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Development of low cost oxygen reduction catalysts with improved performance is required for the commercial success of eco-friendly 
energy conversion systems. Here in, we report a facile and controllable chemical route for the synthesis of porous iron-nitrogen-carbon 
(Fe-N-C) cathode catalyst for oxygen reduction reaction (ORR). The catalyst is prepared by pyrolysis of polyaniline (PANI) with ferric 
chloride in a tubular furnace at 800 oC in an inert atmosphere. The structural and morphological features of resultant catalysts are fully 
characterized by spectroscopic and microscopic techniques. The electrocatalytic activities were demonstrated by linear sweep 
voltammogram (LSV) and chronoamperometric measurements. According to rotating disc electrode (RDE) measurements and 
Koutecky-Levich analysis porous Fe-N-C architecture possesses surpassing electrocatalytic activity for ORR via a virtual four electron 
transfer pathway. Compared to commercial Pt/C (20 wt. % E-Tek) catalyst, the synthesized Fe-N-C catalyst exhibited 25 mV cathodic 
shift with a close kinetic current density. The present catalyst exhibited methanol tolerance characteristics which are superior to the 
commercial Pt/C catalyst. This behaviour is reasoned as the existence of numerous active sites of nonporous iron, which is exposed at 
the catalyst surface with porous structure of large surface area. Thus, the present Fe-N-C catalyst may be employed as an efficient and 
inexpensive noble metal-free ORR catalyst for fuel cell applications. 
 

Introduction 

Fuel cells, particularly, the proton-exchange membrane 
(PEMFCs) and direct methanol fuel cells (DMFCs) have been 
considered as one of the promising devices for clean, green and 
efficient energy conversion systems for the near future. 
However, the sluggish ORR kinetics on cathode requires high Pt 
loading which in-turn increases cost of the devices that limits the 
future large-scale commercial applications of DMFCs/PEMFCs1-

4. Mostly, Pt and Pt based alloys have been used as most 
efficient catalysts for ORR; however, it is too expensive, lacking 
of methanol tolerance and less abundance, remain the key 
challenges to widespread commercialization5. Therefore, 
replacement of Pt-based catalysts with inexpensive catalysts may 
be a preferred way to improve the application of fuel cells. One 
of the non-noble metal alternatives to Pt is heteroatom-doped 
carbon nanomaterials, which exhibit high ORR performance 
with good stability in an alkaline medium6-8 

 
Concurrently, nitrogen doped carbon (NDC) materials and 
polyaniline derived metal free carbon materialsare also 
considered to be a possible aspirant for Pt to reduce the cost and 
enhance the catalytic activity for ORR9-13. The incorporation of 
nitrogen atom into carbon network endows them with unique 
electronic properties due to conjugation between nitrogen lone-
pair electrons and carbon ‘π’ system and thus considerably 
enhances the number of active sites for ORR14. It is proposed 
that the inherent active sites for ORR in NDC materials might 
include pyridinic, pyrrolic and graphitic nitrogen species. 
Among them, graphitic and pyridinic nitrogen are regarded as 
the prospective ORR active sites15,16.Synthesis of carbon 
materials with rich in graphitic nitrogen content requires high 
formation energy. Also, the mild synthetic conditions resulted in 
the formation of predominantly pyrrolic nitrogen which is of less 
attractive for ORR reaction17. Therefore, it is of ideal to 
synthesize NDC with rich in graphitic and pyridinic nitrogen 
content for better ORR activity. However, when compared to Pt 
based catalyst the performance of NDC towards ORR activity is 
less competitive.   
 
As another kind of non-noble metal based-electrocatalysts, the 
combination of NDC materials with trace amount of transition 
metal may be a desired way to promote ORR activity 
efficiently18,19. In the past decades, transition metals incorporated 
conducting carbon materials are widely used as alternative 
catalysts for ORR in alkaline medium, due to their abundance 
and environmental compatibility20.Literature information 
indicates that the introduction of trace amount of transition metal 
could effectively increase the activity of NDC materials. Thus, 

considering both NDC material and transition metal having 
considerable ORR activities, it will be attractive to study the 
ORR performance of their composites. 
 
