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PREFACE 

Fuel cells (FCs) are well accepted as a green energy source because of its high 

efficiency, and sustainability. Among the various configurations possible, alkaline fuel 

cells are gaining popularity by virtue of its high efficiency, lower operating 

temperature (< 100 °C) and the use of liquid fuels such as methanol, ethanol, formate, 

borohydride etc. instead of pure hydrogen. The basic chemical changes occurring in 

an alkaline fuel cell can be attributed to the reactions of oxygen reduction (ORR) at 

the cathode and hydrogen oxidation reaction (HOR) at the anode as indicated below. 

At anode :   𝐻2 + 2𝑂𝐻
− → 2𝐻2𝑂 + 2𝑒

− 

At cathode : 𝑂2 + 2𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻− 

The sluggish kinetics of oxygen reduction reactions (ORR) and the extensive use of 

expensive platinum (Pt)-based catalyst are major barriers for the commercialization 

of fuel cells. The search for efficient, cost-effective catalyst systems that can replace 

Pt- is primarily focused on heteroatom doped porous carbon structures. Co-doping of 

iron and nitrogen (Fe, N) is widely pursued, as Fe, N coordination on carbon implicitly 

induce enhanced electrocatalytic properties due to increased positive charge 

densities on neighboring carbon atoms. Fe/N/C catalysts with good stability are 

generally synthesized by high temperature treatment of a variety of precursors. 

Diverse methods, such as pyrolysis, chemical vapor deposition, and template methods 

are employed for the synthesis of porous carbons. Among these, pyrolysis of carbon 

precursors such as metal organic framework (MOF), zeolitic imidazolate framework 

(ZIF) and metal organic gel (MOG) has gained significant interest specifically due to 

the flexibility in design, improved morphology control and appreciable surface area 

with desired textural features. The thesis primarily aims at developing Fe-N doped 

porous carbon materials, from MOG/ZIF precursors, and evaluating its use as 

electrode materials for fuel cells. 

The thesis comprises of six chapters. Chapter 1 gives an introduction to fuel cells, 

oxygen reduction reaction and a review of literature regarding the development of 

hetero atom doped porous carbon electrocatalyst. 
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Chapter 2 focuses on the synthesis, characterization and electrochemical studies of 

Fe, N-doped porous graphitic carbon electrocatalyst (Fe-M-NC), obtained by the 

pyrolysis of an interpenetrating polymer network (IPN) comprised of melamine 

formaldehyde (MF as hard segment) and metal organic gel (MOG as soft segment). 

The catalyst thus developed exhibited significant oxygen reduction reaction (ORR) 

activity in alkaline medium. BET surface area analysis of Fe-M-NC showed high 

surface area (821 m2 g-1), while TEM, Raman and XPS results confirmed Fe and N co-

doping. Furthermore, a modulated porous morphology with a higher degree of 

surface area (950 m2 g-1) has been accomplished for the system (Fe-MN-NC) when 

aided by a sublimable porogen, such as naphthalene. XPS results further 

demonstrated that these systems exhibited a better degree of distribution of graphitic 

N. An onset potential value of 0.91 V vs. RHE in 0.1 M KOH solution, following an 

efficient four-electron ORR pathway, was obtained. The electrocatalytic activity of Fe-

MN-NC is superior to that of Fe-M-NC by virtue of its higher graphitic N content and 

surface area. 

Metal-organic gel intercalated with chitosan, a “green” precursor for the synthesis of 

intrinsic N-doped Fe distributed mesoporous graphitic carbon structures is described 

in chapter 3. Modulation of the synthetic protocol as a function of reaction kinetics 

and gelation time improves the microstructure, surface area and Fe distribution of the 

graphitic structures (Fe-MCS-NCM). A high specific surface area value of 565 m2g-1 

and a higher percentage of graphitic N, apparent from the XPS data, validated that the 

modified synthetic method favors creation of more graphitic N sites contributing for 

better catalytic performance. Fe-MCS-NCM catalyst exhibited comparable 

electrocatalytic activity with that of the commercially available Pt/C via an efficient 

four-electron-dominant ORR pathway with a positive onset potential value of 0.925 V 

vs RHE. Good durability of >5000 cycles further confirmed the prospects of MOG-

chitosan to be used as a potential catalyst for ORR. 

Chapter 4 focuses the electrocatalytic ORR activity of iron carbide (Fe3C) 

encapsulated hierarchical pod- like porous graphitic carbon catalyst. The catalyst was 

prepared by a simple pyrolysis of Fe-glycine complex integrated melamine 

formaldehyde resin precursor. The unique structure and stronger network of the 

resulting thermosetting resin facilitated the formation of porous carbon nanosheets 
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while Fe catalyzed the formation of carbon nanotubes. The best catalyst among the 

ones studied, Fe-G2-NC, possessed high degree of graphitization with a surface area 

of 205 m2 g-1 and porosity of 0.54 cm3 g-1. The XPS results confirmed the presence of 

high degree of graphitic N. The catalyst with optimized Fe content (Fe-G2-NC) 

exhibited high ORR activity with an onset potential of 0.95 V and a half-wave potential 

(E1/2) of 0.80 V vs RHE in alkaline media through the four-electron reduction pathway. 

Moreover, the catalyst exhibited excellent long-term durability with good methanol 

tolerance. 

Chapter 5 details the development of an anode catalyst for direct borohydride fuel 

cell. It is derived from trimetallic zeolitic imidazolate framework (ZIF) with M-Nx 

active centers. The catalyst exhibited enhanced porosity owing to Zn evaporation 

during pyrolysis. XPS studies revealed the presence of pyridinic N, graphitic N and Co-

Nx active centers on the catalyst surface. The nanotubular structure of the formed 

carbon assists faster electron transport and the oxidation current density reached 

56.5 mA cm-2 at 0.61 V in 0.05 M NaBH4+1 M KOH. The enhanced electrocatalytic 

performance induced by the morphological and textural features of the porous carbon 

catalysts enabled NaBH4 electrooxidation via an eight-electron transfer indicating its 

potential as a promising catalyst for BOR. 

The important findings of the Ph.D. work are summarized in the concluding Chapter 

6 of the thesis. 
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1.1 Introduction 

Energy is one of the important issues of the 21st century. The energy demand 

of the world is increasing exponentially with the rise in population, whereas, 

our energy production is insufficient to match with the current demand. Thus, 

the present energy situation relying heavily on non-renewable fossil resource 

is unsustainable and needs to be changed. Fossil fuels such as gasoline and coal 

have been widely used as energy source for several hundred years due to their 

earth abundance and lower price compared to other fuels. However, the 

combustion of these fossil fuels badly pollutes the environment owing to the 

release of carbon dioxide, carbon monoxide, nitrogen oxides, etc., which are 

harmful to our health.1 Figure 1.1 illustrates the current status of global energy 

production in terms of quantity and source. From the graph, it is clear that, oil 

and coal continue to hold the largest share towards the global energy 

consumption. Even though there is a gradual increase in the consumption of   

fossil fuels from 1800 to 2019, there is only a little growth in the use of 

renewable energy resources. In this context, much attention has to be paid 

towards the development and utilization of sustainable and green energy 

technologies.  

 

Figure 1.1 The global energy consumption, measured in terawatt-hours 

(TWh) per year. (Courtesy: Vaclav Smil (2017). Energy Transitions: Global and 

National Perspectives. & BP Statistical Review of World Energy). 
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The conversion of chemical energy into electrical energy is getting utmost 

importance these days owing to the significance of the development of 

sustainable renewable energy systems. Therefore, the use of electrochemical 

energy devices such as batteries, supercapacitors, and fuel cells have the 

potential to substitute traditional energy systems. A battery is a device that 

transforms chemical energy into electric energy. All batteries have three basic 

components - an anode, a cathode, and an electrolyte - which determine their 

properties and performance. Supercapacitors (SCs) are energy storage devices 

that bridge the gap between batteries and conventional capacitors. They can 

store more energy than capacitors and supply it at higher power outputs than 

batteries. Supercapacitors use a molecule-thin layer of electrolyte, rather than 

a dielectric, to separate the charge and resembles a regular capacitor except 

that it offers very high capacitance in a small package. Energy storage is by 

means of static charge rather than the electrochemical process inherent to a 

battery. Supercapacitors rely on the separation of charge at an electrified 

interface that is measured in fractions of a nanometer. A fuel cell uses stored 

chemical energy to generate power. It produces electricity from fuel on the 

anode side and an oxidant on the cathode side, which react in the presence of 

an electrolyte. Contrary to a battery or a supercapacitor, a fuel cell is never 

discharged, but operate continuously as long as the necessary flows of reactants 

and reaction products are maintained.2-4 

The Ragone plot shown in Figure 1.2 gives the difference between the power 

and energy densities for different energy supply systems.5 The internal 

combustion engine (ICE) remains the most desirable choice since it is having 

high specific power and specific energy. The supercapacitors are having high 

power density enabling them to supply a very high power in a short period 

usually milliseconds. Lithium-based batteries provide almost comparable 

energy density and power density. Fuel cells possess high energy density.  
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Figure 1.2 Ragone plot for energy storage devices.5 

Of the various technology routes being studied to combat the energy crisis, fuel 

cells have the potential to play a significant role in any renewable energy cycle 

design. Fuel cells can be refuelled like a combustion engine and can directly 

convert chemical energy to electrical energy like a battery. Fuel cells, were 

originally developed to replace combustion engines and combustion power 

sources by virtue of the possible higher energy conversion efficiencies and 

lower environmental impacts. However, these are now under development for 

replacing batteries to power cellular telephones and notebook computers and 

for stationary energy storage. 

1.2 Fuel Cells 

The Fuel Cell concept was first demonstrated by William Robert Grove in the year 

1839 and the term ‘fuel cell’ was coined by Ludwig Mond and Charles Langer.6 Soon 

after the first fuel cell was conceived, it was recognized as an environmental friendly 

energy device that relies on an electro chemical reaction. It directly converts chemical 

energy into electrical energy by using hydrogen and oxygen as fuels and generates 

water as the only by product. Moreover, fuel cells are advantageous as an alternative 

energy system since they are highly efficient (65 %) with no harmful emissions.7-8 As 

long as the fuel and oxidant are supplied, it continues to produce energy and hence 

could be employed for wider applications in automobile industry, space shuttles,9 
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communication devices,10 vehicles11 and also in residential and commercial 

buildings.12-13 Fuel cell powered cars, buses and motor cycles are developed in several 

countries including Japan and USA. There is significant funding for research contracts 

on this technology.14  

The structure of a simplified fuel cell is shown in Figure 1.3. A positive electrode 

(anode), a negative electrode (cathode), and an electrolyte are essential for the 

reaction to take place. The following equations represent the reactions occurring in a 

fuel cell. 

