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ABSTRACT 

The widespread use of fuel cell technology is hampered by the use of expensive and 

scarce platinum metal in electrodes which is required to facilitate the sluggish oxygen reduction 

reaction (ORR). In this work, a viable synthetic approach was developed to prepare iron-based 

sulfur and nitrogen dual doped porous carbon (Fe@SNDC) for use in ORR.  Benzimidazole, a 

commercially available monomer, was used as a precursor for N doped carbon and calcined with 

potassium thiocyanate at different temperatures to tune the pore size, nitrogen content and 

different types of nitrogen functionality such as pyridinic, pyrrolic and graphitic. The 

Fe@SNDC–950 with high surface area, optimum N content of about 5 at% and high amount of 

pyridinic and graphitic N displayed an onset potential and half-wave potential of 0.98 and 0.83 V 

vs RHE, respectively, in 0.1 M KOH solution. The catalyst also exhibits similar oxygen 

reduction reaction performance compared to Pt/C (20 wt.%) in acidic media. Furthermore, when 

compared to commercially available Pt/C (20 wt.%), Fe@SNDC–950 showed enhanced 

durability over 6 hours and poison tolerance in case of methanol crossover with the concentration 

up to 3.0 M in oxygen saturated alkaline electrolyte. Our study demonstrates that the presence of 

N and S along with Fe-N moieties synergistically served as ORR active sites while the high 

surface area with accessible pores allowed for efficient mass transfer and interaction of oxygen 

molecules to the active sites contributing to the ORR activity of the catalyst.  
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INTRODUCTION  

The oxygen reduction reaction (ORR) significantly affects the performance of various 

electrochemical energy conversion devices such as fuel cells and metal-air batteries.[1-4]   The 

complex reaction mechanism and sluggish electron transfer kinetics of ORR requires a catalyst 

for faster ORR and so far, platinum or carbon-supported platinum (Pt/C) served as the best ORR 

catalyst. However, using expensive and scarce Pt or Pt/C catalysts at the cathode of fuel cells 

increases the cost and hampers the extensive commercialization of these environmentally 

friendly devices.[5, 6]  In addition, Pt or Pt/C are prone to several serious problems, including 

declining activity due to dissolution, surface activation and aggregation of Pt in the corrosive 

environment of a fuel cell, the CO or methanol crossover and the poisoning effect.[7-9] Thus, it 

is necessary to develop inexpensive catalysts which can exceed the performance of commercially 

available Pt/C with high durability and stability in both acidic and alkaline media.  

Numerous investigations have been conducted on nonprecious metal-based catalysts 

since the pioneering work of Jasinski on ORR catalysts derived from cobalt phthalocyanine.[10] 

Different metal−nitrogen coordinating macrocycles such as porphyrin,[11-14] and 

phthalocyanine [15-17] have been extensively pyrolyzed to obtain ORR catalysts. However, the 

synthetic routes of these macrocycles being both complex and expensive, coupled with their low 

stability in an acidic medium limited the widespread use of such catalysts.[18] [19] As a result, 

another synthetic approach involving pyrolysis of an easy-to-make metal coordinated polymer 

such as polyaniline[20], polypyrrole[21] was initiated which resulted in nonprecious metal-based 

M-N-C catalysts with a high ORR performance and moderate durability. Despite the intensive 

research efforts and advancements in ORR catalyst design, it remains a great challenge to 
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develop scalable and durable catalysts with superior poison tolerance and catalytic activity in 

comparison to Pt/C. 

Currently, incorporation of nonprecious transition metals in carbon-based materials 

doped with either N [22-31]   alone or dual doped with another element such as S [26, 32-34] has 

garnered great attention.  These types of catalysts exhibit outstanding ORR performance due to 

the presence of effective ORR active sites. It has been suggested that ORR active centers 

originate from the doping atoms which alter the charge and spin densities of adjacent carbon 

atoms allowing for molecular oxygen adsorption.[35, 36] Alternatively, other studies have 

suggested metals coordinated to the N (M-N) are responsible for enhanced ORR 

performance.[25, 37] The ORR performance of nonprecious metal-based catalysts exceeded that 

of metal-free N-doped carbon particularly in acidic electrolytes highlighting the role of M-N.[38-

40] The addition of certain transition metals (e.g., Fe, Co) to the metal-free, nitrogen-doped 

carbon frameworks results in a nonprecious metal (NPM) catalyst system with improved ORR 

activity in acidic media.[5, 25, 39, 40] Most of these N or N and S dual doped NPM catalysts are 

moderately porous allowing efficient transfer of oxygen saturated electrolytes. However, to 

obtain the specific pore size and increased porosity, soft templates such as silica nanoparticles 

[39] or amphiphilic molecules [41] were used which require harsh treatment to remove. 

In this study, we have developed a simple and cost-effective synthetic procedure for Fe-

based S and N dual doped porous carbon by calcining an inexpensive monomer, benzimidazole 

with iron(III) thiocyanate. This synthetic route is environmentally friendly as it eliminates the 

use of templates or any harsh solvent. By varying the calcination temperature, different 

properties such as surface area, pore size distribution, dopant content and types of N and S are 

controlled. The obtained catalyst shows good ORR performance in an alkaline medium due to its 
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high surface area and accessible active sites for ORR.  In addition, the presence of Fe–N moieties 

in the catalyst enables enhanced ORR activity in acidic media. The enhanced long-term 

durability and methanol tolerance of the synthesized catalyst in comparison to commercial 20 

wt% Pt/C catalysts indicate that Fe@SNDCs are promising cost-effective catalysts for future use 

in ORR. 

