-ink was prepared by ultra-sonically dispersing 5.0 mg of catalyst in a solution of Nafion 

(5 wt.%, DuPont)/UHP water/isopropanol and optimized for homogeneous dispersion. The 

working electrode was prepared by loading the catalyst-ink (10 µL) onto a glassy carbon electrode 
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(0.196 cm2) and dried under constant rotation at 600 rpm for at least 20 min under ambient 

conditions. Commercial Pt/C (20 wt.%, 20 µg Pt cm-2) was used as a benchmark. A saturated 

calomel electrode (SCE) and platinum wire were used as reference and counter electrodes, 

respectively. All electrochemical properties were measured on a three electrode electrochemical 

system (CHI-660E) at room temperature. Linear sweep voltammetry (LSV) was measured by 

rotating disk electrode technique using a Pine research instrument, USA, at the scan rate of 5 mVs-

1 vs SCE at 1600 rpm in 0.1 M KOH and 0.1 M HClO4. Cyclic voltammograms (CV) was recorded 

at the scan rate of 20 mVs-1 vs SCE. The oxygen evolution reaction (OER) properties were also 

characterized in 0.1 M KOH at a scan rate of 5 mVs-1, and the electro-potential for water oxidation 

evaluated at 10 mAcm-2 current density (Ej=10). The ORR stability and tolerance were evaluated 

by chronoamperometry (current vs time) at -0.3 V and 1600 rpm. The resistance to CO (O2 + CO, 

VCO/VO2 ≈ 10 %) contamination and methanol (O2 + 1 M CH3OH) oxidation molecules was also 

probed in both media. The half-wave potential (E1/2) was estimated as the potential half-way (50 

%) between zero current and the estimated diffusion-limited current density (jL) at the specified 

potential of -1.0V, and onset-potential (Eo) as the potential at which the ORR current was ~5 % of 

the estimated diffusion-limited current density. The working electrode was electrochemically 

cleansed and stabilized via potential cycling at 0.5 Vs-1 for 100 cycles. The average number of 

electrons transferred was estimated using the Koutecky-Levich (K–L) equation.  
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Figure S1 FT-IR spectra and corresponding illustration of main structural configuration of horn 

(Hn), GO, and NSG. The atoms are: C-gray, H-white, O-red, N-blue, S-yellow. 
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Figure S2 FE-SEM images of GO (a, c, d), horn (b, e, f), and NSG (g, h, i) at different 

magnification scales, and (j) TEM image of NSG.  
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Figure S3 Atomic force micrograph (AFM) of graphene oxide and corresponding surface scan 

profiles. The approximated average sheet thickness is ~1.2 nm. The image was scanned on a Si tip 

NanoScope IIIA, Digital Instruments/VEECO in tapping mode, and processed with a NanoScope 

Analysis Software. Dash lines and cross marks are guide to eye. 

 

 

 

 

 

Figure S4 (a) Tafel plots of NSG and Pt/C catalysts in 0.1 M KOH. 
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Figure S5 NSG (a) Nitrogen adsorption-desorption isotherm and pore size distribution profiles 

(inset), (b) SEM image. Dash circles show edge-to-edge linkage and arrows indicate surface 

wrinkles. 
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Figure S6 NSG catalyst prepared at various pyrolysis temperatures (a) LSV curves, (b) content of 

doped N and S, and corresponding Eo, (c) Raman spectra, (d) relative doping ratios and 

corresponding Eo at constant GO mass ratio and temperatures at 900 oC.  
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Figure S7 (a and b) SEM images, and (c) Nitrogen adsorption-desorption isotherm and pore size 

distribution profiles (inset) of NSG prepared at a high GO/Hn mass ratio of 1:5, respectively. 
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Figure S8 (a) CV curves of NSG and Pt/C, (b) LSV curves of NSG at different rotation rates, Inset 

is the corresponding K-L plots. Data were conducted in 0.1 M HClO4 aqueous solution.  