At anode: 𝐻2 → 2𝐻+ + 2𝑒−                             hydrogen oxidation reaction (HOR)            (1.1) 

At cathode: 1
2
𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂       oxygen reduction reaction (ORR)                   (1.2) 

Over all cell reaction: 𝐻2 + 1

2
𝑂2 → 𝐻2𝑂                                                                                     (1.3) 

 

Figure 1.3 Fuel cell operation diagram. 

Fuel cells are classified into different types based on the type of electrolytes used, but 

the basic operation is the same for all of them. Among different types of fuel cells, 

alkaline fuel cells (AFCs) gain much attention due to several advantages such as high 

efficiency, lower operating temperature (< 100 °C), minimal corrosion, relative ease 

of operation and the use of liquid fuels such as methanol, ethanol, formate, 

borohydride etc. instead of pure hydrogen. Alkaline technology is the longest 
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established technology for both space and submarine applications over other 

available cell.15 Table 1.1 details the different types of fuel cells.16-18 

Table 1.1 Different types of fuel cells. 

 Alkaline 
Fuel Cell 

(AFC) 

Polymer 
Electrolyt

e 
Membran
e Fuel Cell 

Direct 
Methanol 
Fuel Cell 

Phosphori
c Acid 

Fuel Cell 

Molten 
Carbon 

Fuel Cell 

Solid 
Oxide 

Fuel Cell 

Electrolyte Caustic 
Potash 

Solution 

Proton/ 
hydroxyl 

ion 
-

Conducti
ng 

Membran
e 

Proton 
Conducti

ng 
Membran

e 

Concentra
ted 

Phosphori
c 

Acid 

Molten 
Carbonat

e 

Ceramic 

Operating 
temperature 

(°C) 

<100 60-120 60-120 160-220 600-800 800- 
1000 

Fuel Hydrogen Hydrogen Methanol Hydrogen Natural 
gas, Coal 

Natural 
gas, 
Coal 

Charge 
carrier 

OH- H+ H+ H+ CO32- O2- 

Applications Outer 
space  

Vehicles, 
domestic 
supply, 
power 

stations 

Vehicles, 
small 

appliance
s 

Block type 
heat, 

power 
stations 

Power 
plants, 

combine
d 

heat and 
power 

Power 
plants, 
combin

ed 
heat 
and 

power 
 

1.2.1 Alkaline Fuel Cell 

The main components of an alkaline fuel cell (AFC) are an anode and a cathode 

separated by an electrolyte and connected through an external circuit. The fuels 

hydrogen or oxygen is flown to the electrode. Electrodes are kept porous for the 

permeation of gases while the electrolyte is with minimum gas permeation. In a 

typical hydrogen/oxygen fuel cell, hydrogen oxidation occurs at the anode and oxygen 
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reduction occurs at the cathode. Schematic representation of an alkaline 

hydrogen/oxygen fuel cell is shown in Figure 1.4.  

At anode : 𝐻2 + 2𝑂𝐻− → 2𝐻2𝑂 + 2𝑒−        hydrogen oxidation reaction (HOR)          (1.4) 

At cathode : 1
2
𝑂2 + 𝐻2𝑂 + 2𝑒− → 2𝑂𝐻−    oxygen reduction reaction (ORR)                (1.5) 

Over all cell reaction: 𝐻2 + 1

2
𝑂2 → 𝐻2𝑂                                                                                                        (1.6)                                         

 

Figure 1.4 Schematic representation of alkaline fuel cell. 

1.3 Oxygen Reduction Reaction (ORR) 

Fuel cells offer much higher energy density and energy efficiency compared to 

conventional energy systems. However, their practical applications are greatly 

restricted due to the sluggish oxygen reduction reaction (ORR) kinetics occurring at 

the cathode.19-20 Since ORR is much lower than the anodic oxidation reaction ie., 

hydrogen oxidation reaction (HOR), it is imperative to use electrocatalysts at the 

cathode to reduce the activation energy barrier. Platinum (Pt) based electrocatalysts 

are widely employed due to their exceptional catalytic performance with high 

exchange current density and low over potential.21 Pt oxidize hydrogen to H+ ions at 

the anode and the over potential for this half reaction is typically 50 mV.22 On the 

other hand, the ORR occurring at the cathode has a higher over potential of 500-600 

mV with platinum-based catalyst.23 This large over potential at the cathode decreases 



Chapter 1                                                                                               Electrocatalysis in fuel cell 

 

8 
 

the efficiency. The double bond in molecular oxygen is very strong and is difficult to 

be broken. The reduction process of oxygen to water (4 electron reduction) is 

therefore kinetically very slow. Nevertheless, the high cost and scarcity impeded the 

extensive use of Pt-based electrocatalysts for fuel cell applications. Moreover, Pt 

suffers from low selectivity, poor stability and agglomeration effects under the 

operation conditions.24 Thus, it is very crucial to develop ORR catalysts which can 

overcome the demerits associated with the use of Pt-based catalysts. 

1.3.1 ORR Mechanism 

The ORR occurring at the cathode involves complicated electron transfers and 

proceed via the two possible mechanisms of four-electron and two-electron 

reduction pathways as shown in Figure 1.5. Four-electron reduction is 

preferred when it comes to fuel cells and metal-air batteries because only water 

is produced during this reaction. The two-electron reduction results in 

hydrogen peroxide production which accelerates degradation of fuel cell 

materials. In the four-electron reduction process, initially, O2 molecule gets 

adsorbed on the catalyst surface followed by the cleavage of O-O bond to form 

O* intermediates. The reduction of O* occurs further resulting in the formation 

of OH*. In the subsequent step, an electron transfer in the form of hydrogen 

addition occurs at each OH* group resulting in the formation of two water 

molecules.15  

𝑶𝟐 → 𝟐𝑶∗                                                                                                                                             (1.7)                                                                                                                                        

𝟐𝑶∗ + 𝟐𝑯+ + 𝟐𝒆− → 𝟐𝑶𝑯∗                                                                                                        (1.8)                                                                                          

𝟐𝑶𝑯∗ + 𝟐𝑯+ + 𝟐𝒆− → 𝟐𝑯𝟐𝑶                                                                                             (1.9)      

In the two-electron pathway, after the adsorption of oxygen on to the catalyst 

surface, two proton addition takes place resulting in the formation of an 

adsorbed H2O2 molecule (H2O2*) which is then desorbed to form H2O2. 

𝑶𝟐 → 𝑶𝟐
∗                                                                                                                                  (1.10)                                                                                                                                  

𝑶𝟐
∗ + 𝑯+ + 𝒆− → 𝑯𝑶𝟐

∗                                                                                                        (1.11)                                                                                                                

𝑯𝑶𝟐
∗ + 𝑯+ + 𝒆− → 𝑯𝟐𝑶𝟐

∗                                                                                                (1.12)                                                                                                          

𝑯𝟐𝑶𝟐
∗ → 𝑯𝟐𝑶𝟐                                                                                                                 (1.13) 
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Figure 1.5 Schematic showing the mechanism of (a) four-electron and (b) 

two-electron reduction of oxygen. 

1.4 Techniques for ORR Measurements 

1.4.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry is often the first experiment performed in an electrochemical 

study of a compound or an electrode surface. The CV set up consists of three 

electrodes viz, working electrode, reference electrode and counter electrode dipped 

in an electrolyte. The potential of this working electrode is controlled with respect to 

a reference electrode such as a saturated calomel electrode (SCE) or a silver/silver 

chloride electrode (Ag/AgCl).25 A schematic representation of set up for CV is given in 

Figure 1.6. 
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Figure 1.6 Schematic showing the typical setup of cyclic voltammetry. 

In CV, the potential of the working electrode sweeps at a specific sweep rate and the 

resulting current vs time curve is studied (Figure 1.7). Usually, the sweep is reversed 

at a specific switching potential, and hence named as cyclic voltammetry. In a CV 

experiment, after the set potential is reached, the working electrode's potential is 

ramped in the opposite direction to return to the initial potential. These cycles of 

ramps in potential may be repeated as many times as needed. The current at the 

working electrode is plotted versus the applied voltage to get the cyclic 

voltammogram.26-27 A typical CV of Pt/C is shown in Figure 1.8. 

 

Figure 1.7 Cyclic voltammetry wave form. 
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Figure 1.8 Typical cyclic voltammogram of Pt/C in N2 and O2 saturated 0.1 M KOH 

solution. 

1.4.2 Rotating Disk Electrode (RDE) 

The rotating disk electrode (RDE) method is one of the most widely used methods for 

studying kinetics and mechanism of electrochemical reactions. The rotation of 

electrode during the electrochemical reaction enhances the mass transfer. A 

schematic of the RDE setup is shown in Figure 1.9. 

 

Figure 1.9 The scheme for the setup of rotating disc electrode. 

It consists of a three electrode set-up, with a reference electrode, counter electrode 

and a glassy carbon disc as working electrode which is connected to a shaft that rotate 
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s at a particular angular velocity ω (s-1). The catalyst ink is coated on the glassy carbon 

disc electrode to study its electrocatalytic activity.28-29 

The electrocatalytic measurements are done by sweeping the potential from a 

starting value to a final value at a constant scan rate and rotation speed. This 

technique is called linear sweep voltammetry (LSV). LSV measurements are carried 

out at different working electrode rotation speeds starting from 400 to 2500 

revolutions per minute. The sweep may be done in a narrower potential window with 

slower sweep rate usually less than 10 mV s-1. For the case of O2 reduction, the 

potential is slowly swept in the negative direction which results in an increase in the 

cathodic current reaching a maximum value called the limiting current. At this high 

negative potential all the oxidized entities formed at the surface of the electrode is 

immediately converted to their respective reduced forms. Thus, the observed current 

is due to the electron flow from the electrode to solution. 

A typical ORR polarization curve is generally divided into three regions (Figure 1.10). 

Region I represent the kinetic region where, the rate of O2 reduction is slow indicating 

a small increase in the current density with decreasing potential. This potential at 

which the reaction product (O2) produced is known as the onset potential (Eonset). It 

is the bench mark of the catalyst and solely depend on the catalyst properties. A 

considerable rise in the current density is observed in the mixed region because of 

both kinetic and diffusion factors. The half wave potential (E1/2) lies in this region and 

it signifies both kinetics and mass transport characteristics of the catalyst. The half-

wave potential (E1/2) is the potential at which polarographic wave current is equal to 

one half of the diffusion limiting current density (maximum current density, JL). The 

more positive is the potential value (Eonset or E1/2), the more active is the catalyst. The 

third region represents the diffusion limited region, where the current density 

increases to a maximum with increase in rotation speed of the working electrode, 

indicative of the diffusion of reactants that are contributing to this region. 
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Figure 1.10 The different oxygen reduction regions in a typical RDE LSV curve at 

various working electrode rotation rates. 