 

EXPERIMENTAL SECTION 

Materials and methods 

All chemicals were purchased from commercial suppliers (Alfa Aesar, Acros Organics, TCI 

America) and used without further modification. Initially, Fe(SCN)3 was prepared by adding 

FeCl3 (1.0 mL, 1.0 M) to a solution of KSCN (3.0 mL, 1.0 M).[42] Benzimidazole (300 mg, ) 

was added to this solution followed by the addition of distilled water (70 mL). The resultant 

mixture was stirred overnight, and the solvent was then removed via rotary evaporation. The 

mixture was further dried in an oven for 12 hours at 80 °C. The resulting powder was carbonized 

at three different temperatures, 850, 950 and 1050 °C in a temperature-programmed tube furnace 

(Carbolite) at a ramp rate of 5 °C per minute under nitrogen gas flow for one hour. The 

carbonized sample was allowed to cool to room temperature and then sonicated with 1.0 M HCl 

(10 mL) for 30 minutes then filtered on a medium glass frit and washed with 1.0 M HCl (3 x 50 

mL). Finally, the resultant black powder was washed with excess distilled water and ethanol. We 

denote the as-prepared catalyst as Fe@SNDC–X, where X indicates the pyrolysis temperature.  

Physical Characterization 

The Brunauer−Emmett−Teller (BET) method was used to calculate the specific surface area of 

the samples using N2 isotherms at 77 K collected using an Autosorb-iQ2 volumetric adsorption 
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analyzer (Quantachrome Instruments). The pore size distributions (PSD) were obtained from the 

equilibrium branch of N2 (77 K) isotherms by using quench solid density functional theory 

(QSDFT) model with the assumption that the carbon material has slit-pore geometry. Prior to 

any adsorption analysis, the samples were degassed at 200 °C for 12 h. A Hitachi SU-70 

scanning electron microscope was used to obtain the scanning electron microscopy (SEM) 

images of the synthesized samples. The samples were prepared by dispersing each specimen onto 

the surface of a flat aluminum sample holder with silver paste. Then the samples were coated 

with platinum at a pressure of 1.0 x 10-5 bar in an N2 atmosphere for the 60s prior to SEM 

imaging. Elemental distribution was analyzed by collecting elemental mapping using energy-

dispersive X-ray spectroscopy (EDX). X-ray photoelectron spectroscopy (XPS) analysis was 

performed on a Thermo Fisher Scientific ESCALAB 250 spectrometer employing an Al Kα 

(1486.68 eV) X-ray source equipped with a hemispherical analyzer and XR5 Gun 500 μm (15 

kV). Samples were prepared for XPS measurements by pressing the carbon specimen into a 

piece of indium foil, which was then mounted onto the sample holder using double-sided tape. 

During XPS analysis, a combination of a low-energy electron flood gun and an argon ion flood 

gun was utilized for charge compensation. The binding energy scale was calibrated by setting the 

C 1s peak at 285.0 eV. XPS results were analyzed with the Thermo Avantage software (v4.84). 

Powder X-ray diffraction (P-XRD) patterns of the dried samples were collected at room 

temperature on a Panalytical X’Pert Pro Multipurpose Diffractometer (MPD). The samples were 

mounted on a zero-background sample holder measured in transmission mode using Cu Kα 

radiation with a 2θ range of 20 to 70. The Raman spectra were obtained using a Thermo 

Scientific DXR Smart Raman spectrometer operating at an excitation wavelength of 532 nm.  

 
Electrochemical Characterization 
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The electrochemical measurements were conducted using a conventional three-electrode setup 

with Ag/AgCl in 3 M KCl (reference electrode), glassy carbon electrode (working electrode) and 

Pt wire (counter electrode) in a Bipotentiostat (Model 760E Series, CH Instruments). The 

catalyst ink was prepared by ultrasonically dispersing 3.0 mg of the catalyst in a solution 

containing 25 µL of Nafion perfluorinated resin (5 wt %, Sigma-Aldrich) and 400 µL of 

isopropanol. About 10 µL of the catalyst ink was pipetted onto a polished glassy carbon 

electrode and dried in an oven for half an hour. The loading of the catalyst was 0.36 mg/cm2. The 

electrochemical performance of the catalyst was compared to commercial Pt/C (20 wt % Pt on 

graphitized carbon, Sigma-Aldrich) with similar catalyst loading. The electrolytes for alkaline 

and acidic medium were 0.1 M KOH and 0.5 M H2SO4 respectively. At the beginning of the 

electrochemical testing procedures, the electrolytes were saturated with either nitrogen or ultra-

high purity oxygen by bubbling the gas in the electrolyte for an hour and a continuous supply of 

either nitrogen or oxygen gases was maintained throughout the experiment to create a blanket 

over the solution.  According to the Nernst equation, the measured potential vs Ag/AgCl (3M 

KCl) can be converted to the reversible Hydrogen electrode (RHE) scale follows: 

���� = ���/��	
 + 0.059 �� +  ���/��	

°  (1) 

where  ���/��	
  is the experimentally measured potential vs Ag/AgCl, ���/��	

°  is 0.210 V at 25 

°C.   

