
 
Corresponding authors. E-mail addresses: guoxf@nju.edu.cn (X. Guo), shaowei@ucsc.edu (S. Chen). 

Supporting Information 

 

Iron Nanoparticles Encapsulated in S,N-Codoped 

Carbon: Sulfur Doping Leads to Enriched Surface 

Electron Density and Enhanced Electrocatalytic 

Activity towards Oxygen Reduction  
 

Shanyong Chena, Yong Yana, Panpan Haoa, Muhong Lia, Jiyuan Liangb, Jia Guoa, Yu Zhanga, 

Shaowei Chenc,*, Weiping Dinga, Xuefeng Guoa,* 

 
a Key Laboratory of Mesoscopic Chemistry, Ministry of Education, School of Chemistry and 

Chemical Engineering, Nanjing University, 163 Xianlin Road, Nanjing 210023, China 
b Key Laboratory of Optoelectronic Chemical Materials and Devices, Ministry of Education, 

School of Chemical and Environmental Engineering, Jianghan University, Wuhan 430056, 

China 
c Department of Chemistry and Biochemistry, University of California, 1156 High Street, Santa 

Cruz, California 95064, United States 

 

List of contents 

 

• Experimental Section 

• 5 tables 

• 28 figures  

mailto:guoxf@nju.edu.cn


S-2 

 

Experimental Section 

Chemicals 

Basic ferric acetate (Fe(OAc)2OH.) was purchased from MAYA Reagents Co. Ltd. 

Hexamethylenetetramine (C6H12N4), thiourea and urea were purchased from Sinopharm Chemical 

Reagents Co. Ltd. Activated carbon (AC) was purchased from XFNANO Materials Tech Co. Ltd. Pt/C 

20 wt.% catalyst and Nafion solution (5 wt. %) were purchased from Alfa Aesar China. All reagents 

were directly used without further purification. 

Characterization 

Powder X-ray diffraction (XRD) patterns were acquired on a Shimadzu XRD-6000 

diffractometer with Cu Kα radiation (λ = 1.54 Å) or Co Kα radiation (λ = 1.7902Å). Transmission electron 

microscopy (TEM) measurements were carried out with a JEOL JEM-2100 instrument at the 

accelerating voltage of 200 kV. Nitrogen adsorption-desorption isotherm measurements were 

conducted on an ASAP 2020 apparatus. The specific surface area was evaluated by the Brunauer–

Emmett–Teller (BET) method and the pore distribution was acquired from the Barrett-Joyner-Halenda 

(BJH) model. Raman spectra were recorded on a Renishaw inVia spectrometer. X-ray photoelectron 

spectroscopy (XPS) analysis was performed on a PHI 5000 Versa Probe with Al Kα radiation, where the 

binding energies were calibrated against the C 1s peak at 284.6 eV. Thermogravimetric analysis (TGA) 

was performed on a Perkin-Elmer Pyris 1 instrument from room temperature to 900 C under an air 

atmosphere. XANES spectra were collected in the beamline BL12B-a in National Synchrotron Radiation 

Laboratory (NSRL). Ultroviolet photoelectron spectroscopy (UPS) experiments were conducted at 

ESCALAB250 (Thermo VG Co., Ltd) using He I (hν = 21.22 eV), where a negative bias voltage of 15 V 

was applied to the sample to accelerate electrons of low kinetic energy and determine the secondary 

electron cutoff. Oxygen temperature programmed desorption (O2-TPD) was performed on a TP-5080 

automatic multi-purpose adsorption apparatus using a TCD detector. The samples underwent a 

pretreatment at 300 C for 1 h in an Ar atmosphere, O2 adsorption was conducted at room temperature, 

and the subsequent desorption curves were collected from 100 °C to 600 °C with a flow of Ar. The Fe 

loading of the catalyst also has been determined by inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) with an Optima 5300 DV instrument. 