The kinetic parameters of the ORR can be analyzed on the basis of the Koutecky–

Levich (K-L) equation. and the K-L equation can be represented as, 

1

𝑗
=

1

𝑗𝑑
+

1

𝑗𝑘
                                                                                                                    (1.14) 

1

𝑗
=

1

0.62𝑛𝐹𝐴𝐶0
∗𝐷0

2/3
𝜐−1/6𝜔1/2

+
1

𝑛𝐹𝐴𝑘𝐶0
∗                                                                    (1.15) 

where, j is the measured current density, jd is the diffusion-limiting current density, jk 

is the kinetic current density,  ω is the angular rotation (ω=2πf/60, f is the rotation 

speed), n is the number of transferred electrons during ORR, F is the Faraday’s 

constant (96480 C), C0* is the bulk concentration of O2 (1.22 x 10-6 mol cm-3), D0 is the 

diffusion coefficient of O2 (1.9 x 10-5 cm2 s-1), n is the kinematic viscosity of the 

electrolyte (0.01 cm2 s-1) and k is the electron transfer rate constant. K-L slopes 

obtained by plotting inverse of current density (1/j) against inverse of square root of 

angular density (1/ω1/2).30 

1.4.3 Rotating Ring Disk Electrode (RRDE)  

When the ORR is occurring at the electrode, a by-product, or intermediate such as 

peroxide may be produced. The quantification of these intermediates could be done 

using RRDE collection experiment. For the evaluation of the ORR activity of the 

electrocatalysts, glassy carbon is normally used as the disc electrode substrate on 
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which the catalyst is coated. This is due to its poor ORR catalytic activity and also, they 

have reasonable affinity to the catalyst layer. Pt is commonly used as the ring material 

for detecting the ORR intermediates. Both the disc and ring are at different potential 

ED and ER respectively. Initially O2 molecules move to the disc electrode where it gets 

reduced via 2 or 4 electron reduction pathways. The 2-electrons reduction 

intermediate HO2- was transported to the ring electrode by rotation and was detected 

at the ring electrode by oxidation. From the ring current, the quantity of peroxide can 

be detected.31-32 Figure 1.11a & b represents the top view of the RRDE electrode and 

the schematic of the catalytic reaction occurring during ORR in alkaline medium at 

the rotating ring disc electrode respectively. 

 

Figure 1.11 (a) Top view and (b) schematic of the catalytic reaction occurring 

during ORR in alkaline medium at the rotating ring disc electrode.  

The different electrochemical reactions occurring at the disc and ring electrode is 

given by the following equations. 

Disc electrode: 𝑂2 + 4𝑒− + 2𝐻2𝑂 → 4𝑂𝐻−                                                                        (1.16) 

Ring electrode: 𝑂2 + 2𝑒− + 𝐻2𝑂 → 𝐻𝑂2
− + 𝑂𝐻−                                                              (1.17) 

        𝐻𝑂2
− → 𝑂2 + 2𝑒− + 𝐻+                                                                             (1.18) 

The yield of peroxide (H2O2) and number of electron transfer during the ORR process 

are calculated using the following equations. 

𝐻2𝑂2% = [
2

𝐼𝑟
𝑁

𝐼𝑑+
𝐼𝑟
𝑁

] ∗ 100                                                                                                                  (1.19) 
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𝑛 =
4I𝑑

𝐼𝑑+
𝐼𝑟
𝑁

                                                                                                                                         (1.20) 

where ‘Ir’ and ‘Id’ are the Faradaic ring and disc current, respectively. ‘N’ is the 

collection efficiency of the ring electrode (0.37) and the ‘n’ is the number of the 

transferred electron. 

1.4.4 Calibration of the Reference Electrode 

Hg/HgO electrode calibration was carried out using a three-electrode system with Pt 

wires as working and counter electrode and Hg/HgO as reference electrode. Prior to 

the measurements, the electrolyte solution (0.1 M KOH) was constantly purged with 

H2 gas for at least 45 min and thereafter a constant flow was maintained during the 

measurements. LSV was taken at a scan rate of 1 mV/s and the potential at which 

current crosses zero was taken as thermodynamic potential (vs Hg/HgO) for the 

hydrogen electrode.  

From the plot of current Vs potential, the potential at which current crosses zero is -

0.870 V vs Hg/HgO (Figure 1.12). 

Therefore, 

𝐸𝑅𝐻𝐸 = 𝐸𝐻𝑔/𝐻𝑔𝑂 + 0.870                                                                                                          (1.21) 

 

Figure 1.12 Calibration curve of the Hg/HgO reference electrode in H2 saturated 0.1 

M KOH solution. 
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1.5 Metal Organic Framework 

Metal organic frameworks (MOFs) are a class of porous materials consisting of 

frameworks made by metal containing units connected by organic linkers through 

coordination bonds. The organic ligands or linkers are groups that donate multiple 

lone pairs of electrons to the metal ions, whereas the metal ions are having vacant 

orbital shells that can accept these lone pairs of electrons to form a MOF material. 

Figure 1.13 shows a general scheme of formation of three-dimensional MOF.33 

 

Figure 1.13 A general scheme of a three-dimensional metal-organic framework 

construction. 

The metals have high coordination number and distinct geometries that result in 

variable pore sizes, densities, etc. Cu, Zn, Fe, Cr, Mg, Co, Mn, and Al etc. are typical MOF 

forming metals. The ligands donate electrons to metals forming the framework type 

structure. The final symmetry of the synthesized MOF is defined by the mode of 

combination of metal and ligand components. The term topology is used to describe 

the symmetry of MOF.34 MOFs are characterized by well-defined, adjustable and 

highly unique porous structures with spatial confinement and are often crystalline.35 

A large number of MOFs with varying pore sizes are synthesized by varying the metal 

and organic linker or functional groups. Pioneered in the late 1990s by Prof. Omar 

Yaghi, MOFs have become a rapidly growing research field. The breakthrough 

research occurred after the development of MOF-5 [(Zn4O(CO2))6 octahedral linked 

by 1,4-benzenedicarboxylate (BDC2-)] with a specific surface area of 2320 m2 g-1 and 

61 % porosity.36 The isoreticular series of MOF-5 contain 17 MOFs (from IRMOF-1 to 
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IRMOF-16) with the basic topology of primitive cubic net.37-38 Another MOF of interest 

is known as HKUST-1 (Cu3(BTC)2; BTC3- = benzene-1,3,5-tricarboxylate) composed of 

Cu paddlewheel [Cu2(CO2)4] SBUs and a tritopic organic linker, BTC3-.39 Figure 1.14 

represents some of the MOFs with high surface area.40 

 

Figure 1.14 Various MOFs with surface area and the time of evolution. 

These outstanding features along with relatively high chemical and thermal stability 

make these frameworks suitable for a wide variety of applications such as gas storage, 

separation, sensing, proton conduction and drug delivery.41 The pore opening of the 

MOFs is ~ 2 nm allowing external molecules to enter into the frameworks. The pore 

sizes can be tuned via network design. As the framework structure contains strong 

bonds such as M-O, C-C, C-H, MOFs are thermally stable (250-500 °C) compared to 

polymers and other organic compounds.42-43 Nevertheless, the high inherent porosity 

of MOFs may also induce framework collapse which limit their practical applications. 

Incorporating inert functional groups in the MOF framework can avoid this instability. 

Some MOFs and their applications are listed in Table 1.2. 
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Table 1.2 List of some MOFs and its applications 

MOF Metal 
centre 

Organic linker Applications 

MOF-5 Zn Terephthalate Hydrogenation44 

MIL-101 (Fe) Fe Benzenedicarboxylate Drug delivery, allylic 

oxidation of alkenes45 

IRMOF-8 Zn 2,6- 

Naphthalenedicarboxylate 

Catalysis: Friedel-Crafts 

acetylation, 

Gas adsorption46 

MIL-53 (Cr) Cr Benzenedicarboxylate Removal of 

dibenzothiophene from 

model oil47 

IRMOF-3 Zn 2-amino-1,4-

benzenedicarboxylate 

Knoevenagel reaction48 

MOF-199 

 

Cu 1,3,5- 

Benzenetricarboxylate 

 

Catalysis, Separation of 

gases and sensing 

applications, CO2 

adsorption49 

MOF-177 Zn Benzenetribenzoate Gas adsorption50 

IRMOF-74 Mg 2, 5-Dihydroxybenzene- 

1,4-dicarboxylate 

Light harvesting 

applications51 

In the search for chemically and thermally stable MOFs, another class of framework 

compounds was discovered in 2002 using imidazole as ligands. These are termed as 

zeolitic imidazolate frameworks (ZIFs) due to their topological similarity with 

traditional zeolites.52-53 

1.6 Zeolitic Imidazolate Framework  

Zeolitic imidazolate frameworks are a sub-class of MOFs consisting of metal-

imidazole-metal linkage formed by self assembly approach. The metals present in 

ZIFs are usually Zn or Co. The structure of ZIF is similar to that of conventional zeolites 

where Zn2+ ions play the role of silicon and the bridging imidazolate anions mimic 
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oxygen in zeolites. A bond angle of 145° of bridged M-Im-M bonds in ZIF is equivalent 

to that of Si-O-Si bond in zeolites as shown in Figure 1.15.54-55 

 

Figure 1.15 The bridging angles in (a) ZIF and (b) Zeolite. 