The ORR performance was evaluated by cyclic voltammetry (CV) in N2 or O2 saturated 0.1 M 

KOH and 0.5 M H2SO4 in a potential window 0 to 1.0 V vs RHE at varying sweep rates from 5 

to 50 mV. The ORR kinetics were evaluated by linear sweep voltammetry (LSV) at various 

rotation rates ranging from 400 to 2500 rpm. The Koutecky-Levich equation was used to 

determine the number of electrons in oxygen reduction reactions. 
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1/J = 1/JL + 1/JK 

         = 1/Bω1/2
 + 1/JK 

B = 0.2nFCo(Do)2/3 ʋ-1/6 

where J = Measured current density, JK = Kinetic current density, JL = Diffusion limiting current 

density, ω = Rotation per minute, n = Transferred number of electrons, F= Faraday’s constant, 

Co = Bulk concentration of O2, Do = Diffusion coefficient of O2, ʋ = Kinematic viscosity, k = 

Electron transfer rate constant.  Rotating ring disk voltammetry (RRDE) was used to determine 

the apparent number of electrons (���) involved in ORR using the following equation: 

   

The collection efficiency of RRDE was measured using 10 mM potassium ferrocyanide in 1.0 M 

KNO3 and calculated to be 0.36. The durability test of the catalyst was done using the 

chronoamperometric i-t technique at 0.88 V vs RHE in O2 saturated 0.1 M KOH solution with a 

rotation of 1600 rpm for 12 hours. The methanol tolerance test was also evaluated by both cyclic 

voltammetry and chronoamperometric i-t technique with the introduction of 3 M methanol 

solution.  

 

Results and Discussion 

The Fe-based S and N co-doped porous carbon catalysts (Fe@SNDCs) were synthesized by 

thermolysis of iron(III) thiocyanate/benzimidazole mixtures at 850, 950, and 1050 °C under 

nitrogen. Calcination temperatures played a significant role in controlling the dopant content and 

textural properties of Fe@SNDCs.  As noted in the XPS results, the calcination temperature was 

increased, the atomic percentage of heteroatoms decreased sharply. The porosity of Fe@SNDCs 

was studied by N2 adsorption and desorption measurements at 77 K (Figure 1). The isotherms of 

��− =  
4��

�� + ��/�
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all the samples displayed a rapid uptake at very low relative pressures (P/Po < 0.01) which 

suggest the presence of micropores. The isotherm of the sample calcined at 850 °C reached a 

plateau between P/Po (0.1~0.9) which further confirmed the presence of micropores. However, 

the existence of mesopores in Fe@SNDC samples calcined at temperatures higher than 850 °C 

was noted due to a gradual increase in N2 uptake beyond (P/Po > 0.1) (Figure S1). The BET 

surface areas of the Fe@SNDC calcined at 850, 950, and 1050 °C were calculated to be 1020, 

1101, and 1157 m2 g−1, respectively see Table 1. Quenched solid-state density functional theory 

(QSDFT) was used to determine the pore size distribution (PSD) as depicted in Figure 1b. The 

two major peaks in PSD for all the samples were centered around 6 and 11 Å.  Using single point 

N2 uptake at P/Po = 0.95, the total pore volume was determined and found to be the highest for 

Fe@SNDC–950 (0.56 cm3 g−1). The high surface area and accessible pores are important 

parameters that allow for facile mass transport through the pores and enhance the accessibility of 

catalytic sites. The presence of small amounts of mesopores in Fe@SNDC-950 as revealed in 

Figure S1 further contributed to its enhanced ORR catalytic performance in comparison to other 

samples. Mesopores in particular promote electrolyte wetting of the physical surface and thus 

enhance accessibility to the electrochemically available active sites.[43]  
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Fig 1. Nitrogen isotherms at 77 K (a) and pore size distribution (PSD) from QSDFT using N2 at 
77 K (b). For clarity, PSD of Fe@SNDC–950 and Fe@SNDC–1050 are offset by 0.1 and 0.2, 
respectively. 
 

 

Table 1. Surface area and pore volume of Fe@SNDCs. 

Samples Surface Areaa 

(m2 g-1) 
Total Pore Volumeb 

(cm3 g-1) 
Pore Size Distributionc 

(Å) 
Fe@SNDC–850 1020 0.43 

6, 11 Fe@SNDC–950 1101 0.56 
Fe@SNDC–1050 1157 0.54 

aBET surface area. bTotal pore volume determined from single point N2 uptake at P/Po = 0.95. cPore size 

distribution range calculated from quenched solid-state density functional theory (QSDFT).  

 

The SEM images of Fe@SNDCs displayed fragmented sheet-like morphologies and the 

EDS elemental mapping survey showed uniform distribution of C, S, N, O and Fe throughout the 

porous structure in all samples (Figure 2 and Figures S2-S4).  
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Fig 2. SEM and EDX elemental mapping for Fe@SNDC–950; C: red, N: Green, Fe: purple, S: 
yellow, and O: blue. 

 

To evaluate the chemical composition of Fe@SNDC samples, X-ray photoelectron 

spectroscopy (XPS) studies were performed (Figure 3). The XPS survey spectra of three samples 

calcined at different temperatures displayed three pronounced C 1s, N 1s and O 1s signals 

located at around 286, 400 and 533 eV respectively. The S 2p peak located at 170 eV was quite 

noticeable for Fe@SNDC–850 and Fe@SNDC–950. The XPS survey spectra (Figure 3) and the 

results are summarized in Table 2. The Fe peak at around 712 eV was visible for Fe@SNDC–

850 but was very weak for the samples calcined at or above 950 °C. It is presumed that higher 

temperatures lead to carbon layer formation on the surface of the samples which reduces the 

detection of Fe by XPS even after surface etching. However, inductively coupled plasma optical 

emission spectrometry (ICP-OES) detected 1.1 wt% iron for Fe@SNDC–950 samples. Similarly, 

for Fe@SNDC–850 and Fe@SNDC–1050 samples, the iron content was found to be 2.6 wt% 

and 3.2 wt%, respectively. The increase in iron content upon increasing calcination temperature 
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is most likely due to the decomposition of carbon matrix and the formation of volatile organic 

species leading to higher metal contents.[44] The impact of calcination temperature was also 

investigated by Raman spectroscopy (Figure 4). According to Raman studies, the ID/IG ratio for 

Fe@SNDC-1050 is higher than Fe@SNDC-950, suggesting an increase in defects and edge 

sites, and simultaneous loss of graphitic carbon matrix. The increase in the edge sites for the 

sample carbonized at 1050° C can also be supported by the XPS deconvoluted nitrogen spectra 