Electrochemistry 

Voltammetric measurements were conducted with a CHI760D Electrochemical Workstation in 

a three-electrode configuration. In acid electrolytes, Ag/AgCl was used as the reference electrode and 

a graphite rod was used as the counter electrode, whereas in alkaline media, a Hg/HgO reference 

electrode was used instead. Both reference electrodes were calibrated against a reversible hydrogen 

electrode (RHE) and all potentials in the present study were referred to the RHE. A rotating ring-disk 

electrode (RRDE) with a glassy carbon disk (5.61 mm in diameter) was employed as the working 

electrode. To prepare the working electrode for ORR tests in 0.1 M HClO4, 10 mg of the catalysts 

prepared above and 20 μL of 5 wt.% Nafion were added into 1 mL of isopropanol. Then the suspensions 

were dispersed by ultrasonic treatment for 60 min to obtain a homogeneous ink. 16 μL of the ink was 

then deposited on the polished glassy carbon electrode (catalyst loading 0.65 mg cm–2) and dried at 

room temperature (the loading of commercial Pt/C was 0.12 mg cm–2). The preparation of the working 

electrode for ORR tests in 0.1 M KOH was the same except that the catalyst loading was 0.32 mg cm -

2. Prior to voltammetric measurement, the electrolyte was purged with O2 or N2 by bubbling high-purity 

O2 or N2 for 30 min. Linear sweep voltammograms (LSV) were collected at the scan rate of 10 mV s-1 

and 1600 RPM. The polarization curves were obtained by subtracting the background current from the 
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LSV curves with iR compensation. The stability of select samples was tested by chronoamperometric 

measurements at the applied potential of +0.45 V in O2-saturated 0.1 M HClO4 for 100,000 s. Stability 

tests were also run by 10,000 CV cycles within the potential range of +1.05 V to +0.60 V in O2-saturated 

0.1 M HClO4 at the sweep rate of 50 mV s−1.  

The percentage of hydrogen peroxides (H2O2) produced during ORR and the electron reduction 

number (n) involved were calculated from the equations below, 

𝐻2𝑂2(%) = 200
𝐼𝑟/𝑁

𝐼𝑑+𝐼𝑟/𝑁
         (1) 

n = 4
𝐼𝑟/𝑁

𝐼𝑑+𝐼𝑟/𝑁
            (2) 

where Id represents the disk current, Ir the ring current, and N the collection efficiency (0.37) of the 

RRDE. The kinetic current density (Jk) is calculated as follows 

𝐽𝑘 =
𝐽×𝐽𝐿

𝐽𝐿−𝐽
            (3) 

where J is the measured current density, JL is the diffusion-limiting current density. 
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Table S1. Characterization results of Fe@S,N-DC, Fe@S,N-DC3 and Fe@S,N-DC5. 

 

 
a: Fe loading is determined by TGA. 

 

 

 

Table S2. Elemental content of AC and S,N-DC from XPS analysis. 
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Table S3. Comparison of the ORR performance of commercial Pt/C catalyst in this work and in the 

reported literatures. 
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Table S4. Comparison of the ORR performance of Fe@S,N-DC and relevant samples in the literature.
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Table S5. Fe contents in Fe@S,N-DC, Fe/S,N-DC, and Fe@N-DC. 

 

 

a: determined by TGA. b: determined by ICP-AES. 
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Figure S1. (a) TEM and (b) HRTEM images of Fe@S,N-DC 

 

Figure S2. EDS elemental maps of Fe@S,N-DC: (a) Fe, (b) S, (c) N, and (d) combined. 
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Figure S3. XRD patterns of Fe@S,N-DC and Fe/S,N-DCMW. 

 

Figure S4. (a) TGA curves, (b) nitrogen adsorption-desorption isotherms (inset is the pore distribution) of 

the Fe@S,N-DC, Fe@S,N-DC3, and Fe@S,N-DC5. 