The framework structure can be tuned by varying the functional group of the 

imidazole ring due to which there are more than hundred ZIFs known. ZIFs possess 

characteristics of both MOFs and zeolites, such as ultrahigh surface area, unimodal 

micropores, high crystallinity, abundant functionalities and exceptional thermal and 

chemical stability.56-58 These properties enable them to be a potential material in the 

field of catalysis, sensing, gas adsorption and separation applications.59-61 The main 

synthetic protocol involves the mixing up of a hydrated metal salt with imidazole 

ligands in presence of an amide solvent at the temperature range of 85 to 150 °C. ZIF 

frameworks formed by the deprotonation of the imidazole ligand followed by co-

ordination with metal ions. The imidazole moieties play a dual role in providing the 

critical bond angle and as topology outliner through interlink interactions. The 

topology can be tuned by changing the functionalities in the imidazole ring. For 

example, the 2-methylimidazole ligand with Zn metal gave SOD topology; on the other 

hand, the imidazole resulted in CAG topology. In addition to this, the use of mixed 

linkers results in ZIFs with different topology. Eg. ZIF-68 (Metal-Zn, Linker- 2-

nitroimidazole, benzimidazole), ZIF-70 (2-nitroimidazole, imidazole) with GME 

topology. Table 1.3 lists some important ZIFs and their applications. 
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Table 1.3 List of some ZIFs and its applications 

ZIF Metal 
centre 

Organic linker Topology Applications 

ZIF-7 Zn Benzimidazole SOD CO2 adsorption and 

storage, biosensors, H2 

separation62 

ZIF-8 Zn 2-methylimidazole SOD Photocatalytic degradation, 

gas adsorption, Friedel-

craft acylation, 

transesterification, 

biosensors, drug delivery63 

ZIF-9 Co Benzimidazole SOD CO2 adsorption and 

storage, NaBH4 hydrolysis, 

Knoevenagel reaction62 

ZIF-65 Zn 2-nitroimidazole SOD N2 sorption, CO2 capture62 

ZIF-67 Co 2-methylimidazole SOD Synthesis of quinazolines, 

gas adsorption, molecular 

separation, biosensors64 

ZIF-90 Zn Imidazolate-2-

carboxyaldehyde 

SOD CO2 capture, gas sorption, 

sensing, olefin/paraffin 

separation62 

ZIF-95 Zn Chlorobenzimidazole POZ Gas separation, 

olefin/paraffin separation57 

ZIF-20 Zn Purine LTA Gas separation, CO2 

capture57 

ZIF-21 Co Purine LTA NH3 sorption57 

ZIF-68 Zn 2-nitroimidazole, 

benzimidazole 

GME Biosensor, CO2 capture57 

ZIF-69 Zn 2-nitroimidazole, 5-

chlorobenzimidazole 

GME Gas separation, CO2 

adsorption, olefin/paraffin 

separation65 
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ZIF-70 Zn 2-nitroimidazole, 

imidazole 

GME CO2 capture65 

ZIF-78  2-nitroimidazole, 6-

nitrobenzimidazole 

GME CO2 capture65 

ZIF-4 Zn Imidazole CAG CO2 adsorption65 

ZIF-14 Zn 2-ethylimidazole ANA CO2 capture62 

 

1.6.1 Zeolitic Imidazolate Framework-8 & 67 (ZIF-8 and ZIF-67) 

Zeolitic imidazolate framework-8 (ZIF-8) is a microporous material and it is one of 

the simplest members among the ZIF family with a network formula of Zn(2-

methylimidazole)2, briefly written as Zn(mIm)2 where Zn ions are tetrahedrally co-

ordinated to 2-methylimidazole (HmIm). The topology of ZIF-8 corresponds to the 

zeolite sodalite (SOD), and can be described as a space-filling packing of truncated 

octahedrons.66 ZIF-8 has extremely high thermal, chemical, and mechanical stability. 

It has an excellent molecular adsorption behavior of gases like CO2, N2, and, CH4.63 

ZIF-67 is another member (Co(Hmim)2) isostructural to ZIF-8, and is formed by 

bridging 2-methylimidazolate anions and cobalt cations resulting in a sodalite (SOD) 

topology with a pore size of about 0.34 nm.67 The abundant coordinated unsaturated 

metal sites in the ZIF-67 framework enable its use for sorption of many guest 

molecules, for example ammonia borane.68 The framework structure of ZIF-8 and ZIF-

67 are as shown in Figure 1.16. ZIFs are the most studied candidate for the 

development of Pt-free ORR catalysts since it can act as the carbon and nitrogen 

source for the electrocatalyst preparation.69-70  
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Figure 1.16 The structure of ZIF-8 and ZIF-67. 

1.7 Metal Organic Gel  

Metal-organic gels (MOGs) are a class of coordination polymers, formed by metal-

ligand coordination extending into 3D structures.71-72 Their high surface area and 

porous gel structure enables rapid mass transfer and permeability.73-75 The moiety of 

the aromatic organic ligands in the framework provides π-π interaction with the guest 

molecules. The open metals in the coordination polymer are Lewis acid sites, and can 

interact with the electron-rich analytes.76 MOGs behave like viscoelastic solids and 

hence are used for applications in catalysis,77 adsorption,78-79 separation80-81 and 

controlled release. MOGs usually contain organic solvents with sponge-like gel 

matrices. Like MOF, MOGs also act as template for porous carbon which inherits its 

structural features. The MOG templated porous carbon synthesis is of considerable 

importance due to relatively cheap, clean and easy synthesis procedure and tunability 

of structure.82 Typical examples of MOGs include Fe-BTC and Al-BDC gels, where BTC 

= 1,3,5-benzenetricarboxylate, and BDC = 1,4-benzenedicarboxylate. The MOG 

formation occurs in three stages where, polymerization of precursors (coordination 

of organic ligands with metal ions) takes place in the first stage forming nanoparticles 

followed by the growth/aggregation of nanoparticles in the next stage and cross-

linking of particle species into networks in the final stage.83 Figure 1.17 shows the 

schematic of MOGs. Some of the reported MOGs and their applications are listed in 

Table 1.4. 
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Figure 1.17 Metal organic gel structures.172-173 

 

Table 1.4 List of some MOGs and its applications  

MOG Metal Ligand Applications 

Fe-BTC Fe 1,3,5-benzenetricarboxylic acid CO2 capture79 

Cr-BPDA Cr 2,2′-bipyridine-4,4′-dicarboxylic 

acid 

Self-healing84 

Cr-sBDC Cr 2-sulfoterephthalic acid Proton conductor85 

Al-BDC Al Terephthalic acid Dye adsorption86 

Al-BTC Al 1,3,5-benzenetricarboxylic acid H2 and CO2 sorption86 

Tb-BTC Tb 1,3,5-benzenetricarboxylic acid Detection of antibiotics 

and explosives87 

Fe-Py-OH Fe 3-hydroxypyridine Selective ethylene 

dimerization88 

Zr-BDC-

NH2 

Zr 2-Aminoterephthalic acid CO2 sorption89 

Ca-5TIA Ca 5-(1,2,4-triazoleyl)isophthalic 

acid 

CO2 uptake90 

Cu-BTB Cu 
1,3,5- 

tris(4,-carboxyphenyl)benzene Dye adsorption91 
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1.8 Electrocatalyst for ORR 

There have been many efforts to increase the activity of electrocatalysts for the 

oxygen reduction reaction, nevertheless platinum remains the most commonly used 

catalyst. A typical way to compare the ability of different catalysts towards 

electrochemical oxygen reduction reaction is from the volcano plot as shown in 

Figure 1.18. Here, the activity is plotted against the binding energies for different 

metals with a single oxygen atom. Platinum sits at the top of the volcano plot while 

precious metals like Ir, Ru, Pd, etc. are lying near to Pt in the volcano plot.  

 

Figure 1.18 Volcano plot showing oxygen reduction activity of different metals as a 

function of oxygen binding energy (adapted from reference).14 

The development of Pt free, inexpensive ORR electrocatalysts for the fuel cell 

application has been at the forefront of electro-catalyst research for some time and 

have thus far realized the following. 

1.8.1 Pt Alloys 

Alloying Pt with transition metals has been considered as a strategy for the creation 

of second-generation catalysts at reduced costs and improved specific activity.92 The 

improved ORR activity is based on the modification of the electronic structure of Pt, 

which affects the adsorption strength of oxygen-containing species on active sites. 

However, these alloys also suffer from leaching or dissolution, leading to 
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deterioration in the stability.93-94 Developing core-shell structure of Pt alloy catalyst 

where Pt shells can protect transition metal cores reduces the dissolution of core 

material.95 Also, the electronic structure of the Pt surface is modified by the 

underlying alloy, resulting in improved ORR activity. The activities of Pt-alloy based 

nanoparticles (NPs) depend on both the composition and structure. Alloying Pt with 

transition metals like Ni, Fe, Co, Cu etc. have been realised through carefully designed 

solution-based synthesis leading to the formation of uniformly shaped 

nanoparticles.96-98 Another approach is the use of more stable carbon supports such 

as carbon nanotubes or graphene to reduce carbon corrosion and subsequently avoid 

detachment/agglomeration of the Pt catalyst.99-100 

1.8.2 Metal-Free Catalysts 

Carbon based catalysts, mainly carbon black, graphene, carbon nanotube (CNT) etc., 

were widely applied for electrocatalytic applications due to their electrical 

conductivity and surface area. However, deficiency of active sites for O2 adsorption 

due to the electroneutrality hindered their broader application and thus needs 

modifications to its surface charge distributions to improve the localized interaction 

between carbon and adsorbed species. Introducing defects in the structure by doping 

suitable non-metallic heteroatoms like N, B, P, S etc., have been proven as a strategy 

to create large number of active sites owing to the difference in electronegativity. Out 

of these, most of the studies are focused on N-doped carbon for electrocatalytic 

applications.101-103 N has similarity in size and high electronegativity compared to 

carbon (N-3.04 and C-2.55). The electroneutrality of carbon framework is altered by 

the N-doping, generating positive charge densities on the carbon adjacent to N. Such 

a structure is reportedly favorable for the adsorption of oxygen resulting in improved 

ORR activity.104 

1.8.2.1 Different Types of Doped Nitrogen 

The electrocatalytic performance of the N-doped carbon is greatly dependent on the 

type of nitrogen species present in the carbon framework. There are generally three 

types of species; pyridinic N, pyrrolic N and graphitic N.105-106 (Figure 1.19). Pyridinic 

nitrogen is the one which occupy edges or defects of the graphene by bonding with 

two carbon atoms and contributes the p electron to the π electron system. The 



Chapter 1                                                                                               Electrocatalysis in fuel cell 

 

26 
 

pyrrolic nitrogen exists as N-H on a five membered ring without any free electron to 

contribute. Unlike pyridinic and pyrrolic, graphitic N (quaternary N) doping occurs by 

replacing one carbon atom of the hexagonal ring and by bonding with four other 

carbon atoms. It can introduce an extra electron in the delocalized π-system. Pyridinic 

and graphitic N is sp2 hybridized and the hybridization of pyrrolic N is sp3. Oxidized 

N is another configuration present in N-doped graphene. Graphitic N is found as the 

active site for ORR according to density functional theory (DFT) calculations due to 

the presence of an unpaired electron in N.107-108 Pyridinic N, with a lone pair of 

electrons, also has the capability to weaken the O-O bond thereby enhancing the ORR 

activity.109-110  

 

Figure 1.19 The nitrogen configurations observed on N-doped carbon catalysts. 