(Figure 3). Fe@SNDC-1050 sample has a high content of pyrrolic nitrogen indicating an 

increase of edge sites compared to the samples carbonized at 850° C and 950° C.  When the 

high-resolution spectrum of N 1s was deconvoluted, three peaks at 398.2 (pyridinic N), 400.3 eV 

(graphitic N) and 405.1 (pyridine N oxides) were observed.[45-47] The pyridinic N can provide 

a pair of electrons to the π-conjugated system in the carbon structure and also act as metal 

coordination sites. The peak from nitrogen-bound to iron is difficult to differentiate as its binding 

energy is very close to that of pyridinic N.[21] The deconvolution of S 2p spectra (Figure 3) also 

revealed three distinguished peaks located at 163.8 eV (−C−S−C− 2p2/3), 165.0 eV 

(−C−S−C−2p1/2), and 168.7 eV (C−SOx−C, X = 1, 2, 3) peaks.[42, 48-50] Fe@SNDC-950 

sample was comprised of 21% of −C−S− and conjugated −C=S− bound which can efficiently 

promote ORR in alkaline media.[33]  The amount of N in Fe@SNDC–950 samples was around 5 

at% but it served as a better electrocatalyst for ORR compared to Fe@SNDC–850 (9.5 at%) and 

Fe@SNDC–1050 (2.5 at%). This suggested that the type of nitrogen functionality in the porous 

carbon structure was more important than the amount of nitrogen for effective ORR 

performance. Among the different types of nitrogen, the pyridinic and graphitic N were 

recognized as the ORR active sites.[40] In the case of graphitic N, nitrogen is more 

electronegative than C, allowing the transfer of electrons from the adjacent C to N atom and N 
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then returns the electrons to adjacent C. This overall donation and back donation process aids the 

dissociation of oxygen molecules on adjacent C atoms and also allows a strong chemical bond to 

form between O and C.[51] For pyridinic N, the oxygen molecules are adsorbed on carbon atoms 

next to pyridinic N with Lewis basicity.[52, 53] Both graphitic and pyridinic N-doped porous 

carbon has similar dissociative adsorption energies of oxygen.[51] Fe@SNDC–1050 which has 

the highest percentage of graphitic N and lowest percentage of pyridinic N (Figure 3) displayed 

inferior ORR performance compared to Fe@SNDC–950. This result suggested that an optimum 

amount of N content along with a proper balance between pyridinic (probably including the Fe-N 

moieties) and graphitic N are required for effective electrocatalysis of ORR. The sulfur dopant 

further increases the ORR active sites by changing the atomic charge density and spin density of 

the neighboring C atoms which promotes the adsorption of oxygen and also weakens the O-O 

bonding thus enhancing ORR performance. [54-56] The XRD patterns of the samples showed 

two characteristic peaks around 25˚ and 43˚ which are generally ascribed to the (200) and (100) 

planes of graphite, respectively [57] [58] (Figure 5). 
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Table 2: XPS survey spectra results and EDX elemental analysis. 

Sample C  
(At. %) 

N  
(At. %) 

O  
(At. %) 

S  
(At. %) 

Fe 
 (At. %) 

Fe@SNDC-850 (XPS)  76.8 9.81 10.68 1.32 1.21 

Fe@SNDC-950 (XPS) 83.66 4.93 10.12 1.29 undetected 

Fe@SNDC-1050 (XPS) 89.33 2.53 6.85 undetected undetected 

Fe@SNDC-850 (EDX) 80.48 8.28 8.52 1.60 1.11 

Fe@SNDC-950 (EDX) 85.35 3.78 4.35 3.22 3.31 

Fe@SNDC-1050 (EDX) 65.93 0.33 17.44 11.00 5.30 
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                                     Fig. 4: Raman spectra for Fe@SNDC samples. 
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Fig. 5: PXRD pattern of Fe@SNDC samples. 

 

The electrochemical performance of Fe@SNDC–950 in ORR was assessed by cyclic 

voltammetry (CV) and linear sweep voltammetry (LSV) and compared to the performance of 

commercially available Pt/C (20 wt%) as shown in Figure 6a-6b and Figure S5. The cyclic 
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voltammograms obtained in nitrogen saturated 0.1 M KOH and 0.5 M H2SO4 showed a quasi-

rectangular voltammogram without any redox peak due to the typical supercapacitance effect on 

porous carbon materials.[59, 60] When the electrolyte was saturated with O2, Fe@SNDC–950 

sample showed a well-defined characteristic ORR peak centered at 0.87 V vs RHE in 0.1 M 

KOH and an enhancement was observed in 0.5 M H2SO4 as shown in Figure 6a and 6b. The 

cathodic current peak potential of Fe@SNDC–950 was slightly more positive than that of Pt/C 

(20 wt%). In acidic electrolyte, the CV showed a pair of reversible redox peaks (Fe3+/Fe2+) in 

between 0.62~0.64 V. These peaks are a common feature in CVs obtained using iron 

coordination compounds like [Fe(CN)6]3-/ [Fe(CN)6]4-.[61] 

To understand the kinetics and mechanism of ORR and LSVs were collected at different 

rpm starting from 400 to 2500 rpm in O2 saturated acidic and alkaline electrolyte using rotating 

disk electrodes (RDE). The limiting current density increased linearly as the scan rate increased 

from 400 to 2500 rpm in all cases for a short diffusion distance. Figure 6c and 6d show the LSVs 

of all the Fe@SNDC samples calcined at different temperatures. In 0.1 M KOH solution, 

Fe@SNDC–950 showed an onset potential of 0.98 V vs RHE which was quite close to the 0.99 