Hence, it is necessary to develop new strategies for the 
improvement of ORR activity of NDC materials.To overcome 
aforementioned issues, here in we report a high-performance 
porous Fe-N-C catalyst for ORR in an alkaline medium. This 
catalyst is partially graphitized and prepared by simple 
carbonization process. Among the various synthesized catalysts, 
Fe-N-C catalyst showed admirable performance for ORR in 
alkaline medium and comparable to conventional Pt/C catalyst in 
terms of ORR kinetic current density. Therefore, it is 
encouraging and interesting to investigate the ORR of 
synthesized Fe-N-C catalysts. The advantages of the synthesized 
catalyst are showing excellent performance for ORR, cost-
effective and serve as good cathodic catalyst for fuel cell 
application. 
 
Experimental Section 

 
Chemical 
 
The following chemicals are received and utilized without 
further purification. Chloroform, potassium hydroxide, 
hydrochloric acid and aniline were obtained from Merck. 
Ammonium peroxydisulfate (APS) and ferric chloride (FeCl3) 
are received from Alfa Aesar. 20 wt. % Pt/C was purchased from 
E-Tek. Nafion (5 wt. %) was purchased from Sigma-Aldrich. 
Throughout the experiments, solutions were prepared using 
Millipore water of 18.2 MΩ cm resistivity. 
 

Preparation of catalysts 
 
PANI was synthesized by a conventional chemical route. 
Briefly, 0.2 M aniline hydrochloride and 2.5 M APS were 
rapidly mixed together in water and allowed to stand for 24 h for 
complete polymerization. The resulted solids were separated by 
filtration, washed thoroughly with acetone followed by water 
and dried under vacuum for 4 h at 70oC to obtain green powder 
of PANI. Whereas, 0.05 M FeCl3was introduced along with 
aniline and the above procedure was followed for PANI+Fe 
material preparation. Here, FeCl3 is metal precursor and PANI is 
the only precursor for both carbon and nitrogen.  Carbonization 
of PANI and PANI+Fe catalyst was carried out in a 
programmable tubular furnace (Thermo make) where the 
temperature has increased at a rate of 1 oC s-1 upto 800oC and 
maintained 1 h at this temperature in an inert atmosphere. After 
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carbonization, the sample was allowed to cool at ambient room 
temperature that resulted NDC and Fe-N-C materials 
respectively.   

 
Fabrication of catalyst modified Glassy Carbon electrodes 
 
Glassy carbon electrode (GCE) was polished carefully using 0.3 
and 0.05 μm alumina pads, then sonicated in water and absolute 
ethanol. The catalyst ink was prepared as briefly; 2 mg of 
synthesized catalyst or Pt/C was dispersed in 1 mL of water and 
5 μL of Nafion (0.5 wt. %) by 30 min sonication. The catalyst 
layer was prepared by drop cast 5 μL of catalyst ink on gutted 
GC electrode surface using a micropipette and dried at room 
temperature.  

 
Structural characterization 
 
The physical properties of the derived catalysts were examined 
using X-ray photoelectron spectroscopy (XPS) that was carried 
out with Multilab 2000 Thermo scientific (UK) X-ray 
photoelectron spectrometer. Mg Kα X-ray (1253.6 eV) with 200 
W power was used as the exciting source and 10 eV energy pass 
was used for data collection. The energy analyzer employed was 
a hemispherical analyzer of 150 mm diameter. The vacuum 
maintained during the experiment was 10-10 mbar. Experimental 
data were curve fitted using Shirley background with a Gaussian 
and Lorentzian mix product function. Scanning electron 
microscope (SEM) characterization was carried out using Model 
Zeiss Ultra 55 operated at an accelerating voltage of 5 kV to 
study the surface morphology of the synthesized materials. The 
elemental composition (CHN) analysis was recorded using 
Elementarvario EL III, German. High Resolution Transmission 
Electron microscopy (HR-TEM) analysis was carried out using 
Tecnai Netherlands. Raman spectra were recorded using high 
resolution dispersive Renishaw make Laser Raman 
spectrophotometer employing Helium-Neon excitation Laser of 
maximum power density 2.0 watts (632.8 nm). X-ray diffraction 
(XRD) measurements of the synthesized catalysts were carried 
out on a Philips PAN analytical PRO X-ray diffractometer using 
Ni-filtered Cu Kα radiation (λ = 0.15406 nm). The XRD patterns 
were obtained in a step-scanning mode with narrow receiving slit 
(0.5°) of counting time 15 s/0.1o. The identification of phases 
was made by referring to the Joint Committee on Powder 
Diffraction Standards International Center for Diffraction Data 
database. 