Raman spectroscopy is a well accepted technique used to evaluate the N-doping in 

carbon. The N-doped carbon contains mainly three peaks in the Raman spectrum 

corresponding to D, G and 2D bands at wavelengths of around 1300, 1600, 2600 cm-1 

respectively.111 The G band signifies the vibrational mode (E2g) of the sp2 hybridized 

hexagonally bonded graphitic carbon while the D band results from the structurally 

disordered carbon atoms. 2D band is a second order band due to the disordered 

structure. The nitrogen doping causes the formation of defects into the carbon matrix. 

The intensity ratio of the D and G bands (ID/IG) imparts insights on the degree of 

distortion of the carbon structure, as the distortion increases with increasing ID/IG 

ratio.112 Typical Raman spectrum for N-doped carbon is shown in Figure 1.20. 
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Figure 1.20 Raman spectrum of N-doped carbon. 

The extent of N-doping can be measured using X-ray Photoelectron Spectroscopy 

(XPS). The peak corresponding to the binding energies of N1s and C1s will appear at 

~400 eV and ~284 eV respectively and the ratio of N1s and C1s will provide the extent 

of nitrogen doping. The deconvoluted N1s spectra shown in Figure 1.21 indicates the 

bonding configurations of the N in which each nitrogen will have a shift in the binding 

energy values. The pyridinic N appeared in the range of 398.1-399.3 eV.113 From 

399.8-401.2 eV, pyrrolic N exist and quaternary N have peak in the range of 401.1-

402.7 eV.114   

 

Figure 1.21 Typical N1s spectra of N-doped carbon. 
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Dai et al. in 2009 reported highly efficient N-doped carbon nanotube ORR catalyst to 

replace Pt. The enhanced ORR activity was due to their large surface area, good 

conductivity and tunable morphology. Following this pioneering work, various 

heteroatom-doped carbon materials were investigated. Antonietti et al.  developed 

mesoporous N-doped carbon materials by carbonization of nucleobases dissolved in 

an all-organic ionic liquid. The catalyst exhibited only 25 mV higher overpotential 

than the commercial Pt catalyst.115  Metal free active carbon nanostructures obtained 

by the conversion of biomass has become an attractive approach to develop 

electrocatalysts from more economical, abundant, and renewable resources. Various 

types of biomasses such as chitin, chitosan, sucrose, cellulose derivatives, lignin etc. 

have been used for the synthesis of ORR electrocatalysts. Chitin is the second most 

abundant biopolymer in the biosphere and the most abundant natural nitrogen-

containing compound.116 Since it is rich in N content, it directly transforms to an N-

doped carbon material, without the need of additional N-dopant precursors. Li et al. 

prepared N-doped carbon fiber aerogel using prawn shells as the raw material. The 

prepared carbon-fiber aerogel exhibited an onset-potential of 54 mV more positive 

than that of Pt/C catalyst, better stability, and resistance to methanol crossover.117 N-

doped activated carbon sheets (ACS) prepared by hydrothermal followed by pyrolysis 

of chitin, and activation using ZnCl2 exhibited much higher catalytic activity toward 

both the ORR and the OER.118 Cellulose and its derivatives have been extensively used 

as the precursors for the production of ORR electrocatalysts. Due to the lack of 

heteroatoms, it is required to dope heteroatoms such as N, B, P etc. in order to boost 

the electrocatalytic activity. The nanocrystals of cellulose together with urea were 

used to produce carbon aerogels via lyophilization and carbonization. High surface 

area N-doped carbon nanosheets were successfully synthesized through this method 

without involving any catalysts or post-treatment. The catalyst exhibited 20 mV more 

positive halfwave potential than the commercial Pt/C catalyst.119 Table 1.5 

summarises the ORR performance of various metal free electrocatalysts. 
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Table 1.5 Summary of various metal free electrocatalysts for ORR. 

Catalyst Eonset 

(V vs RHE) 

E1/2  

(V vs RHE) 

Tafel slope 

(mV dec-1) 

n 

CCa 0.9 0.75 - 3.6101 

NMCF - 0.80 - 3.9104 

NCN-1000-5 0.95 0.82 86 3.92106 

N-G-1000 0.981 0.862 72 3.92108 

N-HsGDY-900 1.02 0.85 64.4 3.95112 

meso-EmU 0.035 V vs AgCl - - 4.1115 

Chitin-900 0.054 V vs AgCl - - 3.90117 

ACS –0.15 V vs. SCE - 90 3.93118 

GZ80C 0.88 0.75 81.7 3.2120 

 

1.8.3 Non‑precious Metal Catalysts (NPMCs) 

The development of earth-abundant NPMCs have been intensively investigated due 

to the possibility of eliminating the usage of Pt or other precious metals. The unique 

structure of NPMCs can provide vast possibilities for tuning the activity, selectivity, 

and durability of the catalyst.121 The non-precious metal catalysts such as metal 

oxides, nitrides, chalcogenides, carbide, etc. are reported so far for fuel cell 

applications. However, the low electrical conductivity and the non-availability of 

adsorption sites for oxygen species on the surfaces resulted in the lowering of ORR 

activity.122-123 Carbon-supported transition metal/nitrogen (MNx/C, M = Co, Fe, Ni, 

etc.) compounds are found to be active and durable catalyst towards ORR. The 

interactions between the transition metal doped nitrogen, and the carbon support 

play a vital role in facilitating the ORR activity.  
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In 1964, Jasinski et al. first reported the possibility of using metal/nitrogen 

macrocyclic compounds as ORR catalysts in alkaline electrolyte.124 Based on this 

study, variety of electrocatalysts have emerged with carbon as the support material. 

Yeager et al., developed platinum free electrocatalyst by the simple high temperature 

annealing of a mixture of poly acrylonitrile (PAN), metal (Fe or Co) salt and high 

surface area carbon. The pyridyl nitrogen derived from the nitrile nitrogen of PAN 

during the high temperature annealing provides the binding site for the metal centre. 

The active reaction centre in such electrocatalysts is the pyridyl nitrogen coordinated 

metal for the ORR which resemble the coordination of metal-ligand complex.125 

Following the publication of Yeager et al., many reports have been published on 

electrocatalysts prepared by the pyrolysis of different heteroatom containing 

polymer/monomers with iron salt and high surface area carbon for improved ORR. 

Among different polymers with heteroatom, polyaniline (PANI), polypyrrole (PPy) 

and polyethylenedioxythiophene (PEDOT) are used extensively for the preparation of 

Fe doped alloy carbon materials for ORR. During high temperature annealing, 

heteroatoms from these conducting polymers facilitate more uniform distribution of 

heteroatoms in the carbon matrix, which assist the coordination of metal centres and 

form carbon-alloy nanostructures.126-127 The following section discusses the non 

precious metal doped carbon catalysts derived by the pyrolysis of MOF and MOG 

precursors. 

1.8.3.1 Metal Organic Framework Derived Carbon 

Metal organic framework, mainly zeolitic imidazolate framework (ZIF) which contain 

metal as well as carbon source is most widely used for developing electrocatalyst by 

simple pyrolysis. Compared to traditional nanoporous carbon materials, MOFs have 

many unique advantages such as its simple preparation methods, ordered and 

controllable porous structures, high specific surface area, and the ease of doping 

highly dispersed heteroatoms.128 Most of the commonly used MOF precursors are 

zeolitic imidazolate framework materials, mainly ZIF-8 and ZIF-67, in which ZIF-8 

pyrolysis products are N-doped nanoporous carbon, and ZIF-67 can obtain N-doped 

carbon nanotubes and other structures during pyrolysis. The ZIF-8-derived porous 

carbon has a large specific surface area (1000-2000 m2 g-1) whereas the ZIF-67-

derived porous carbon has an active Co-N site. Xia et al., and Meng et al. used ZIF-67 
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as the precursor for the synthesis of Co-N doped hollow carbon nanotubes. The 

catalyst showed excellent activity towards both the ORR and the OER electrocatalysis. 

The increased crystallinity and in situ formed metallic Co nanoparticles contributed 

towards the electrocatalytic activity in addition to N-doping.129-130 A large number of 

studies have shown that the Fe-containing catalyst sometimes exhibits higher 

electrocatalytic activity compared to Co-containing catalyst. Thus, pyrolysis of Fe-

doped ZIF materials are also more likely to exhibit good ORR activity. Simple pyrolysis 

of iron salt impregnated ZIF (mainly ZIF-8) produced Fe-Nx doped carbon. Single 

pyrolysis has several advantages. The proper coordination of metal and nitrogen 

species in the ZIF-8 can improve the Fe-Nx type reaction centres for oxygen reduction 

reaction.131 Recently, Deng et al. used a gaseous doping approach for synthesizing iron 

doped carbon from ZIF-8. In this method, the iron precursor ferrocene was first 

vaporized and trapped inside the ZIF-8. The ZIF-8 derived carbon has high density of 

iron single atom dopants. Moreover, the ZIF-8 morphology is well preserved with high 

porosity. The half-wave potential of the electrocatalyst reached 0.864 V which is 20 

mV higher than Pt/C in alkaline condition.132 Zhang et al., used chemical doping 

approach of Fe in to the ZIF-8 precursor. Simple thermal annealing produced single 

iron atom doped carbon. More interestingly, the particle size of Fe-doped-ZIF can be 

tuned during its synthesis  where in the active reaction centers can be created in the 

electrocatalyst. The best ORR activity was achieved for 50 nm sized ZIF. The half-wave 

potential of the prepared Fe-Nx doped carbon was 0.85 V which is 30 mV lower to 

Pt/C in 0.5 M H2SO4.133 Similar to Zhang’s work, a host-guest strategy was adopted by 

Lai et al. to prepare Fe-Nx doped carbon from ZIF-8. They chemically produced a Fe-

mlm nanocluster (guest) inside the ZIF-8 (host). The annealing of such ZIF-8 led to 

Fe-Nx doped porous carbon (Figure 1.22). This host-guest approach produced two 

different type coordination of iron ie. two and five coordinated configurations. The 

five coordinated configuration shows excellent ORR in acidic condition. DFT study 

shows that such five-coordinated configuration lower the energy barrier for ORR and 

low adsorption of -OH species at the reaction centre.134 
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Figure 1.22 Illustration of the host-guest chemistry strategy to fabricate MOF-

derived Fe-N/C catalysts (adapted from reference).134 

The nitrogen content in the ZIF derived carbon can be improved by adding graphene 

sheets during the synthesis process.120 The Zn/Fe ion dispersed in graphene sheets 

on reaction with 2-methyl imidazole produced ZIF on the graphene sheets. Annealing 

this precursor yield Fe-Nx doped porous carbon showing excellent ORR activity in 

alkaline condition. The graphene sheets assist to accommodate more nitrogen atoms 

in the doped porous carbon. The peculiar morphology, high nitrogen content and Fe-