 

 

Figure S9 Average number of electrons transferred for oxygen reduction in alkaline (0.1M KOH) 

and acidic (0.1M HClO4) media. An inset is the number of electrons transferred at various 

potentials under the electrolytes indicated in the figures.  
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Figure S10 NSG catalyst tolerance by chronoamperometry (i-t) scan to (a) Methanol, and (b) CO, 

(An inset is the relative current retention after i-t scan), (c) LSV scan profiles, and (d) CV scan 

profiles of NSG, and (e) corresponding CV curves of Pt/C. Data were recorded in 0.1 M KOH 

solution under the condition indicated in the figure, VCO/VO2 ≈ 10%, 1M CH3OH, LSV at 1600 

rpm. 
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Figure S11 NSG (a) Nitrogen adsorption-desorption isotherm and pore size distribution (inset), 

(b) SEM images and (c) Raman spectra. Data were recorded after electrochemical tests (ORR, 

CV10,000, and i-t10,000) in 0.1M KOH. Samples were thoroughly washed in ethanol, rinsed with 

copious amount of DI water after electrochemical tests, and dried at 80 oC for 12 h before 

characterization.  

 



S-13 
 

 

Figure S12 Methanol electrooxidation (a) CV curves of NSG in O2-saturated electrolyte before 

and after methanol injection, (b) CV curves of Pt/C in O2-saturated electrolyte before and after 

methanol injection. Chronoamperometry (i-t) scan profiles of NSG and Pt/C against (c) methanol 

oxidation and (d) time. All data were recorded in 0.1M HClO4 aqueous solution. 
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Table S1 Elemental composition by carbon elemental analysis and XPS surface scan. 

 

Element 

Elemental Analysis (wt. %)  XPS (at. %) 

GO Hn aHnGO b NSG 
 aHnGO b NSG 

C 70.30 51.22 63.79 91.12  65.60 91.41 

O 29.50 30.36 31.01 5.43  30.16 5.15 

N – 16.53 3.24 3.13  3.17 3.14 

S – 1.79 1.09 0.28  1.04 0.22 

aMixture of horn and GO before pyrolysis 
bN, S co-doped graphene obtained after pyrolysis at 900 oC for 2h under Ar flow. 

 

 

 

 

Table S2 Effects of temperature on the composition of NSG prepared with horn and high purity 

cysteine. All samples were obtained using a mass ratio of 1: 0.6. 

 
 

Component 
NSG  

(GO/Hn)  

 

  
 

aNSG 

(GO/Hn) 

 

 

b
NSG  

(GO/L-cysteine) 

Temp./ oC 600 700 800 900  a700 a900  b
700 

b
900 

N 2.878 3.045 3.102 3.127  3.101 3.196  2.420 1.700 

S 0.176 0.188 0.212 0.282  0.150 0.374  3.330 2.268 

%Yield  32.61 31.64 30.81 26.35  30.88 27.04  22.69 20.35 

aIndicates a repeated test with fresh NSG samples from a GO/Horn mixture. 
bIndicates samples prepared from GO/pure cysteine mixture. 

  Mass of sample for elemental analysis (NSG: ~1.756 mg; aNSG: ~2.503 mg; bNSG: ~1.539 mg) 
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Table S3 Optical photograph of samples at various mass ratios before and after pyrolysis and their 

corresponding SEM images after pyrolysis. 
 

GO/Hn 

 mass ratio 
 

 

Before pyrolysis 

(Raw mixture)     

 

After Pyrolysis  

at 900 oC 

 

SEM Images 

(Scale: 100 nm) 

 

 

 

1: 0.1 

 

 

 

 

 
 

 

 

 

 

 

 

 

1: 0.6 

 

 

 

 

 
 

 

 

 

 

 

 

 

1: 1.5 

 

 

 

 

 
 

 

 

 

 

 

 

 

1: 5 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

1: 0.6 

 

GO/ 

L-Cysteine 

 

 
 

 

 

 

 

Blackish 

Gray Black 

Brownish Black 

 

Dark-yellow mid-Black 

 

Ash Black 

 

Black 
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Table S4 Optical photograph of samples obtained before and after pyrolysis. GO/Hn mass ratio is 

1: 0.6. 