V vs RHE obtained for commercially available 20 wt% Pt/C (Tables S1 and S2). The half-wave 

potential and the limiting current density of Fe@SNDC–950 exceeded the performance of 

samples calcined at 850 and 1050 °C suggesting that the optimum calcination temperature of the 

sample was 950 °C. Moreover, the Fe@SNDC–950 retained substantial catalytic performance in 

0.5 M H2SO4.  The Koutecky Levich plot (Figure S6) derived from the LSVs at a scan rate of 10 

mV in O2 saturated electrolyte displayed good linearity which suggested first-order reaction 

kinetics toward the concentration of dissolved oxygen and similar electron transfer numbers for 

ORR at different potentials.[9]  The number of electrons (n) in ORR, determined from the linear 
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sweep voltammograms obtained by RDE, was found to be 3.5 (in alkaline solution) at the 

potential ranging from 0.2 ~ 0.6 V vs RHE.  

 

  

     

Fig 6: Cyclic voltammograms (CVs) for ORR obtained of Fe@SNDC–950 in N2 and O2 

saturated (a) 0.1 M KOH and (b) 0.5 M H2SO4 at a scan rate of 20 mV/s. LSV curves at the 

rotating speed of 1600 rpm of the Fe@SNDC–850, Fe@SNDC–950, Fe@SNDC–1050 and Pt/C 

in O2 saturated (c) 0.1 M KOH and (d) 0.5 M H2SO4. 

 

Another significant technique involving RRDE was also used to determine n as shown in 

Figures 7a and 7b. The n value was averaged to be 3.77 between 0.2 ~ 0.8 V vs RHE which is in 



 19

close agreement with the four-electron ORR pathway followed by 20 wt% Pt/C (Fig. S7-8). This 

result indicates that Fe@SNDC–950 is an excellent catalyst for ORR in alkaline solutions. This 

RRDE was also used to monitor the percentage of peroxide species (Fig. 7b) generated during 

the ORR which remained below 20% between 0.2 ~ 0.8 V vs RHE.  In addition to alkaline 

media, Fe@SNDC–950 exhibited good ORR performance in 0.5 M H2SO4 with an n value of 3.4 

and limiting current density quite close to the 20 wt% Pt/C. Attempts were also made to optimize 

catalytic performance by increasing iron content. For example, when the amount of both FeCl3 

and KSCN was doubled keeping the amount of benzimidazole constant, the resulting catalyst 

displayed a similar onset potential with slightly higher limiting current density (Figure S9). 

However, the number of electrons involved in ORR was determined to be in the range of 2.5 

which is undesirable for ORR reaction. It is worth noting that Fe@SNDC-950 displayed the 

highest onset potential (KOH media) among top performing catalysts listed in Table S3 and its 

catalytic activity is very similar to the commercially available Pt/C (20 wt%).[62-64] In addition, 

Fe@SNDC-950 showed a comparable onset potential with the catalysts reported by Liang et al 

in 0.5 M H2SO4.[40] Particularly, when compared to Fe and S dual doped carbon catalysts as 

reported by Men et al and Hu et al, Fe@SNDC-950 excelled in ORR activity as well.[60, 65]   

Resistance to fuel crossover effects and long-term durability of the ORR catalysts are 

important criteria in fuel cell technology. The durability of Fe@SNDC–950 catalyst was 

measured using the chronoamperometric i-t technique in 0.1 M KOH at 1600 rpm and was also 

compared to that of commercially available Pt/C (20 wt%) as shown in Figure 7c. When the 

onset potential (0.877 V vs RHE) was applied for 12 hours, both the synthesized and commercial 

catalyst exhibited a slow degradation as time elapsed. However, Fe@SNDC–950 catalyst 

showed less degradation compared to Pt/C; it degraded by only 26 % after 12 hours. In the case 
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of a direct methanol fuel cell, a small amount of methanol can sometimes crossover from the 

anode to the cathode chamber and poison the ORR catalyst which is particularly a problem for 

the Pt/C catalyst. The presence of methanol initiates methanol oxidation instead of oxygen 

reduction in Pt-based catalysts. To overcome this issue, the synthesized catalyst must be 

methanol tolerant and here the methanol tolerance of the Fe@SNDC–950 catalyst was measured 

by introducing 3 M methanol solution in O2 saturated 0.1 M KOH solution. After the 

introduction of methanol, a drastic reduction in the ORR activity by Pt/C was observed whereas 

Fe@SNDC–950 was only slightly affected. The chronoamperometric i-t curves in Figure 7d 

indicate that Pt/C exhibited a massive 41% degradation in ORR activity over the 6 hour period 

while Fe@SNDC–950 showed only 8% degradation. Thus, Fe@SNDC–950 exhibited excellent 

stability and methanol tolerance in ORR which outperformed the commercially available 20 wt% 

Pt/C. 
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Fig 7: (a) LSV of Fe@SNDC–950 using RRDE at 1600 rpm in 0.1 M KOH and (b) number of 

electrons and the percentage of HO2
- derived from 4(a). (c) Chronoamperometric i-t curve of 

Fe@SNDC–950 and 20 wt% Pt/C in O2 saturated 0.1M KOH and (d) methanol tolerance graph 

of Fe@SNDC–950 and 20 wt% Pt/C in O2 saturated 0.1M KOH. 