 
Electrochemical measurements 
 
A three-electrode configuration was used, with a catalyst layer 

modified GC electrode as working electrode; platinum wire and 

Ag/AgCl (in saturated KCl solution) as counter and reference 

electrodes respectively. The ORR activities of the catalysts were 

evaluated by linear sweep voltammetry (GC electrode with 

diameter of 3.0 mm), rotating disc electrode (RDE) experiments 

performed in oxygen saturated 0.1 M KOH solution at a scan 

rate of 0.01 Vs-1 and chronoamperometry method is used for 

methanol tolerance studies. All these experiments were carried 

using Potentiostat/Galvanostat BAS 100B (Bioanalytical 

Systems Inc.) /Autolab (Ecochemie) electrochemical work 

station at room temperature (25±1°C). LSV experiments were 

conducted under oxygen saturated 0.1 M KOH electrolyte, at a 

scan rate of 0.01 Vs-1. All potentials showed in this work are 

against Ag/AgCl reference electrode and during this study 

commercial Pt/C catalyst 20% (E-Tek) was used for comparison. 
Capacitive current measurements were carried out using cyclic 

voltammetric (CV) measurement in 0.1M KOH at 10 mV/s 

sweep rate in the potential range -0.8 to 0.2 V vs Ag/AgCl.   
 
 
 

Results and discussion 
 
The preservation of morphological features of synthesized PANI 
even after the carbonization process is well established in our 
previous work and by other researchers21,22. After heat treatment 
at 800oC for 1 h in an inert atmosphere, the porous morphology 
was retained and only some agglomerations are observed for 
PANI as shown in Fig.1A. When iron is introduced in the NDC 
materials that also retained the porous structures with smaller 
amount of iron particle incorporation in the NDC material, is 
clearly observed in Fig. 1B. In addition Fig. 1C& D shows the 
representative HR-TEM images of NDC and Fe-N-C materials 
respectively. The HR-TEM image of Fe-N-C material confirms 
the present of iron particles with a typical size of 30-40 nm 
embedded over the NDC. The schematic diagram for NDC and 
Fe-N-C catalysts preparation procedure are exhibited in 
scheme.1. The carbonization process is allied with the mass loss 
for practical applications. The yield in the carbonization process 
in air is low; i.e. below 10 wt %, 23but in an inert atmosphere 
weight loss is close to 30 % 24. In this work 26 % weight loss is 
observed during the carbonization process. The yield decreases 
with increase in carbonization temperature and better conversion 
of the molecular structure is expected at higher temperature25. 
Further, spectroscopic and diffraction studies are employed to 
identify the structural vicissitudes. The changes in elemental 
composition are not large, but the proportion of nitrogen and 
carbon atoms significantly decreases. Considerable changes in 
the molecular structure are reflected in Raman spectroscopy and 
XPS analysis. 

Fig.1 SEM images of (A) NDC (B) Fe-N-C materials and HR-
TEM images of (C) NDC (D) Fe-N-C materials 

 

 

 

 

 

 

 
Scheme.1 Schematic representation of NDC and Fe-N-C 
materials synthesis process 
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X-ray diffraction study  
 
