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ABSTRACT 

The aims of this study is to analyze the new material substitute for Pt/C catalyst with the main material Fe as a 

metal precursor, graphite as carbon, and variations of nitrogen derived from organic compounds. The homogenous mixing 

generated a nitrogen-coated carbon surface after pyrolysis. Nitrogen and carbon were fixed in the ratio of 1:1 and mixed 

with the compound FeCl3.6H2O dissolved with ethanol. The percentage of Fe was 7wt%. Pyrolysis was carried out at 

700
o
C for 2 hours under N2 atmosphere. The formation of new compounds after pyrolysis, such as FeS and Fe2O3, has a 

role to increase catalytic activity. The Fe-N (urea + PVP) -C catalyst has the largest CV and current density area compared 

to the Fe-N (urea) -C and Fe-C catalysts. These results are caused by the largest surface area of 7.239 m²/g of Fe-N (urea + 

PVP) -C and have a uniform distribution of nitrogen on the carbon surface as shown by the SEM observation image. In 

addition, the good electrochemical properties of the Fe-N (urea + PVP) -C catalyst due to the high nitrogen content of the 

EDX analysis of 2.97 wt% demonstrate it is possible to form nitrogen functional groups after pyrolysis. 

 
Keywords: non-precious metal catalyst, electrochemical properties, double nitrogen source, physical properties. 

 

INTRODUCTION 

The development of green, sustainable energy 

storage has become important because of the increasing 

environmental problems caused by fossil fuels. Solar cell, 

fuel cell, batteries, and super capacitors are types of 

energy storage and storage technologies created to 

overcome the pollution and scarcity of nature resources. 

The oxygen reduction reaction (ORR) is the key to 

realizing the optimal performance of electrochemical 

energy conversion, such as batteries and fuel cells [1]. The 

oxygen reduction reaction (ORR) can be proceeded by two 

overall pathways in a direct 4-electron pathway and an 

indirect 2-electron pathway [2]. Platinum (Pt) has the most 

active catalyst on the desired 4-electron transfer ORR 

process. However, much of the research leads the 

development to replace the Pt loading using non-precious 

metals as electrocatalyst materials. Some of transitional 

metal and nitrogen can replace Pt to form a metal-nitrogen 

structure, such as the following sequence: 

Fe>Co>Cu>Mn>Ni. A non-precious metal catalyst 

(NPMC) was studied using a metal precursor mixed 

carbon and nitrogen source for pyrolysis. Setyowati et al. 

used polyaniline (PANI) and several iron precursors to 

study the differences in ORR activity. FeCl3-PANI/C 

exhibited Fe-N4 structure and leads to high ORR activity 

because of high quaternary-type nitrogen [3].  

NPMC used carbon as a support material because 

of the high electrical conductivity and stability in 

electrochemical condition. The porous structure is easily 

transferred and formed the active sites. N-doped carbon is 

derived into two groups, incorporating both nitrogen and 

transition [4] metal or simply a nitrogen atom into the 

carbon matrix [5]. N-doped carbon nanomaterial is one of 

the main types investigated for the enhancement of oxygen 

reduction reaction. The classification method for nitrogen 

doping of the carbon nanostructure are directly doping 

during synthesis of porous carbon nanostructure materials, 

called “in situ" doping, and post treatment of pre-

synthesized carbon nanostructure with nitrogen containing 

precursor (N2, NH3, etc.), called “post” doping [6]. Jager et 

al. synthesized Fe-N/C using various N sources: urea 

(Urea), ethylenediaminetetraacetic acid disodium salt 

(EDTA), 1,10-phenanthroline (Phen), 2,2′-bipyridine 

(Bipyr) and in-house synthesized novel 1,3-di(1H-

imidazol-1-yl)-2-propanol (DIPO), and concluded that the 

ORR increases in the following order: Fe+Urea/C < 

Fe+EDTA/C < Fe+DIPO/C ≤ Fe+Phen/C ≤ Fe+Bipyr/C in 
0.1M KOH, as well as in 0.1M HClO4 electrolyte 

solutions [7].  