 

Conclusion 

In summary, we have developed a simple and corrosive template-free method for 

preparing Fe-based N and S doped porous carbon from an inexpensive commercially available 

monomer, benzimidazole and iron(III) thiocyanate. The surface area and pore size distribution of 

the catalyst are tuned by changing calcination temperature and 950 °C served as the optimum 
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calcination temperature producing high surface area and pore size distribution in the micro and 

meso ranges. The Fe@SNDC–950 catalyst comprises around 5 at% N, mainly pyridinic and 

graphitic, and a small amount of thiophene S exhibits an enhanced ORR performance with an 

onset potential and half-wave potential of 0.98 and 0.83 V vs RHE, respectively. Both these 

values are only 0.01 V vs RHE less than commercial Pt/C (20 wt%). In addition, the number of 

electrons in ORR is averaged as 3.77 by the RRDE technique with less than 20% HO2
- 

generation. The presence of both S and N along with Fe-N in Fe@SNDC–950 enhances ORR 

performance in both acidic and alkaline media and provides superior stability and higher poison 

tolerance. 

  

 
AUTHOR INFORMATION 

Corresponding Author 

*E-mail: helkaderi@vcu.edu, Fax (804) 828-8599. Tel (804) 828-7505. 

 
ACKNOWLEDGMENT 

This work was supported by CIT CRCF and partially by the U.S. Department of Energy, Office 
of Basic Energy Sciences, Division of Materials Sciences and Engineering under award number 
(DE-SC0002576). 

  



 23

REFERENCES 

1. Debe, M.K., Electrocatalyst approaches and challenges for automotive fuel cells. Nature, 
2012. 486(7401): p. 43-51. 

2. Demir, M., et al., Supercapacitance and oxygen reduction characteristics of sulfur self-

doped micro/mesoporous bio-carbon derived from lignin. Materials Chemistry and 
Physics, 2018. 216: p. 508-516. 

3. Liu, Z.Y., et al., Beyond Extended Surfaces: Understanding the Oxygen Reduction 

Reaction on Nanocatalysts. Journal of the American Chemical Society, 2020. 142(42): p. 
17812-17827. 

4. Hussain, S., et al., Oxygen reduction reaction on nanostructured Pt-based 

electrocatalysts: A review. International Journal of Hydrogen Energy, 2020. 45(56): p. 
31775-31797. 

5. Oldacre, A.N., A.E. Friedman, and T.R. Cook, A Self-Assembled Cofacial Cobalt 

Porphyrin Prism for Oxygen Reduction Catalysis. Journal of the American Chemical 
Society, 2017. 139(4): p. 1424-1427. 

6. Mi, X., et al., Preparation of iron and nitrogen co-doped carbon material Fe/N-C-CM-T 

for oxygen reduction reaction. International Journal of Hydrogen Energy, 2021. 46(7): p. 
5332-5344. 

7. Geng, D.S., et al., Potential of metal-free "graphene alloy" as electrocatalysts for oxygen 

reduction reaction. Journal of Materials Chemistry A, 2015. 3(5): p. 1795-1810. 
8. Gewirth, A.A. and M.S. Thorum, Electroreduction of Dioxygen for Fuel-Cell 

Applications: Materials and Challenges. Inorganic Chemistry, 2010. 49(8): p. 3557-
3566. 

9. Liang, Y.Y., et al., Co3O4 nanocrystals on graphene as a synergistic catalyst for oxygen 

reduction reaction. Nature Materials, 2011. 10(10): p. 780-786. 
10. Jasinski, R., New Fuel Cell Cathode Catalyst. Nature, 1964. 201(492): p. 1212-1213. 
11. Nie, Y., L. Li, and Z.D. Wei, Recent advancements in Pt and Pt-free catalysts for oxygen 

reduction reaction. Chemical Society Reviews, 2015. 44(8): p. 2168-2201. 
12. Cai, Z.F., et al., Cobalt-Porphyrin-Catalyzed Oxygen Reduction Reaction: AScanning 

Tunneling Microscopy Study. Chemelectrochem, 2016. 3(12): p. 2048-2051. 
13. Lions, M., et al., Insights into the mechanism of electrocatalysis of the oxygen reduction 

reaction by a porphyrinic metal organic framework. Chemical Communications, 2017. 
53(48): p. 6496-6499. 

14. Morozan, A., et al., Catalytic activity of cobalt and iron phthalocyanines or porphyrins 

supported on different carbon nanotubes towards oxygen reduction reaction. Carbon, 
2011. 49(14): p. 4839-4847. 

15. Koslowski, U.I., et al., Nature of the catalytic centers of porphyrin-based electrocatalysts 

for the ORR: A correlation of kinetic current density with the site density of Fe-N-4 

Centers. Journal of Physical Chemistry C, 2008. 112(39): p. 15356-15366. 
16. Karim, N.A. and S.K. Kamarudin, Novel heat-treated cobalt phthalocyanine/carbon-

tungsten oxide nanowires (CoPc/C-W18O49) cathode catalyst for direct methanol fuel 

cell. Journal of Electroanalytical Chemistry, 2017. 803: p. 19-29. 
17. Zagal, J.H. and M.T.M. Koper, Reactivity Descriptors for the Activity of Molecular MN4 

Catalysts for the Oxygen Reduction Reaction. Angewandte Chemie-International Edition, 
2016. 55(47): p. 14510-14521. 



 24

18. Gu, W.L., et al., Iron and nitrogen co-doped hierarchical porous graphitic carbon for a 

high-efficiency oxygen reduction reaction in a wide range of pH. Journal of Materials 
Chemistry A, 2016. 4(37): p. 14364-14370. 

19. Tyagi, A., et al., Biowaste derived activated carbon electrocatalyst for oxygen reduction 

reaction: Effect of chemical activation. International Journal of Hydrogen Energy, 2020. 
45(34): p. 16930-16943. 

20. Wu, G., et al., High-Performance Electrocatalysts for Oxygen Reduction Derived from 

Polyaniline, Iron, and Cobalt. Science, 2011. 332(6028): p. 443-447. 
21. Wu, Z.Y., et al., Iron Carbide Nanoparticles Encapsulated in Mesoporous Fe-N-Doped 

Carbon Nanofibers for Efficient Electrocatalysis. Angewandte Chemie-International 
Edition, 2015. 54(28): p. 8179-8183. 