The architecture of synthesized NDC and Fe-N-C materials are 
characterized by XRD. Fig. 2A shows wide angle powder XRD 
pattern of respective materials. Here, NDC material exhibits a 
broad peak at 2θ value of 24.48, corresponds to carbon lattice 
with 0.36 nm interlayer distances, which is indexed (002) plane, 
resembles graphitic lattice. However, pristine graphitic carbon 
has (002) plane at 2θ value around 26.5 with 0.33 interlayer 
distances between the graphitic carbon sheets. The carbon sheets 
interlayer distance for NDC is marginally higher than pure 
graphitic carbon. This could be due to structural changes and 
partial graphitization of carbon network during carbonization of 
PANI. Similar results are reported on some partially graphitic 
mesoporous carbon materials26. In addition, NDC materials also 
show a broad reflection peak at 2θ = 43.5o corresponds to 
superposition of (101) plane reflections of the graphitic carbon 
and strongly attest a higher degree of carbonization. This result 
confirms that partially graphitic structure was successfully 
obtained from carbonized PANI at 800oC. It is described that 
preparation of porous carbon materials with graphitic carbon 
nature using carbon sources such as sucrose and furfuryl alcohol 
is very difficult if the carbonization temperature is lower than     
1100oC27. Thus, it is reasonable to assume the formation of 
highly graphitic carbon due to the aromatic carbon as the 
precursor and the phenyl group attached to an amino group.  

 

 

 

 

 

 

 

 

Fig.2 Shows the XRD pattern of (A)NDC and (B)Fe-N-C 
materials 

XRD pattern of Fe-N-C material andposition of the diffraction 
lines are encompassed in Fig.2B. It can be seen that the catalyst 
exhibited sharp diffraction peak at 24.4o which is indexed as 
(002) plane, strongly reflect the feature of graphitic carbon. In 
addition, the apparent diffraction features of Fe-N-C catalyst 
were also observed due to small Fe loading into NDC. Based on 
the amount of Fe loading, the main diffraction peak observed at 
2θ = 44.6o intends to the possible existence of the crystalline 
planes of metallic iron (JCPDS File no 01-072-1110). The 
remaining diffraction peaks are attributed to characteristics of 
Fe3O4, Fe-N and Fe2N phases. As a result, XRD patterns indicate 
that Fe-N-C catalyst composed of a mixture of Fe3O4, Fe-N and 
Fe2N along with metallic Fe phases. It should be noted that 
chemical structures of Fe are obviously different from NDC, 
since different forms of iron, to the extent possible are exhibited 
in the XRD patterns. Moreover, some Fe species could be 
scarcely identified by using XRD due to the presence of 
amorphous phase and it is also good in agreement with SEM 
studies. Accordingly, additional XPS, and Raman analyses are 
carried out to further explore the chemical environment of 
nitrogen, the coordination geometry, and bonding of its local 
environment around the Fe atoms. 

 

Raman Spectroscopy 
 
Raman spectroscopy analysis was carried out to study the 
structural changes in the carbon architecture. Fig.3 shows the 
normalized Raman spectra of synthesized catalysts in 500-2000 
cm-1 region collected using laser of 632.8 nm emission. The 
spectra of the pristine PANI, PANI+Fe and NDC are also 
exhibited for the sake of comparison. PANI, PANI+Fe, NDC 
and Fe-N-C materials exhibited characteristic peak at around 
1575 cm-1 (G-band) corresponds to E2g mode of sp2 carbon. In 
addition, PANI exhibited the D band at 1476 cm-1, however after 
addition of Fe and carbonization process, the D-band shifted to 
1354 cm-1 strongly equates to disordered nature of carbon 
material. The intensity ratio of D and G bands (ID/IG) calculated, 
is used to infer the degree of graphitization in the carbon 
materials. The decrease in (ID/IG) ratio clearly signifies the 
enhanced graphitization. The creation of structural changes in 
the presence of iron is further supported by XPS analysis. 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig.3 Raman spectra of respective materials. 
 
XPS characterization 

 
X-ray photoelectron spectroscopy (XPS) characterization was 
carried out to explore the surface elemental composition of 
nitrogen and iron doped carbon materials. Figure 4A shows the 
high resolution C1s spectra of NDC and Fe-N-C materials. The 
deconvolution of C1s main signal of Fe-N-C shows two 
predominant peaks with a binding energy of 284.8 (65.9%) and 
285.5 (19.9 %) eV, assigned to sp2 (graphitic) and sp3 
(diamond)28like carbon respectively with a sp2:sp3 of 3.3:1. 
Several other small peaks are also observed at 286.6 (9.5 %), 
286.9 (2.1 %) and 288.2 (2.2 %) eV corresponds to C-O, C-N 
and C=O bonds respectively29, 30. The C1s spectra of NDC 
sample also exhibited similar peaks of sp2 and sp3 carbon where 
the ratio is found to 1.4:1.0 indicated poor graphitic value. In 
both, the predominant C1s peak centred at 284.8 eV and its 
asymmetric pattern is due to the presence of C-N bond in the 
carbon lattice, which indicates nitrogen atoms are successfully 
incorporated into the carbon network during carbonization31. 
 