Catalyst properties including high 

electrochemical stability, good electrical conductivity, and 

homogeneous particle distribution can be improved by 

high-temperature pyrolysis [8] [9] [10], chemical synthesis 

[11], and physical mixing treatments [12]. Catalytic 

activity directly attributed to temperature treatment. The 

activity recovery was observed from 200
o
C to 950

o
C. Acid 

washing, reheat treatment, and multiple acid washing-

reheat treatment are used to determine suitable treatment 

for improving ORR. Range temperature of 200 to 300
o
C 

cannot be correlated to new sites formation. The ORR 

activity was shown after being treated at temperatures 

above 600
o
C [13]. Wu, Gang, et.al studied the effect of 

heating the temperature of the PANI-Fe-C catalyst from 

400
o
C to 1000

o
C. Some analysis measurements were used 

to understand factor-attributed catalytic activity and FTIR 

characterized absorption bonding of the PANI-Fe-C before 

pyrolysis. The polymer chains also were determined. The 

relevant band disappears starting at 600
o
C, indicating that 
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the benzene-type and quinine type structure on PANI were 

decomposed [14]. Nitrogen levels and species were 

needed to control because they are responsible for 

enhancing the ORR activity. Takahiro Kondo, et al. 

studied the different types of nitrogen, such as pyrrolic, 

pyridinic, and graphitic N groups. ORR may result from 

the pyridinic N atoms. It has a larger electronegativity N 

atom, creating a carbon lattice to easily adsorb the O2 

molecule and facilitate the O=O bond breaking of O2 [15].  

Nitrogen doped carbon has the configuration of nitrogen 

that affects the catalytic activity. Therefore, it is important 

to improve the active N doped carbon to get a nitrogen 

bonding configuration in porous carbon[16]. Based on the 

view point of the nitrogen role for improving the catalytic 

activity, various nitrogen sources were used to synthesize 

N-doped carbon using Fe precursor by following pyrolysis 

method.  

 

EXPERIMENTAL STUDY  

 

Synthesis of Nitrogen Doped Carbon 

Urea and Polivinil Pirolidon (PVP) were 

purchased from Merck product and were used as a 

nitrogen precursor. Graphite was used as the carbon 

support catalyst. There were two samples of nitrogen-

containing catalyst and one sample without the addition of 

nitrogen. Carbon and nitrogen sources were mixed with 

ethanol solvent and stirred for 8 hours at room 

temperature. The mixture was filtered and washed by 2L 

of deionized water then heated at 80
o
C overnight. The 

obtained products were N(urea+PVP)-C, N(urea), and C 

without nitrogen.  

 

Synthesis of Fe-N-C Catalyst 

FeCl3.6H2O (99+% purity, Merck) was used as 

the iron precursor, and Fe was fixed to 7wt% for all 

samples. FeCl3.6H2O was dispersed in 20 mL of ethanol 

solvent and N-C powders were added to the iron solution. 

The mixture was put into an ultrasonic bath for 30 

minutes. The solvent was removed and dried in a furnace. 

To improve the active site, pyrolysis was conducted at 

700
o
C for 2 hours in N2 atmosphere using 20

o
C/min as 

heating rate. The products of the catalyst were named as 

Fe- N(urea+PVP)-C, Fe-N(urea), and Fe-C as comparison. 

 

Characterization 

Fe- N(urea+PVP)-C, Fe-N(urea), and Fe- C were 

characterized in order to analyze the electrochemical and 

physical properties. CV was measured using potentiostat 

with the potential range of -0.15 V - 0.85 V in 0.1 M 

HClO4 media. Physical characterizations consist of using 

the Scanning Electron Microscope (SEM) to identify the 

morphology, Energy Dispersive X-ray Spectroscopy 

(EDX) to analyze the element composition of catalyst, and 

X-ray diffraction (XRD) to determine compound or 

phases. The surface area was also measured by Brunauer-

Emmett-Teller (BET) and FTIR to show the molecular 

structures. 

 

RESULTS AND DISCUSSIONS 

The electrochemical properties of prepared 

catalysts were measured by Cyclic Voltammetry (CV). As 

shown in Figure-1, ORR cathodic peaks appeared, 

indicating that the samples have active site [17]. Fe-N 

(urea+PVP)-C displayed the most positive ORR peak 

potential and the highest cathodic current density 

compared to Fe-C and Fe-N(urea)-C. This result indicates 

the highest ORR activity of the Fe-N (urea+PVP)-C 

catalyst and reveals that doping nitrogen has important 

influence for improving ORR activity [18]. 