22. Guo, J.H., et al., Graphitic-N-rich N-doped graphene as a high performance catalyst for 

oxygen reduction reaction in alkaline solution. International Journal of Hydrogen Energy, 
2020. 45(56): p. 32402-32412. 

23. Ferrero, G.A., et al., Fe-N-Doped Carbon Capsules with Outstanding Electrochemical 

Performance and Stability for the Oxygen Reduction Reaction in Both Acid and Alkaline 

Conditions. ACS Nano, 2016. 10(6): p. 5922-5932. 
24. Li, Y.G., et al., An oxygen reduction electrocatalyst based on carbon nanotube-graphene 

complexes. Nature Nanotechnology, 2012. 7(6): p. 394-400. 
25. Parvez, K., et al., Nitrogen-Doped Graphene and Its Iron-Based Composite As Efficient 

Electrocatalysts for Oxygen Reduction Reaction. ACS Nano, 2012. 6(11): p. 9541-9550. 
26. Wu, M.J., et al., N/S-Me (Fe, Co, Ni) doped hierarchical porous carbons for fuel cell 

oxygen reduction reaction with high catalytic activity and long-term stability. Applied 
Energy, 2016. 175: p. 468-478. 

27. Altinci, O.C. and M. Demir, Beyond Conventional Activating Methods, A Green 

Approach for the Synthesis of Bio-Carbon and its supercapacitor electrode performance. 
Energy & Fuels, 2020. 

28. Demir, M., et al., Nitrogen and oxygen dual-doped porous carbons prepared from pea 

protein as electrode materials for high performance supercapacitors. International 
Journal of Hydrogen Energy, 2018. 43(40): p. 18549-18558. 

29. Ashourirad, B., et al., Rapid transformation of heterocyclic building blocks into 

nanoporous carbons for high-performance supercapacitors. Rsc Advances, 2018. 8(22): 
p. 12300-12309. 

30. Demir, M., et al., Lignin-derived heteroatom-doped porous carbons for supercapacitor 

and CO2 capture applications. International Journal of Energy Research, 2018. 42(8): p. 
2686-2700. 

31. Han, B., et al., Imidazole polymerized ionic liquid as a precursor for an iron-nitrogen-

doped carbon electrocatalyst used in the oxygen reduction reaction. International Journal 
of Hydrogen Energy, 2020. 45(54): p. 29645-29654. 

32. Chang, Y.Q., et al., Nitrogen and Sulfur Dual-Doped Non-Noble Catalyst Using Fluidic 

Acrylonitrile Telomer as Precursor for Efficient Oxygen Reduction. Advanced Materials, 
2013. 25(34): p. 4794-4799. 

33. Tian, W.J., et al., Nitrogen- and Sulfur-Codoped Hierarchically Porous Carbon for 

Adsorptive and Oxidative Removal of Pharmaceutical Contaminants. Acs Applied 
Materials & Interfaces, 2016. 8(11): p. 7184-7193. 



 25

34. Xiao, J., et al., Raisin bread-like iron sulfides/nitrogen and sulfur dual-doped 

mesoporous graphitic carbon spheres: a promising electrocatalyst for the oxygen 

reduction reaction in alkaline and acidic media. Journal of Materials Chemistry A, 2017. 
5(22): p. 11114-11123. 

35. Yu, H.J., et al., Nitrogen-Doped Porous Carbon Nanosheets Templated from g-C3N4 as 

Metal-Free Electrocatalysts for Efficient Oxygen Reduction Reaction. Advanced 
Materials, 2016. 28(25): p. 5080-5086. 

36. Zhao, Z.H., et al., Design Principles for Heteroatom-Doped Carbon Nanomaterials as 

Highly Efficient Catalysts for Fuel Cells and Metal-Air Batteries. Advanced Materials, 
2015. 27(43): p. 6834-6840. 

37. Masa, J., et al., On the Role of Metals in Nitrogen-Doped Carbon Electrocatalysts for 

Oxygen Reduction. Angewandte Chemie-International Edition, 2015. 54(35): p. 10102-
10120. 

38. Gewirth, A.A., J.A. Varnell, and A.M. DiAscro, Nonprecious Metal Catalysts for Oxygen 

Reduction in Heterogeneous Aqueous Systems. Chemical Reviews, 2018. 118(5): p. 
2313-2339. 

39. Jaouen, F., et al., Recent advances in non-precious metal catalysis for oxygen-reduction 

reaction in polymer electrolyte fuel cells. Energy & Environmental Science, 2011. 4(1): 
p. 114-130. 

40. Liang, H.W., et al., Mesoporous Metal-Nitrogen-Doped Carbon Electrocatalysts for 

Highly Efficient Oxygen Reduction Reaction. Journal of the American Chemical Society, 
2013. 135(43): p. 16002-16005. 

41. Tang, J., et al., Synthesis of Nitrogen-Doped Mesoporous Carbon Spheres with Extra-

Large Pores through Assembly of Diblock Copolymer Micelles. Angewandte Chemie-
International Edition, 2015. 54(2): p. 588-593. 

42. Wang, Y.C., et al., S-Doping of an Fe/N/C ORR Catalyst for Polymer Electrolyte 

Membrane Fuel Cells with High Power Density. Angewandte Chemie-International 
Edition, 2015. 54(34): p. 9907-9910. 

43. Lee, S.H., et al., Design Principle of Fe-N-C Electrocatalysts: How to Optimize 

Multimodal Porous Structures? Journal of  American Chemical Society 2019. 141(5): p. 
2035-2045. 