Fig. 4B shows the N1s spectrum of NDC and Fe-N-C materials. 
The deconvolution of N1s spectra of NDC material showed four 
peaks at 398.2, 399.7, 401.0 and 402.2 eV, which are assigned to 
pyridinic N (22.8%), pyrrollic N (28.15%), graphitic N (46.34%) 
and oxidized form of nitrogen (2.65%) respectively. The 
deconvoluted N1s spectra of Fe-N-C material also exhibited all 
the above nitrogen peaks, but interestingly with an improved 
graphitic N value of 63.5%. The improvement in the graphitic N 
percentage warrants high ORR activity32. In addition, the peak 
observed at 399.0 eV strongly corresponds to the presence of N-
Fe bonding, which clearly confirms the formation of Fe-N 
bonding in Fe-N-C material.  Incorporation of iron in carbon 
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network could be responsible for the catalytic conversion in the 
form of graphitic carbon33. 
 
Fig.4C shows the deconvoluted Fe2p spectrum of Fe-N-C 
material and it results six peaks viz. 709.7, 710.7, 711.5, 712.6, 
713.6 and 719.2 eV. The set of bands observed for Fe is due to 
the formation of iron in different oxidation states32, 34. The peaks 
appeared at 709.7 eV and 710.7 eV corresponds to 2p3/2 of Fe 
(II) ion and Fe (III) ion respectively34, 35. The peaks at 713.6 and 
719.2 eV are the satellite peaks of Fe (II) and Fe (III) 
respectively and it clearly confirms the co-existence of Fe (II) 
and Fe (III) in this material. The peak area calculated indicated 
the relative abundance of iron and its composites in the Fe-N-C 
material as shown in Table.1. Therefore, the present observation 
clearly confirms the formation of Fe-N bond together with C-N 
bond in the Fe-N-C material that plays a crucial role in 
improving the ORR performance. 

 
 
 

 
 
 

 
 
 

 
 
Fig.4 Deconvoluted high resolution (A) C1s XPS spectra, (B) 
N1s XPS spectra of respective materials (C) Fe2p spectra of Fe-
N-C material. Inset indicates the respective composite and states 
of iron. 
 
Electrocatalytic activity of synthesized catalysts 
 
The electrocatalytic activity of the synthesized materials towards 
ORR was investigated by voltammetric studies in oxygen 
saturated 0.1 M KOH solution. From electrocatalytic point of 
view PANI and PANI-Fe materials are poorly active towards 
ORR in alkaline medium. However, after carbonization 
remarkable increase in electrochemical activity was noticed and 
Fe incorporation in NDC material exhibited enhanced ORR 
activity in alkaline media. The ORR activity of the synthesized 
materials is compared with the commercially available catalyst 
Pt/C 20% (E-Tek) supported on a GC electrode.  
 
Fig.5 shows the comparison linear sweep voltammograms of the 

ORR activity of (a) PANI, (b) PANI+Fe (c) NDC (d) F-N-C and 

(e) Pt/C catalysts. From the figure, it is observed that the ORR 

activity improved to a greater extent when nitrogen is introduced 

in the carbon network. For instance, the onset potential of PANI 

and PANI+Fe is found to be - 0.345 V whereas in the case of 

NDC the potential has shifted to - 0.25 V, i.e., 95 mV anodic 

shift was observed. Comparison of electrochemical reduction of 

oxygen between Fe-N-C and NDC reveals that the addition of 

trace amount of Fe into NDC greatly promote the ORR activity. 