 

 
 

Figure-1. Cyclic Voltammetry of catalyst using various 

nitrogen compositions in 0.1M HClO4 media 

measurement. 

 

Table-1 summarizes the data of CV 

measurement. Fe-N (urea+PVP)-C catalyst has the largest 

area of CV curves and Fe-C catalyst is the smallest 

indicating the Fe-N (urea+PVP)-C capacity. Moreover, 

high current density of cathode belongs to the Fe-N(urea)-

C catalyst. It is supposed that the value of current density 

in cathode is correlated with the surface area of the 

catalyst.  
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Table-1. The electrochemical properties of CV measurement. 
 

Sample 
Capacity 

(F) 

Ep. Anode 

(V vs RHE) 

Ip. Anode 

(mA/cm
2
) 

Ep. Cathode 

(V vs RHE) 

Ip. Cathode 

(mA/cm
2
) 

Fe - C 0.0071 0.724 0.219 0.660 0.112 

Fe - N(urea + 

PVP) - C 
0.0133 0.740 0. 479 0.626 0.124 

Fe - N(urea)-C 0.0087 0.721 0.325 0.640 0.130 

 

SEM morphology in Figure-2 illustrates the 

differences of particulate shape. Catalyst without the 

addition of nitrogen source from urea and PVP promotes 

more agglomerates than nitrogen doped carbon catalyst. 

Nitrogen is deposited on carbon surface of Fe-N(urea)-C 

catalyst and is uniformly distributed to the carbon surface 

after PVP addition. Fe-N(urea-PVP)-C catalyst has a clear, 

porous structure, indicating some mesopores. This kind of 

structure facilitates the oxygen transport to active sites and 

the removal of water from the catalyst surface [19]. The 

presence of urea and PVP decomposed as a sacrificial 

pore-forming agent during the carbonization process, 

leaving the pores in the carbon matrix [20]. Herein the 

decomposition of urea leads the formation of porous 

structure. Fe-N(urea+PVP)-C catalyst has 7.239 m²/g of 

surface area, which is higher than Fe-N(urea)-C of 3.633 

m²/g surface area. High surface area is obtained and can 

expose more active sites because it decreases the diffusion 

resistance and enhance the three-phase boundary of gas, 

electrolyte, and solid catalyst, which are both beneficial to 

improving the catalytic performance [21] [22].  

 

 
 

Figure-2. SEM image of the various catalyst using different component. 

 

One of the most important factors for improving 

the catalytic activity is heat treatment. Non-precious metal 

catalyst developed pyrolysis at the desired temperature to 

improve the activity and stability of transition metal 

macrocycles for the ORR catalyst [23]. The diffraction 

pattern of XRD curves between pyrolyzed catalyst and 

without pyrolysis is shown in Figure 3. Pyrolyzed catalyst 

has the highest intensity of carbon peak without pyrolysis. 

Furthermore, pyrolyzed catalyst has a strong peak, 

indicating the iron compound exists in a catalyst such as 

FeS (JCPDS, PDF# 370477) at 33.25
o
 and 49.5

o
, Fe2O3 

(JCPDS, PDF# 391346) at 35.53
o
, 62.57

 o
, 64.17

 o
, and 

Fe3C (JCPDS, PDF# 350772) at 54
o
 and 77.56

o
, 

respectively. The presence of a new iron compound 

reveals that the heat treatment conducted generates many 

species consisting metal nitrogen species, metal oxide, and 

metal carbides [24] [25].  
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Figure-3. XRD pattern of Fe-N(urea-PVP)-C catalyst 

before and after pyrolysis. 

 

Pyrolysis provides benefits in the process of 

graphitization. On catalysts, which are carried out before 

pyrolysis, have a carbon content of half of the carbon 

content after pyrolysis. Figure-4 shows the elemental 

composition of obtained catalyst. This proves that 

pyrolysis can form functional groups that are useful for 

improving catalytic activity. Nitrogen was not found in the 

catalyst before pyrolysis but could be analyzed for 2.97 

wt% N elements after pyrolysis which showed that the 

pyrolysis process succeeded in forming a nitrogen group. 