44. Hsu, L.-Y. and H. Teng, Influence of different chemical reagents on the preparation of 

activated carbons from bituminous coal. Fuel Processing Technology, 2000. 64(1-3): p. 
155-166. 

45. Men, B., et al., Hierarchical Metal-Free Nitrogen-Doped Porous Graphene/Carbon 

Composites as an Efficient Oxygen Reduction Reaction Catalyst. ACS Applied Materials 
& Interfaces, 2016. 8(2): p. 1415-1423. 

46. Sheng, Z.H., et al., Catalyst-Free Synthesis of Nitrogen-Doped Graphene via Thermal 

Annealing Graphite Oxide with Melamine and Its Excellent Electrocatalysis. ACS Nano, 
2011. 5(6): p. 4350-4358. 

47. Dumont, J.H., et al., Nitrogen-Doped Graphene Oxide Electrocatalysts for the Oxygen 

Reduction Reaction. ACS Applied Nano Materials, 2019. 2(3): p. 1675-1682. 
48. Kone, I., et al., Hierarchical Porous Carbon Doped with Iron/Nitrogen/Sulfur for 

Efficient Oxygen Reduction Reaction. Acs Applied Materials & Interfaces, 2017. 9(24): 
p. 20963-20973. 



 26

49. Yuan, H.Y., et al., Porous Carbon Nanosheets Codoped with Nitrogen and Sulfur for 

Oxygen Reduction Reaction in Microbial Fuel Cells. Acs Applied Materials & Interfaces, 
2015. 7(33): p. 18672-18678. 

50. Zhang, J.W., et al., Rational Design of Fe1-xS/Fe3O4/Nitrogen and Sulfur-Doped Porous 

Carbon with Enhanced Oxygen Reduction Reaction Catalytic Activity. Advanced 
Materials Interfaces, 2018. 5(7). 

51. Deng, D.H., et al., Toward N-Doped Graphene via Solvothermal Synthesis. Chemistry of 
Materials, 2011. 23(5): p. 1188-1193. 

52. Guo, D.H., et al., Active sites of nitrogen-doped carbon materials for oxygen reduction 

reaction clarified using model catalysts. Science, 2016. 351(6271): p. 361-365. 
53. Daems, N., et al., Metal-free doped carbon materials as electrocatalysts for the oxygen 

reduction reaction. Journal of Materials Chemistry A, 2014. 2(12): p. 4085-4110. 
54. Jeon, I.Y., et al., Edge-Selectively Sulfurized Graphene Nanoplatelets as Efficient Metal-

Free Electrocatalysts for Oxygen Reduction Reaction: The Electron Spin Effect. 
Advanced Materials, 2013. 25(42): p. 6138-6145. 

55. Zhu, J.B., et al., Significantly enhanced oxygen reduction reaction performance of N-

doped carbon by heterogeneous sulfur incorporation: synergistic effect between the two 

dopants in metal-free catalysts. Journal of Materials Chemistry A, 2016. 4(19): p. 7422-
7429. 

56. Yang, Z., et al., Sulfur-Doped Graphene as an Efficient Metal-free Cathode Catalyst for 

Oxygen Reduction. Acs Nano, 2012. 6(1): p. 205-211. 
57. Demir, M., et al., Graphitic Biocarbon from Metal-Catalyzed Hydrothermal 

Carbonization of Lignin. Industrial & Engineering Chemistry Research, 2015. 54(43): p. 
10731-10739. 

58. Palapati, N.K.R., et al., Enhancing the Electronic Conductivity of Lignin-sourced, Sub-

micron Carbon Particles. 2015 Ieee Nanotechnology Materials and Devices Conference 
(Nmdc), 2015. 

59. Yang, W., T.P. Fellinger, and M. Antonietti, Efficient Metal-Free Oxygen Reduction in 

Alkaline Medium on High-Surface-Area Mesoporous Nitrogen-Doped Carbons Made 

from Ionic Liquids and Nucleobases. Journal of the American Chemical Society, 2011. 
133(2): p. 206-209. 

60. Liang, J., et al., Sulfur and Nitrogen Dual-Doped Mesoporous Graphene Electrocatalyst 

for Oxygen Reduction with Synergistically Enhanced Performance. Angewandte Chemie-
International Edition, 2012. 51(46): p. 11496-11500. 

61. Zhu, Y.S., et al., Unravelling the Structure of Electrocatalytically Active Fe-N Complexes 

in Carbon for the Oxygen Reduction Reaction. Angewandte Chemie-International 
Edition, 2014. 53(40): p. 10673-10677. 

62. Gao, H., et al., One-step carbonization of ZIF-8 in Mn-containing ambience to prepare 

Mn, N co-doped porous carbon as efficient oxygen reduction reaction electrocatalyst. 

International Journal of Hydrogen Energy, 2021. 46(74): p. 36742-36752.  
63.  Liu, Y., et al. Porous carbon polyhedrons with exclusive Cu-Nx moieties as highly 

effective electrocatalysts for oxygen reduction reactions. International Journal of 
Hydrogen Energy, 2021. 55(46): p. 28021-28027. 

64.  Chen, W. C., et al. Porous carbon polyhedrons with exclusive Metal-NX moieties for 

efficient oxygen reduction reaction. International Journal of Hydrogen Energy, 2021. 
46(80): p. 39882-39891.  



 27

65. Hu, K., et al., Sulfur-Doped Fe/N/C Nanosheets as Highly Efficient Electrocatalysts for 

Oxygen Reduction Reaction. ACS Applied Materials & Interfaces, 2016. 8(30): p. 19379-
85. 

 



 28

TOC 
 

 

 



O2 
O2 

O2 

H2O 

4𝒆− 

Acidic & Basic 

Fe(SCN)3 

Pyrolysis 

Fe@SNDC-950 