The onset potential of ORR at Fe-N-C is found to -0.04 V which 

is more positive than NDC and PANI/PANI-Fe. The 

voltammetric current density for ORR on Fe-N-C (4.6 mAcm-2) 

is three times higher than PANI (1.53 mAcm-2). The enhanced 

activity in Fe-N- C catalyst, suggests that Fe-N-C catalyst has a 

large surface area compared to PANI, PANI+Fe and NDC, 

which is revealed by quantifying the capacitive current 

measurements (supporting information S1). This is due to the 

interconnected pores in Fe-N-C material that increases the active 

sites and effectively improves the electrochemical performance. 

It is reported that single iron atom cannot effectively transfer 

electrons to the oxygen molecule. Instead, the neighboring atom 

or group of atoms facilitates ORR on the pyrolyzed catalysts36-

38.The performance of Fe-N-C is compared with the commercial 

Pt/C 20% (E-Tek) catalyst (-0.015 V onset potential), which 

revealed that the Fe-N-C catalyst exhibited a close performance 

in terms of ORR onset potential and current density with the Pt 

catalyst. The large discrepancy in the activity between NDC, 

PANI/PANI-Fe and Fe-N-C is due to the availability of active 

sites which are exposed to the porous Fe-N-C catalyst surface for 

ORR. The combination of trace amount of Fe incorporation in 

the NDC matrix along with porous structural architecture 

contributes an enhanced ORR activity of Fe-N-C material. 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

Fig.5 Comparison LSV curves of ORR at (a) PANI, (b) PANI+ 
Fe (c) NDC (d) F-N-C and (e) Pt/C catalysts modified GC 
electrodes in an oxygen saturated 0.1 M KOH aqueous solution 
(Scan rate 0.01Vs-1: at 1600 rpm). 
 
From the above LSV analysis Fe-N-C material showed enhanced 
activity towards ORR and its performance is close to commercial 
Pt/C 20% (E-Tek) catalyst. In further, rotating disk electrode 
(RDE) experiments are carried out to investigate the kinetic 
parameters of Fe-N-C catalyst towards ORR. In order to 
understand the catalytic mechanism, LSV curves of Fe-N-C 
samples (Fig.6A) were recorded in O2 saturated 0.1 M KOH 
electrolyte at different rotation rates. From the figure, it is 
observed that the reduction current is found to increase with the 
rotation rate. The number of electron transferred (n) per oxygen 
molecule in the ORR process is calculated by Koutechy-Levich 
(K–L) equation39 

 

 

 

 
 
where ik is kinetic current density, B is Levich slope, n is the 
number of electrons involved in ORR process per O2 molecule, 
C is the saturation concentration of oxygen in electrolyte 
(1.1×10-6mol/L), D is the diffusion coefficient (1.9×10-5 cm2 s-1), 
υ is the kinematic viscosity of solution (1.0× 10-2 cm2 s-1)40 and 
ω is the rotation rate in rpm. The K-L equation relates the current 
density (i) to rotation rate of the electrode (ω).  A plot of j-1 vs ω 

-1/2 should give parallel straight lines at different applied 
potentials is showed in Fig.6B. Fe-N-C catalyst showed linearity 
and parallelism, confirming that ORR follows first-order kinetics 
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with respect to O2 molecule. Further, the plots do not pass 
through the origin, indicating a mixed kinetic-diffusion-
controlled mechanism41. The number of electrons involved in the 
ORR calculated using K-L equation works out to ~ 3.8. This 
observation revealing that the electrocatalytic process of ORR at 
Fe-N-C catalyst is close to four-electron pathway leading to the 
direct formation of OH-. Thus, the possible ORR mechanism 
may be given as follows:  
 
 
 
The above observation with enhanced electrocatalytic activity of 
Fe-N-C modified GC electrode towards ORR is due to formation 
of new carbon structure during carbonization and improved 
porous surface area.  

 
Fig.6 (A) RDE voltammograms of Fe-N-C modified GC 
electrode in an O2saturated, 0.1 M KOH solution at a scan rate of 
0.01V s-1 atdifferent rotation rates (B) K–L plots for ORR at 
different electrode potentials for Fe-N-C. 
 