Nx coordination assist for the improved ORR.103 There are reports on the different 

precious metal atom incorporation in the ZIF-8 to develop excellent electrocatalyst 

for ORR. Pt, Pd, Rh, Au, Ru etc incorporated in to ZIF-8 followed by annealing produced 

metal alloyed Zn nanoparticles embedded in the carbon matrix.135 

1.8.3.2 Metal Organic Gel Derived Caron 

MOGs act as rich pool, in which materials can be immobilized and dispersed 

throughout the whole gel matrices and therefore be used as precursors to produce 

highly dispersed and nano-sized ORR electrocatalysts. Wang et al. synthesized a 

urea/CNTs-decorated MOG(Fe) and used it as precursors for the first time to 

synthesize an effective ORR catalyst through pyrolysis. The have obtained particles 

with average size of 10 nm having core@shell structures with Fe-Fe2O3 cores and NC 

shells. By virtue of the unique structure, the material exhibited a superior oxygen 

reduction with an onset potential of 0.92 V, and half-wave potential of 0.72V.136 A self-

templated carbonization strategy was presented by Zhang et al. for a general 

synthesis of heterostructures of transition metal phosphide @nitrogen /phosphorus 
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dual-doped carbon quasiaerogels using a metallogel containing  bimetallic clusters 

(BMOG) as the precursor. Owing to the 3D inter-connected and highly conductive 

quasiaerogel framework of heteroatom-doped carbon and large number of 

electrochemically active sites, the material worked as an ORR/HER bifunctional 

electrocatalyst. The catalyst exhibited excellent electrochemical performance 

towards the ORR with a half-wave potential of 0.85 V versus RHE, high crossover 

tolerance to methanol and excellent long-term durability.137 Zhang et al. used a 

bimetallic zinc/cobalt organic gel (Zn/Co-MOG) as the precursor for the synthesis of 

cobalt/nitrogen dual-doped porous carbon nanosheet composites (Co/N@PCS). Due 

to hierarchical porous structure and fast ion/electron transport, the Co/N@PCS 

exhibited an excellent ORR electrocatalytic activity. The half-wave potential of the 

Co/N@PCS was 0.87 V vs. RHE with long-term cycling stability and excellent methanol 

tolerance.138 Summary of the ORR performances of various non‑precious metal 

electrocatalysts are listed in Table 1.6. 

Table 1.6 Summary of various non‑precious metal electrocatalysts for ORR. 

Catalyst Eonset  

(V vs RHE) 

E1/2  

(V vs RHE) 

Tafel slope 

(mV dec-1) 

N 

FeGZ-10C 0.95 0.82 87.6 3.8103 

NCNTF 0.97 0.87 64 3.97129 

N-CNT 0.87 0.85 - 3.93130 

Fe-N/C 0.97 0.75 63 3.97131 

C-FeZIF 0.94 0.864 - 3.98132 

Fe-ZIF 0.98 0.85 - 4133 

Fe-N/C 0.861 0.735 55.6 3.98134 

Rh@NPCP 1.04 0.84 33 3.98135 

MOG(Fe)/CNT 0.92 0.72 66 3.92136 

CoP@NPCA 0.94 0.85 69.8 3.99137 

Co/N@PCS - 0.87 - -138 
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1.9 Direct Borohydride Fuel Cells 

Direct borohydride fuel cells (DBFC) are alkaline fuel cells which utilizes NaBH4 

directly as a fuel to generate electricity. Most of the AFCs are fed with hydrogen at the 

anode and oxygen at the cathode. However, the main problem is related to the 

hydrogen production, storage and transport. Liquid fuels, alternative to ultra-pure H2, 

such as alcohols and borohydrides can be used in AFCs for easier storage and 

transport. Direct methanol fuel cell (DMFC) and ethanol fuel cell (DEFC) usually 

suffers from slow anode reaction kinetics, high catalyst loading, (usually noble metal 

based catalysts) and display small power densities. On the other hand, direct 

borohydride fuel cells (DBFCs) in which sodium borohydride (NaBH4) is used as the 

fuel are gaining much attention due to high cell voltage (1.64 V), high theoretical 

specific capacity (5.7 Ah g-1), high energy density (9.3 Wh g-1), superior hydrogen 

storage (10.6 wt.%) and non-flammability. Furthermore, NaBH4 is carbon-free, 

nontoxic and relatively stable in alkaline solution.139-140 The DBFC system was first 

proposed in the early 1960s.141 A practical demonstration of direct electricity 

generation from borohydride ions was reported by Indig and Snyder.142 

In DBFC, an aqueous base stabilized BH4- anion oxidises at the anode producing an 

environmentally benign, water soluble BO2 product which may be collected and 

recycled.143-145 This anodic borohydride oxidation reaction (BOR) involves the release 

of 8 electrons as shown in eq. 1. Eq. 2 shows the ORR occurring at the cathode. Figure 

1.23 shows the schematic representation of a direct borohydride fuel cell.  

 

Figure 1.23 Schematic of a direct borohydride fuel cell. 
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Anode: 𝐵𝐻4
− + 8𝑂𝐻− → 𝐵𝑂2

− + 6𝐻2𝑂 + 8𝑒−               (E0=-1.24 V Vs RHE)                     (1.22) 

Cathode: 𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−                                   (E0=0.40 V Vs RHE)                       (1.23) 

Overall reaction: 𝐵𝐻4
− + 2𝑂2 → 𝐵𝑂2

− + 2𝐻2𝑂            (E=1.64 V Vs RHE)                         (1.24) 

The anodic BOR is a complex reaction and it is accompanied by several parasitic 

reactions like hydrogen evolution reaction (HER) and non-faradaic heterogeneous 

hydrolysis of BH4-. By virtue of these competing reactions, the number of released 

electrons is usually less than 8 indicating the inefficiency of the electrocatalysts.  

There is another category of fuel cell that uses NaBH4 indirectly and is named as 

indirect borohydride fuel cells (IBFC). The anodic fuel in IBFC is hydrogen which is 

released from NaBH4 by hydrolysis. The difference between IBFC and DBFC is 

schematically represented in Figure 1.24.  

 

Figure 1.24 Schematic representation of (a) H2/O2 fuel cell fed by H2 generated by 

hydrolysis of NaBH4 (IBFC) and (b) direct borohydride fuel cell. 

The competitions between the direct borohydride electrochemical oxidation and the 

hydrolysis pathway of BH4- anion is shown in Figure 1.25. The maximum output of 

energy and number of electrons will be resulting from the direct oxidation. Molecular 

hydrogen will be formed in the hydrolysis pathway resulting in a decrease in number 

of electron transfer. If the reaction follows a preferred hydrolysis route and the 

catalyst is capable of oxidising the generated molecular hydrogen, the anode will 

behave like a direct hydrogen fuel cell and there will be eight released electrons from 

the electrooxidation of four hydrogen molecules. The boron atoms here act like 

hydrogen carriers. Even though this route also involves eight electrons, it cannot be 

considered as efficient pathway since it wastes some of the chemical energy stored in 
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the fuel, due to the exothermic hydrolysis reaction. Therefore, anode catalysts with 

high performance and efficient utilization of BH4− are important for the practical 

application of DBFC. 

 

Figure 1.25 Schematic of the competition between the direct borohydride 

electrooxidation and the hydrolysis. 

1.9.1 Electrocatalysts for BOR 

1.9.1.1 Noble Metal Based Catalyst 

The first study on BOR was reported in 1962 by Elder et al. where they had 

investigated the use of Pt electrode on the oxidation of borohydride.146 Later many 

studies were carried out in which noble metals such as platinum, palladium and gold 

were most widely used.147-148 However, the increased ability of these noble metal 

catalyst towards breaking of B-H bond led to hydrogen gas production and hence less 

than 8 e- were collected for the conversion of every borohydride molecule.149-151 This 

limits the overall stability of the fuel cell and therefore, it is highly demanded to 

develop catalysts that can selectively oxidize BH4- with negligible or no hydrogen 

evolution. Gyenge et al. reported the electrochemical oxidation of BH4- on Pt and Au 

electrodes where Pt catalyzed both the hydrolysis and direct oxidation of BH4-. The 

addition of thiourea inhibited the hydrolysis of BH4- and the H2 evolution by the 

inhibiting effect of thiourea on the recombination of surface adsorbed hydrogen 

radicals. However, the issue of long-term anode performance, stability and poisoning 

in the presence of TU were not addressed.152 Au supported on high-surface area 

carbon silk catalyst for BOR was reported by Amendola et al. The number of electrons 
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utilized per molecule of BH4- oxidized was 6.9 implying efficient utilization of the BH4-  

oxidation.153 However, Chatenet et al. later reported that Au is not an efficient 

electrocatalyst towards BOR mainly because of too high activation potentials.154 

1.9.1.2 Non-noble Metal Based Catalyst 

From density functional theory, Janik et al. concluded that the activity for B-H bond 

dissociation determines the catalyst activity towards BOR.155 Numerous types of 

research were conducted to develop low-cost transition metals such as Ni, Co, Fe, Cu 

based catalysts for BOR.156-157 Due to the high B-H bond-breaking ability of cobalt 

compared to other transition metals, cobalt-based materials can be used as a 

promising catalyst for BOR.158-159 However, there are only a few reports on cobalt 

based catalysts for BOR. Zhang et al reported cobalt incorporated multiwalled carbon 

nanotubes with high catalytic activity and good stability for NaBH4 electrooxidation. 

The hierarchical 3D network structure with dispersed Co nanoparticles increased the 

adsorption and electrooxidation of hydrogen during the reaction.160 Alloying Co with 

other transition metals is also reported to be effective in improving the catalytic 

performance by the synergistic effect between the metals and special electron 

transfer path.159, 161 CNT supported CoBi,162 Ni-Co nanoparticles immobilized Ni 

foam163 and NiB alloy decorated by Cu,164 all exhibited good BOR activity and stability. 

Recently, Nagaiah et al. synthesized urchin-shaped cobalt tungstate catalyst with 

enhanced BOR performance.165 Nevertheless, the catalytic activity of the current Co-

based catalysts is still lower than those of noble metal catalysts and concerted efforts 

are essential to develop non-noble metal catalysts that can completely replace noble 

metal catalysts. List of some of the reported BOR catalysts and their electron transport 

number is shown in Table 1.7. 