 

Temp./ 
oC 

 

Before 

pyrolysis 

 

After  

Pyrolysis  
 

 

Typical horn 

samples 

 

 

 

600 

 

 
 

 

 

 

 

 

 

 

700 

 

 
 

 

 

 

 

 

 

 

800 

 

 

 

 

 

 

The optical images in Table S3 clearly show a quantitative decrease of pyrolyzed samples as the 

GO/Hn mass ratio increases. With the increase in volume, the mass of pyrolyzed product 

drastically decreases, indicating the formation of aerogel structures with low density as 

temperature rises. With the same ratio and processing conditions, the sample obtained by using 

pure cysteine (bNSG) yields the highest quantity by volume. Table S4 also shows that with the 

increase in temperature, the quantity by volume, also increases suggesting that aerogel can be 

obtained at relatively higher temperatures and lower mass ratio. Also, from Table S2, it can be 

observed that the contents of both N and S decrease as the temperature increases for samples 
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obtained with GO/pure cysteine mixture contrary to that of GO/Hn. By using pure cysteine, the 

amount of doped S becomes higher than with the use of Hn but lower in N content, suggesting that 

other minor keratinous amino acid groups in horn may have contributed to the high content of N 

during the GO/Hn thermal reaction. As a verification, the test was repeated for GO/Hn using fresh 

samples prepared at 700 and 900 oC, which also show that both the N and S contents slightly 

increase as the temperature was raised from 700 to 900 oC. The reasons for this phenomena are 

discussed in the main text. 

 

 

 

 

 

Table S5 A comparison of the ORR properties of N, S dual-doped Carbon Frameworks/Graphene 

in aqueous alkaline and acidic electrolytes.  

 

Catalyst 
Heteroatom source (at. %)  

SS 
ORR in 0.1M KOH ORR in HClO4 

 

Ref. 
Nitrogen Sulfur Ep E1/2 na Ep jL na 

NSG *Horn    

(3.14) 

*Horn    

(0.22) 

1 -0.22 -0.23 3.68 +0.45 -0.47 3.45 This 

work 

GC-NLS 
■
NH3 

(2.03) 

■Phenyl 
disulfide 

(0.23) 

2 – -0.24 3.8● 

 

– – – [1] 

HT
SN/C-
900 

■1-allyl-2-
thiourea (7.2) 

■1-allyl-2 
thiourea (1.6) 

2 -0.34 -0.32 3.66 – – – [2] 

HT
NG/NS-

900/ 

■
 NH3            

(4.6) 

■H2S      

(1.25) 

3 -0.36 <-3.0 3.20 – – – [3] 

HT
N-S-G Melamine 

■
Benzyl 

disulfide 
3 -0.28 <-3.4 3.60● – – – [4] 
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GIL-carbon ■
[Bmim][Tf2

N] and N2 

(13.02) 

■
[Bmim][Tf2

N]        

(13.02) 

1 -0.26 -0.31 3.64 × -5.20 3.16 [5] 

NSGMCNs

-1100 

■
Thiourea 

(4.1) 

■
Thiourea  

(2.2) 

2 -0.27 -0.25 3.50 – – – [6] 

N/S-GFs 
■
Thiourea 
(12.3) 

■
Thiourea 
(18.4) 

2 -0.32 -0.36 3.90● – – – [7] 

N-S-G 
■
Thiourea     

(3.2) 

■
Thiourea     

(1.22) 

1 -0.31 -0.32 3.91● – – – [8] 

SN-rGO ■
Thiourea     

– 

■
Thiourea/  

Na2S – 

1 -0.40 -0.41 3.50 – – – [9] 

NS-CNTs  
■
 NH3                   

– 

■
Toluenethiol

/CS2  – 
2 -0.30 -0.23 4.00● +0.29 -4.65 3.42 [10] 

S1N2-GN 
■
Pyridine-

dipyrrolemet

hane (1.91) 

■
Bithiophene

dipyrrolemet

hane (2.63) 

2 -0.27 -0.39 3.70 – – – [11] 

NS-G 
■ 

Hydrazine 

monohydrate

–
 

■
2-Amino- 

thiophenol    

–
 

3 -0.26 -0.37 3.20 – – – [12] 

3D NG-

900 

■
Polypyrrole 

(2-3) 

–
 

2 -0.26 -0.32 3.80● – – – [13] 

