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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.



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



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(Ill) 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



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
FeCl; (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 HCI (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 N> isotherms at 77 K collected using an Autosorb-iQ2 volumetric adsorption



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 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 Ka
(1486.68 eV) X-ray source equipped with a hemispherical analyzer and XRS5 Gun 500 pm (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 Ka
radiation with a 20 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



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 puL of Nafion perfluorinated resin (5 wt %, Sigma-Aldrich) and 400 puL of
isopropanol. About 10 pL 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/cm?. 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 H>SO4 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
KCI) can be converted to the reversible Hydrogen electrode (RHE) scale follows:
Ernye = Eagjager +0.059 pH + E:lg/AgCl (1)

where Ejg/agc1 18 the experimentally measured potential vs Ag/AgCl, E, g/agct 18 0.210 V at 25
°C.

The ORR performance was evaluated by cyclic voltammetry (CV) in N2 or O saturated 0.1 M
KOH and 0.5 M H2SOy 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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where J = Measured current density, Jx = Kinetic current density, JL = Diffusion limiting current
density, @ = Rotation per minute, n = Transferred number of electrons, F= Faraday’s constant,
C, = Bulk concentration of Oz, D, = Diffusion coefficient of Oz, v = Kinematic viscosity, k =
Electron transfer rate constant. Rotating ring disk voltammetry (RRDE) was used to determine

the apparent number of electrons (1,-) involved in ORR using the following equation:

4
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The collection efficiency of RRDE was measured using 10 mM potassium ferrocyanide in 1.0 M
KNOs 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(IIl) 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



all the samples displayed a rapid uptake at very low relative pressures (P/P, < 0.01) which
suggest the presence of micropores. The isotherm of the sample calcined at 850 °C reached a
plateau between P/P, (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 N> uptake beyond (P/P, > 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 m? g~!, 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 A. Using single point
N> uptake at P/P, = 0.95, the total pore volume was determined and found to be the highest for
Fe@SNDC-950 (0.56 cm® g!). 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 N 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@SNDC:s.

Samples Surfacle %reaa Total Porg Vlolumeb Pore Size Doistributionc
(m°g™) (cm”g") A)
Fe@SNDC-850 1020 0.43
Fe@SNDC-950 1101 0.56 6,11
Fe@SNDC-1050 1157 0.54

“BET surface area. "Total pore volume determined from single point N> uptake at P/P, = 0.95. “Pore 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 In/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 m-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- 2pys3), 165.0 eV
(=C=S—C-2p1p2), 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.
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Sample C N (0] S Fe
(At. %) (At. %) (At. %) (At. %) (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. 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 Oz, 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 (Fe**/Fe?*) in
between 0.62~0.64 V. These peaks are a common feature in CVs obtained using iron
coordination compounds like [Fe(CN)e]*/ [Fe(CN)g]*.[61]

To understand the kinetics and mechanism of ORR and LSVs were collected at different
rpm starting from 400 to 2500 rpm in O 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 6¢ 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 O; 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

potential ranging from 0.2 ~ 0.6 V vs RHE.
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Fig 6: Cyclic voltammograms (CVs) for ORR obtained of Fe@SNDC-950 in N2 and O

saturated (a) 0.1 M KOH and (b) 0.5 M H.SO4 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 Oy saturated (¢) 0.1 M KOH and (d) 0.5 M H2SOa..

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
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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 H>S04.[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 Oz 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 HO; derived from 4(a). (¢) Chronoamperometric i-t curve of
Fe@SNDC-950 and 20 wt% Pt/C in O saturated 0.1M KOH and (d) methanol tolerance graph

of Fe@SNDC-950 and 20 wt% Pt/C in O, 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(IIl) 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% HO:2
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.
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