Table 1.7 Electron transfer number comparison of reported BOR catalysts 

Sl. No Sample Electrolyte composition n 

1 AgY (Ag zeolites) 2 M NaOH 0.03 M NaBH4 4.3166 

2 Pt67Fe33/C 3 M NaOH 0.1 M NaBH4 4.9167 

3 Au2-Ni1-Cu1/C 2 M NaOH 0.1 M NaBH4 5.9168 



Chapter 1                                                                                               Electrocatalysis in fuel cell 

 

38 
 

4 Cobalt tungstate 1 M NaOH 0.03 M NaBH4 7.2165 

5 PdxAu1-x/C 2 M NaOH 0.013M NaBH4 6169 

6 Co-P/CF 1 M NaOH 0.1 M NaBH4 6159 

7 Au(50)/Ni(OH)2(50)/C 3 M NaOH 0.1 M NaBH4 4.7170 

8 CuNiPd 2 M NaOH 0.1 M NaBH4 4.9157 

9 Ni-1 1 M NaOH 0.02 M NaBH4 7.02171 

10 Ni1@Ag1/C 2 M NaOH 0.1 M NaBH4 4.8172 

11 NiBCux/C 2 M NaOH 0.1 M NaBH4 4.1164 

12 Ni1−xCuxO 1 M KOH 0.01 M AB 5.9173 

13 Pd/rGO-Fe3O4 2 M NaOH 0.03 M NaBH4 5.6174 

14 Pt-Ag 0.1 M NaOH 0.001 M NaBH4 5.7175 

15 PtSn/C 0.2 M KOH 0.001 M NaBH4 6.4176 

16 Au-NP@rGO 2M NaOH 0.4 M NaBH4 7.2151 

17 CoAu/rGO 2M NaOH 0.03 M NaBH4 6.9177 

18 CoNi-NS/rGO 4M NaOH 0.5 M NaBH4 6.9178 

 

1.10 Definition of the Present Problem 

After the detailed literature survey, it is understood that highly efficient and cost-

effective electrocatalysts are necessarily required for the widespread use of the 

electrochemical energy conversion devices like fuel cells. The exorbitant price of the 

state-of the-art Pt/C catalysts make fuel cells highly expensive and, thus, hinder its 

commercialization. Thus, it is important to develop non-noble electrocatalysts as 

substitutes for the state-of the-art Pt/C catalyst. However, the multistep synthetic 

strategies, loss of nitrogen during high temperature pyrolysis (700-900 °C), 
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unavailability of the active sites due to relatively small pore sizes, low active site 

density and the low conductivity are considered major bottlenecks for the 

development of heteroatom doped carbon catalysts. Hence, a systematic study is 

needed for the development of heteroatom doped carbon by a careful design and 

selection of the precursors. This thesis is an effort to develop viable Pt-free 

electrocatalysts, mainly transition metal, N- co doped carbon, which can be used as 

replacements for Pt-based catalyst in alkaline fuel cell. The following scientific 

challenges are thus identified. 

• Retention of the nitrogen content with appropriate pore characteristics after 

pyrolysis 

• Generation of electrocatalytically active graphitic and pyridinic N with lower 

pyrrolic N content (electrocatalytically inactive) 

• Improving the conductivity and active site density 

Heteroporous carbon structures with enhanced N-doping are derived from MOG and 

a nitrogen precursor and its catalytic activity towards ORR is established. The role of 

Fe, N co-doping is also examined. Finally, trimetallic ZIF derived carbon alloy catalyst 

with high nitrogen content to aid the electrocatalysis of BOR is also examined. The 

specific work elements of the present thesis work are 

➢ Development of heteroporous carbon structures with enhanced nitrogen 

content and conductivity from MOG and different nitrogen sources as ORR 

electrocatalyst. 

➢ Synthesis of transition metal, N- co doped carbon from trimetallic ZIF and its 

electrochemical BOR studies. 
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Chapter 2 

Melamine Formaldehyde-Metal Organic Gel 

Interpenetrating Polymer Network Derived Fe-N-doped 

Porous Carbon Electrocatalysts for Oxygen Reduction 

Reaction 

Abstract 

 

Fe, N doped porous graphitic carbon electrocatalyst (Fe-M-NC), obtained by the 

pyrolysis of an interpenetrating polymer network (IPN) comprising of melamine 

formaldehyde (MF as hard segment) and metal–organic gel (MOG as soft segment), 

exhibited significant oxygen reduction reaction (ORR) activity in alkaline medium. 

BET surface area analysis of Fe-M-NC showed high surface area (821 m2 g-1), while 

TEM, Raman and XPS results confirmed Fe and N co-doping. Furthermore, a 

modulated porous morphology with a higher degree of surface area (950 m2 g-1) has 

been accomplished for the system (Fe-MN-NC) when aided by a sublimable porogen, 

such as naphthalene. XPS results further demonstrated that these systems exhibited 

a better degree of distribution of graphitic N and an onset potential value of 0.91 V vs. 

RHE in 0.1 M KOH solution following an efficient four-electron ORR pathway. The 

electrocatalytic activity of Fe-MN-NC is superior to that of Fe-M-NC by virtue of its 

higher graphitic N content and surface area.   
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2.1 Introduction 

The quest for high functional, cost-effective catalyst systems, as alternative to Pt-

based systems, is primarily focused on the domain of heteroatom doped porous 

carbon structures.1-3 Iron and Nitrogen (Fe, N) doping is widely pursued, as Fe, N- 

coordination on doped nitrogen induce implicit effects on enhancing the 

electrocatalytic properties due to the added positive charge density on neighboring  

carbon atoms.4-6 Fe/N/C catalysts with good stability are generally synthesized by 

high temperature treatment of a variety of precursors.7-10 Diverse methods such as 

pyrolysis,11 chemical vapor deposition,12 and template method13 are employed for the 

synthesis of porous carbons. Among these, pyrolysis of suitable carbon precursors 

such as metal organic framework (MOF) and zeolitic imidazolate framework (ZIF) 

accomplished significant interest specifically due to the flexibility in design, and 

improved morphology control.14,15 However, toxic solvents and tedious procedures 

are involved in the synthesis of these materials2 and it is therefore necessary to 

develop new class of precursor materials with easy synthetic procedures and higher 

degree of porosity.  

Metal organic gels (MOGs) are considered to be excellent precursors because of the 

high surface area with heteroporous nature. Moreover, the design flexibility and low-

cost synthetic procedures using less toxic solvents are also favorable alternatives.16,17 

N-doped carbon, for example, obtained by the pyrolytic treatment of Al-MOG doped 

with N-precursor offered electrode materials with high surface area and electron 

transfer capability.18 Porous carbon derived from Al-based metal-organic gels (MOGs) 

were developed by Zhang et al. was used as electrodes for capacitive deionization. The 

material having large specific surface area, large percentage of micropore, and a 

suitable pore size distribution showed a high salt removal rate and an excellent 

recycling stability.16 Bu et al. prepared flexible FexOy/nitrogen-doped carbon 

nanofiber films for lithium storage by facile electrospinning of Fe-based metal-

organic gels and polyacrylonitrile (PAN) followed by high-temperature carbonization. 

The integration of MOGs and PAN enabled the even dispersion of hollow FexOy 

nanoparticles in the composite fibers, ensuring rapid electron and ion transport. The 

composite delivered a high specific capacity, outstanding rate performance, and great 

cycling stability for 500 cycles.19 A series of MOGs with various metal compositions 
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and tunable ratios were developed by Li et al. by simply mixing metal ions (Fe3+, Co2+, 

and Ni2+) and the organic ligand 4,4′,4′′-[(1,3,5-triazine-2,4,6-triyl) 

tris(azanediyl)]tribenzoic acid (H3TATAB) at room temperature. Spinel-type metal 

oxides with good electrocatalytic OER performance are then obtained by the pyrolysis 

of the as-prepared MOGs delivered remarkable catalytic activity with a low 

overpotential of 244 mV at a current density of 10 mA cm-2 and a small Tafel slope of 

55.4 mV dec-1 in alkaline electrolyte, outperforming most recently reported 

electrocatalysts.20 He et al. synthesized a urea/CNTs-decorated MOG(Fe) as the 

precursor for Fe-Fe2O3 nanoparticles anchored on N-doped carbon nanotubes for 

ORR electrocatalyst. The material exhibited a superior oxygen reduction catalyst with 

an onset and half-wave potential of 0.92V and 0.72V respectively. These results 

suggest that MOG is a promising material for electrocatalytic applications.21 However, 

the agglomeration of metal atoms into larger particles during pyrolysis hinder the 

accessibility of M-N/C active sites leading to activity loss.22 The stabilization of Fe 

atoms within the network structure is thus required to avoid Fe agglomeration during 

pyrolysis by creating strong network structure.  

Inter penetrating network (IPN) with a minimum of two non-covalently bonded 

macromolecular networks each in independent network form, of which at least one is 

synthesized and cross linked in the immediate presence of the other, without any 

covalent bonds between them.23,24 It is difficult to separate the individual components 

as the IPN structures are very strong.25 The reactivity of individual polymers can be 

modulated to accomplish desired physical and chemical stability.26 Due to such 

attributes, IPN systems are employed as gas separation agents,27 drug delivery 

systems,28 artificial implants, dialysis membranes, burn dressings etc.29-33 IPN 

systems can work as precursors for porous carbon and are known to increase the 

phase stability of the final product and the thermodynamic incompatibility can be 

overcome due to permanent interlocking of the network segments.34 Figure 2.1 

illustrates typical IPN formation.  
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Figure 2.1 Schematic illustration of the formation of IPN. 

Herein, Fe-N- doped IPN based porous carbon structures were synthesized from two 

individual networks without any covalent bond in between.34,35 By judicious selection 

of precursor materials, the resultant network topology could be modulated36,37 

offering feasibility of designing new materials with controllable properties like 

porosity that primarily originates from its large interspace free volume.38,39 The Fe-N 

in situ integrated porous graphene structures presented here are derived from 

nitrogen abundant thermosetting polymer melamine formaldehyde (MF) and an iron 

containing MOG. The pre-polymer of MF when intercalated to the primary phase of 

iron-MOG, propagates simultaneously to generate the hard segment (MF) and soft 

segment (MOG) of the IPN. The introduction of MF pre-polymer into MOG precursor 

maximize the addition effect of the resulting polymer network and thereby improves 

its mechanical properties leading to a stable end product upon pyrolysis.40 The strong 

covalently bonded organic polymer MF thus serves as a less expensive nitrogen 

enriched precursor of carbon. Even though melamine has been explored previously 

as a nitrogen resource,41-43 neither of these studies explored the feasibility of MF 

based IPN systems. 