Methanol tolerance Effect 
 
The methanol tolerance ability for a cathode material is an 
important issue in alcohol fuel cells45. Fig.7 shows the 
chronoamperometric response of (a) Fe-N-C and (b) Pt/C 
modified GC electrodes with the addition of 2 M methanol in 0.1 
M KOH solution. The Fe-N-C catalyst almost unaffected even 
after the addition of high concentration of methanol, conversely 
the corresponding current observed on the commercial Pt/C 
shifted from cathodic to anodic current region within a short 
period, indicating a conversion of the dominated ORR process 
over the methanol oxidation reaction. This result suggests that 
Fe-N-C catalyst is completely resistant to methanol oxidation / 
adsorption. This observation is very much important in the 
context of direct methanol fuel cell applications. The above 
development expected the utility of this Fe-N-C as a methanol 
tolerant ORR catalyst in alkaline fuel cell configuration that 
offers a competitive advantage over the state-of-the-art 
conventional Pt/C materials.  
 
 
 
 
 

 
 
 

 
 
 

 
 
Fig.7Chronoamperometric responses of Pt/C and Fe-N-C 
catalysts at -0.15 V vs Ag/AgCl in O2saturated 0.1 M KOH 
electrolyte 
 
 

ORR Stability Characterization 
 

Another major concern in developing electrocatalysts is their 

durability in fuel cell performance. Normally carbon supported 

catalyst materials are suffered from a durability concerns due to 

weak interaction between carbon and metal atom. The use of 

nitrogen doping is expected to increase the bonding energy of 

the metal with the carbon support42-43. According to density 

functional theory, various nitrogen arrangements in carbon 

network have a positive effect on the binding energy, showing an 

increase in activity44. Based on these observations the present 

Fe-N-C catalyst is expected to have a better interaction between 

Fe ion and N that should be strong enough to give a durable 

activity of Fe-N-C for ORR. Thus, Fig.8 shows the durability 

test of Fe-N-C and Pt/C 20% (E-Tek) catalysts. LSV curves were 

recorded for these catalyst materials up to 2000th cyclein 

O2saturated 0.1 M KOH solution at 1600 rpm.The catalyst’s 

durability is assessed in terms of degradation in their half-wave-

potential (E½) after 2000 cycles46. The Fe-N-C catalyst exhibited 

only 5 mVdegradation whereas Pt/C catalyst (Fig.8B) showed 

42mV negative shift. Thus, the surface properties of the non-

precious metal catalyst are maintained during the potential 

cycling test. This information clearly indicated that the 

synthesized material is more durable than the Pt/C 20% (E-Tek) 

for fuel cell applications. 

 

Fig.8 Comparison of LSV curves for (A) Fe-N-C, (B) Pt/C 

catalysts for ORR on (I) initial and (II) after 2000 cycles in O2 

saturated 0.1 M KOH at 1600 rpm with the sweep rate of 10 

mVs-1. 
 

Conclusion 
 
In summary, we have synthesised a series of catalysts by 
pyrolyzing PANI supported ferric chloride at 800oC in an inert 
atmosphere and they readily transferred onto various substrates. 
The high-quality catalysts were characterized and evidenced by 
Raman, XRD, SEM and XPS measurements. Based on XPS and 
voltammetric results, it is speculated that high surface area and 
N-Fe bonds incorporated into the carbon matrix are responsible 
for ORR active sites. The Fe-N-C catalyst showed improved 
performance for ORR in alkaline medium compared to PANI, 
PANI+Fe, NDC. The catalytic current density at the Fe-N-C 
modified GC electrode was found to be three times higher than 
PANI and close performance to the commercial Pt/C catalyst. 
Thus, Fe-N-C catalyst is demonstrated to have best ORR activity 
and a preferred catalyst material for a direct four-electron 
reduction pathway. In addition to high ORR activity, the as-
prepared Fe-N-C catalyst shows superior methanol tolerance and 
durability compared to commercial Pt/C. It is notable that the Fe-
N-C possesses remarkable electrocatalytic properties for ORR 
with methanol tolerance and durability character;so it could be a 
promising candidate as a cathode catalyst in a fuel cell 
configuration.  

 
 

 

       
   
→                                     
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Here, we report a low-cost, noble metal free Fe-N-C catalyst prepared using carbonized polyaniline (PANI) and 
ferric chloride as precursors in an inert atmosphere for oxygen reduction reaction. 
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