 
Figure S5. (a,b) TEM and HRTEM images of (a,b) Fe@S,N-DC3, and (c,d) Fe@S,N-DC5.  
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Figure S6. Electron-transfer numbers (n) and hydrogen peroxide yields (H2O2) of AC, S,N-DC and Pt/C 

in (a) 0.1 M KOH and (b) 0.1 M HClO4. 

 

Figure S7. (a) Nitrogen adsorption-desorption isotherm of AC and S,N-DC (inset is the pore size 

distribution). XPS N 1s spectra of (b) AC and (c) S,N-DC. (d) XPS S 2p spectrum of S,N-DC. (e) Nyquist 

plots of AC and S,N-DC. 
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Figure S8. (a) Tafel plots of the series of catalysts at different potentials. b) Kinetic current densities of 

the series of catalysts at +0.85 V. Data are derived from Figure 4a. 

 

 

Figure S9. Double-layer capacitances of Fe@S,N-DC, Fe@S,N-DC3 and Fe@S,N-DC5. 

 

 

Figure S10. ORR polarization curves of Fe@S,N-DC and Pt/C in 0.1 M KOH. 
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Figure S11. (a) Tafel plots of the series of samples. (b) Kinetic current densities of the series of samples 

at +0.85 V. 

 

 

Figure S12. (a-c) TEM images of Fe@N-DC. Inset to panel (d) is the corresponding SAED patterns.  

 

 
Figure S13. (a) Nitrogen adsorption-desorption isotherm. Inset is the pore distribution. (b) TGA curve 

of Fe@N-DC. 
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Figure S14. (a) Fe 2p and (b) N 1s spectra of Fe@N-DC. 

 

 
Figure S15. Raman spectra of Fe@S,N-DC and Fe@N-DC. 
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Figure S16. (a) UPS spectra of Fe@S,N-DC, Fe@N-DC, and Au. UPS spectra in the energy regions 

of (b) cutoff (Ecutoff) and (c) onset (Ef) for Fe@S,N-DC. (d) UPS spectra in the energy regions of cutoff 

(Ecutoff) and (e) onset (Ef) for Fe@N-DC. The work function is determined by the equation of ϕ =21.2 eV- 

(Ecutoff - Ef). 

 

Figure S17. Nyquist plots of Fe@S,N-DC and Fe@N-DC. Inset is the zoom in of the semicircle regions. 



S-15 

 

 

Figure S18. (a) Possible ORR pathway for Fe@S,N-DC. (b) Schematic illustration of the electron 

transfer and ORR for Fe@S,N-DC. 

Figure S19 (a-b) TEM images of Fe@S,N-DC after 10,000 CV cycles in 0.1 M HClO4. 
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Figure S20. (a) CV and (b) current-time curves of Fe@S,N-DC and Pt/C before and after the addition 

of 2.5 M methanol. ORR polarization curves of (c) Fe@S,N-DC and (d) Fe/S,N-DC before and after the 

addition of NaSCN.  

 

 

Figure S21. Oxygen TPD curves of Fe@S,N-DC and S,N-DC. 
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Figure S22. (a) TEM and (b) HRTEM images of Co@S,N-DC2. 

 

 

Figure S23. (a) XRD pattern (Co Kα radiation, λ = 1.7902Å) and (b) TGA curve of Co@S,N-DC2. 

 

 

Figure S24. Nitrogen adsorption-desorption isotherms of Co@S,N-DC2 
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Figure S25. (a) TEM and (b) HRTEM images of Ni@S,N-DC2. 

 

 

Figure S26. (a) XRD patterns of Ni@S,N-DC2 and Ni@S,N-DC5. (b) TGA curve of Ni@S,N-DC2. 

 

Figure S27. Nitrogen adsorption-desorption isotherms of Ni@S,N-DC2 and Ni@S,N-DC5. 
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Figure S28. Hydrogen evolution reaction (HER) performances of Co@S,N-DC5, Co@S,N-DC3, and 

Co@S,N-DC2. 

 