The Cl element in the catalyst before pyrolysis is obtained 

from metal precursor FeCl3.6H2O and can also be from the 

use of solvent HCl during the catalyst synthesis process. 

The condition of the pyrolysis carried out in a vacuum and 

flowed with argon gas aims to reduce the impurity in the 

sample so that there is no more presence of Cl in the 

catalyst after pyrolysis. O and Fe atoms have decreased 

levels after pyrolysis, indicating that iron interacts with 

amorphous carbon and promotes for surface 

rearrangement after pyrolysis [26] [27]. 

 

  
 

Figure-4. EDX spectra of catalyst (a) before and (b) after pyrolysis. 

 

The existence of a new iron compound after 

pyrolysis is shown by Figure-5. Fe-C catalyst has a 

different peak from other samples for FeC compound in 

45
o
 of 2θ positions. Peak intensity of Fe-C catalyst is the 

lowest peak, compared to when nitrogen is added to the 

catalyst. Fe-N(urea+PVP)-C catalyst has the Fe2O3 and 

FeS compound. The presence of the FeS compound has 

the important role for synergetic increased catalytic 

activity. FeS can enhance the E1/2 (half-wave potential) but 

lower the Eonset (onset potential). It can be concluded that 

the presence of FeS creates a reactive site to lower Eonset 

[28]. 

 

 
 

Figure-5. XRD pattern of the obtained catalyst using 

various compositions. 
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Catalysts with different composition variations 

contain different elements in the EDX test as shown by 

Figure-6. Fe-C catalyst has the highest carbon peak 

intensity compared to Fe-N (urea) -C and Fe-N (urea-

PVP) -C catalyst. This high carbon peak shows that the 

most dominant crystalline carbon structure, Fe-N (urea) -C 

catalyst, does not have nitrogen so that the compounds 

formed from XRD curves are Fe3C and Fe2O3. The high 

nitrogen content in the Fe-N (urea + PVP) -C catalyst 

shows that nitrogen groups have formed after the pyrolysis 

process, which can increase the active site. This can be 

seen in the CV image that Fe-N (urea + PVP) -C has 

greater capacity and current density at the cathode than Fe-

C and Fe-N (urea) -C catalyst. 

 

 
 

Figure-6. EDX data of obtained catalyst using various compositions nitrogen and carbon. 

 

 
 

Figure-7. FTIR spectra of various catalysts using different nitrogen source. 

 

The elemental content of the catalyst has the 

attributes to contribute good activity. Double nitrogen 

sources of Fe-N(urea+PVP)-C has the best 

electrochemical properties, due to the highest content of 

nitrogen and iron. Moreover, FTIR was used to determine 

the molecular structure of catalyst product. FTIR spectra 

of Fe-C, Fe-N(urea)-C, and Fe-N(urea+PVP)-C are 

combined in Figure-7. Strong peak of C=C and C=O 

clearly appear on the catalyst using nitrogen addition but 

do not exist in Fe-C. The noise peak of FTIR spectra on 

Fe-N(urea)-C and Fe-N(urea+PVP)-C shows that carbon 

bonding occurs after pyrolysis. 

 

 

 

CONCLUSIONS 

Nitrogen doping carbon on the catalyst gives a 

role to improve electrochemical properties, namely the 

value of capacitance that is increasing compared to only 

the content of Fe and C that make up the catalyst. The 

addition of double nitrogen produces the CV curve with 

the greatest capacitance. As for current density, nitrogen 

also has the effect of increasing the current density at the 

cathode during a reduction reaction. The amount of 

nitrogen in the catalyst with double nitrogen addition 

showed the highest nitrogen content in the EDX results. 

Fe-N (urea) -C catalyst has the highest surface area and 

the highest nitrogen content. Based on morphological 

observations through SEM images, it is known that the 

addition of nitrogen elements gives a smaller and evenly 
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distributed particle shape. This can be seen in the Fe-N 

(urea + PVP) -C catalyst which has a better particle 

distribution than Fe-C and Fe-N (urea) -C catalysts.  
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