PAC/5S (6.55) (9.52) 3 – -0.21 3.82● – – – [14] 

N/S-GP 
■
3-amino 

benzene 

sulfonic acid 

– 

■
3-amino 

benzene 

sulfonic acid 

– 

 

2 

 

-0.35 

 

-0.37 

 

3.94● 

 

– 

 

– 

 

– 

 

[15] 

HT
NOSC8-

900 

■
 (NH4)2S2O8 

■
 (NH4)2S2O8 3 -0.21 -0.23 4.00● – – – [16] 

FeNS-EGO ■
Pyrrole   
(3.4) 

■
 (NH4)2SO4 

(4.1) 
2 -0.24 -0.36 3.40 – – – [17] 

CSNP-900 ■C4H10NO3PS 

(1.83) 

■C4H10NO3PS 

(0.46) 

2 -0.32 -0.38 2.99 – – – [18] 

N/S-G900 
■
C8H4NO2       

2.12 
C3H7NSO2      

1.70 
3 -0.36 -0.34 3.36 – – – [19] 

SNDC 
■
Dicyandi 

amide (7.58)
 

C3H7NSO2 

(0.57) 

2 – – – – – 3.7● [20] 
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HTNS-MCV 
■
Cyanamide 

(0.8) 

■
Benzyldisulf

ide (0.52) 

3 -0.29 -0.31 3.70● – – – [21] 

HTD-CNTs-

MPC
 

■
Bi-CoPc /N2 

(4.97) 

■
Bi-CoPc 

(2.51) 

3 -0.30 -0.23 3.69 – – – [22] 

NSG ■ [BSO3Hmim] 

[HSO4       

(3.76) 

■ [BSO3Hmim] 

[HSO4]    

(0.36) 

1 -0.35 -0.29 3.50● – – – [23] 

CFO/NS-
rGO 

■
Thio-

acetamide 

(1.32) 

■
Thio-

acetamide 

(3.14) 

3 -0.32 -0.26 4.00● – – – [24] 

NSCNT-3 
■
Thiourea/N2 

(1.94) 

■
Thiourea 

(1.52)
 

3 0.19 0.17 3.86● – – – [25] 

 

Notes on table:  

Acronyms for catalysts are stated as used in the related references. 

(SS) Number of synthesis steps to achieve a dual heteroatom doped porous carbon framework. 

(HT)  Hard-template used to achieve porosity, implying additional synthesis steps and cost. 

(*)    Environmentally-friendly, easy access, and cheap heteroatom source. 

(■)  Chemical reagent as heteroatom source: relatively costly and potentially toxic. 

(Ep) Cathodic peak potential by cyclic voltammetry. 

(E1/2) Half-wave potential by linear sweep voltammetry 

(jL) Limiting current density. 

(na)   Average number of electrons transferred. 

(●)  Electron transfer number was determined at a single potential (not the average). 

(×)  Featureless cathodic peak by cyclic voltammetry in acidic media. 

(–)   No experimental data provided. 

(Ref.)   References. 
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Table S6 A comparison of OER oxidation and overall potentials of NSG with other materials 

 

Catalyst 
 

j (mA cm
-2

) 
 

Ej=10 /V 
Overall ∆E  

(Ej=10 – E1/2) /V 

 

Ref. 

 

NSG 
10 

5 

0.69 

0.60 

0.92 

0.83 

 

This work 

Pt/C 5 0.90 1.09 This work 
 

 

N,S-CN 
10                 

5 

0.68 

0.65 

0.88 

0.85 

 

[26] 

 

B-Graphene 5 0.90 1.13 [27] 

 

NG-1000 2 0.80 1.00 [28] 

 

PCN–CFP 10 0.61 0.96 [29] 

 

 

CNT@NCNT 
10 

5 

0.75 

0.67 

1.03 

0.95 

 

[30] 

 

MnxOy/NC 10 0.67 0.93 [31] 

N-graphene/ CNT 10 1.63 1.00 [32] 

Co3O4/NBGHSs 10 0.71 0.86 [33] 

CaMn4Ox 10 0.81 1.04 [34] 

 

  Acronyms for catalysts are stated as used in the related references. 

     (Ref.)   References. 
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