2.2 Experimental 

2.2.1 Materials 

Anhydrous iron (III) chloride (FeCl3), benzene-1,3,5-tricarboxylic acid (H3BTC or 

trimesic acid), melamine (C3H6N6) and formaldehyde were purchased from Sigma 

Aldrich Chemical Reagent Co. Ltd. Ethanol (99.9%) was procured from Jiangsu Huaxi 

International Trade Co-Ltd. China. Potassium hydroxide and tetrahydrofuran (THF) 

from Merck India and Naphthalene (C10H8) from TCI Chemicals, India Pvt. Ltd. were 
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used for the preparation of carbon precursor. All the reagents were used as received 

for the synthesis without any further purification. 

2.2.2 Synthesis of Fe-MOG, Fe-MOG-MF and Fe-MOG-MFN IPNs  

The Fe-MOG-MF IPN was prepared from Fe-MOG and MF pre-polymer. Fe-MOG 

(reactant A) was initially prepared by mixing ethanolic solutions of benzene-1,3,5-

tricarboxylic acid and anhydrous FeCl3 in the molar ratio of 1:3 at room temperature. 

Melamine formaldehyde (MF) pre-polymer (reactant B) was synthesized by reacting 

melamine and formaldehyde in the molar ratio of 1:3 at 70 °C. Upon mixing the 

reactants A and B, the individual networks are allowed to propagate simultaneously 

to generate the IPN at room temperature for overnight. In the alternative synthesis of 

Fe-MOG-MFN, naphthalene, a sublimable porogen (10%, w/w) was introduced to MF 

pre-polymer matrix as a solution in THF, which was subsequently added to the Fe-

MOG. The individual networks of Fe-MOG and MF are allowed to propagate, as in the 

previous case, by keeping at room temperature for overnight. The IPNs formed were 

dried at 50 °C for 15 h followed by cross-linking of MF at 120 °C in an air oven for 48 

h. 

2.2.3 Synthesis of Fe-N Doped Porous Carbon 

Fe-N-doped graphitic carbons from Fe-MOG, Fe-MOG-MF and Fe-MOG-MFN IPNs 

were derived by the pyrolysis of the corresponding precursors at 900 °C for 3h under 

N2 atmosphere. Any unbound Fe present in the pyrolyzed samples were washed out 

with 1 M H2SO4 solution followed by rinsing with DI water for several times and dried 

at 50 °C. The samples derived were denoted as Fe-M-C, Fe-M-NC and Fe-MN-NC. 

2.2.4 Structural Characterization 

X-ray diffraction patterns were recorded using the diffractometer (PW1710 Philips, 

The Netherlands) employing Cu Kα of 1.54 Å. The BET surface area and porosity 

analysis of the samples were performed with Micromeritics (Tristar 11, USA) surface 

area analyser using nitrogen adsorption at 77 K. The samples were degassed at 200 

°C for 2 h in flowing N2 before adsorption measurements. Raman spectra were 

obtained from a Confocal Raman microscope (alpha 300 R WITEC Germany) using 

633 nm laser. The microstructure and morphology of the samples were observed 
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using scanning electron microscope (SEM Carl Zeiss, Germany). Elemental mapping 

was carried out using energy dispersive spectroscopy (EDS) measurements. 

Transmission electron micrographs of the samples were recorded on a FEI (Tecnai 30 

G2 S-TWIN, The Netherlands) microscope. The rheological properties of the samples 

were measured using a Modular Compact Rheometer (MCR102, Anton Paar, India). 

XPS was investigated using a scanning X-ray microprobe (ULAC-PHI, Inc. PHI-4700 V, 

USA) with monochromated Al-Kα X-ray source operating at 14 kV and 220 W. 

2.2.5 Electrochemical Characterization 

ORR measurements were carried out in a Bio-Logic Electrochemical Workstation (SP-

300) using a three-electrode setup. The catalyst ink for ORR study was prepared by 

mixing 5 mg of the catalyst with 1 mL of DI water-isopropyl alcohol mixture (3:1) and 

40 µL of 5 wt. % nafion for 60 min in an ultrasonic bath. 10 µL of this catalyst slurry 

was drop cast on the surface of a glassy carbon working electrode (0.196 cm2) using 

a micro syringe. The electrode was dried under an IR lamp for electrochemical 

analysis. Commercial Pt/C (40 wt. % from Johnson Mattey) was also studied for the 

comparison purpose. 0.1 M KOH was used as the electrolyte for the electrochemical 

measurements. Catalyst coated glassy carbon disc (0.196 cm2 area, Pine Instruments. 

Inc.) was used as the working electrode. Hg/HgO was used as the reference electrode 

and graphite rod was used as the counter electrode. Cyclic voltammetry (CV) was 

performed at a scan rate of 50 mV s-1 in both nitrogen and oxygen saturated 0.1 M 

KOH solution. Linear sweep voltammetry (LSV) was carried out by recording the 

voltammograms at a scan rate of 5 mV s-1. The accelerated durability analysis of both 

Fe-MN-NC and Pt/C was carried out by running CV for 5000 cycles in a potential 

window of 0.97 to 0.57 V. All these measurements were carried out using a Rotating 

Disk Electrode (RDE, 0.196 cm2, Pine Instruments). Hydrogen peroxide formation and 

number of electrons transferred during the oxygen reduction reaction were 

measured using a rotating ring disc electrode (RRDE, 0.2826 cm2, Pine Instruments) 

in O2 saturated 0.1 M KOH solution with a glassy carbon disc (0.2826 cm2) having a 

platinum ring as the working electrode, Hg/HgO as the reference electrode and 

graphite rod as the counter electrode. All potentials were converted into RHE by 

calibrating Hg/HgO in H2 saturated 0.1 M KOH solution.44 
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2.3 Results and Discussion 

A simple and highly feasible method for the Fe-N-intrinsic doping via formation of IPN 

from an organic thermosetting polymer enriched with N and a metal (Fe)-organic gel 

network is developed. The competing growth of the propagating organic and 

inorganic chains lead to a stable network with soft and hard segments (Fe-MOG-MF), 

which upon pyrolysis undergo restructuring to generate highly porous graphitic 

sheets with firmly anchored Fe and N. The introduction of naphthalene in the MF 

polymer (Fe-MOG-MFN) has been examined as a strategy to enhance surface area of 

Fe-MOG-MFN. Upon pyrolysis, this material resulted in the formation of porous 

carbon with enhanced surface area due to the sublimation of the dissolved 

naphthalene. Figure 2.2 illustrates the schematic illustration of formation of Fe-MN-

NC. 

 

Figure 2.2 Schematic illustration for the formation of Fe-MN-NC. 
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2.3.1 Rheological Studies 

The formation of Fe-MOG is characterized by rheological analysis. It was done using 

amplitude sweep test, where the strain percentage was kept between 0.01 to 10%. 

The storage modulus (G’) and loss modulus (G”) were measured at a constant 

temperature of 25 °C and 10 rad/s frequency. Figure 2.3 shows the range of 

viscoelastic properties of the gel as a function of strain. Fe-MOG exhibited values of G’ 

higher than G” upto a particular strain value indicating that the elasticity of the gel is 

higher than the viscous behavior, producing a well viscoelastic and stable gel. When 

G’ and G” approaches the crossover point, breaking down of gel network results. The 

cross over strain value for Fe-MOG is 5.95% indicating better stability of the formed 

gel network. 

 

Figure 2.3 Amplitude sweep measurement of Fe-MOG. Solid and open symbol 

represent the storage and loss modulus respectively. 

2.3.2 Morphology and Microstructure Analysis 

The SEM image of the control sample (Fe-M-C) display a porous morphology (Figure 

2.4a & b). The SEM images of Fe-M-NC (Figure 2.4c & d) and Fe-MN-NC (Figure 2.4e 

& f) indicate morphological diversity as a function of naphthalene content in the 

system. The sheet-like graphitized carbon structures are connected by elongated and 

better distributed pores in Fe-MN-NC (Figure 2.4e & f). For Fe-M-NC, only fewer 

pores are visible even though the macro-pores are evenly distributed, (Figure 2.4c & 
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d) demonstrating that naphthalene indigenously plays vital role in modulating the 

macro-porous structure and morphology of the system. 

 

Figure 2.4 SEM images of (a, b) Fe-M-C, (c, d) Fe-M-NC and (e, f) Fe-MN-NC. 

The presence of C, N, O and Fe can be clearly visualized in the elemental mapping 

shown in Figure 2.5a & b. The homogeneous distribution of N and Fe in the carbon 

framework is clearly seen from the corresponding elemental maps. 

 

Figure 2.5 Elemental mapping of (a) Fe-M-NC and (b) Fe-MN-NC. 

Further, TEM image of Fe-M-C showed sheet like carbon structure in which iron 

nanoparticles are distributed (Figure 2.6). The HRTEM images of Fe-M-NC and Fe-

MN-NC (Figure 2.7) confirmed sheet-like graphitized carbon structures. Fe-M-NC 
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and Fe-MN-NC exhibited morphological diversity. Low magnification images of Fe-M-

NC appeared as thin layered structures composed of interconnected, entangled chains 

(Figure 2.7a). The lattice spacing of 0.34 nm was consistent with (002) plane of 

graphitic carbon (Figure 2.7b).45-47 Nanoparticles with darker contrast were also 

clearly identified. The higher magnification image of the nanoparticle in Figure 2.7c 

displayed crystallized structure with a lattice spacing of 0.205 nm corresponding to 

the (220) plane of Fe3C.48,49 Fe-MN-NC exhibited two phase morphology coherent to 

each other and consisted of star-like structures distributed well-over graphitic sheets 

of approximately 20 nm thick, with regular lattice arrangement at several regions 

(Figure 2.7d & e). This remarkable difference in the nano geometry is noticed upon 

the incorporation of naphthalene, and is apparent from the mixed structure of Fe-MN-

NC given in Figure 2.7d-f. The well-defined interconnected network type 

organization shown by both Fe-M-NC and Fe-MN-NC at higher magnification 

demonstrated the structural features of the initial template and confirmed the 

generation of the proposed inter-penetrating network system, from which the carbon 

matrices were derived. It should also be noted here that; more diverse structure and 

a higher surface area is possessed by the graphitic sheets synthesized here as 

compared to the nano graphene sheets prepared by Peng et al. from the pyrolytic 

treatment of melamine and an iron precursor.4 

 

Figure 2.6 TEM images of Fe-M-C.  
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Figure 2.7 TEM images of (a, b, c) Fe-M-NC and (d, e, f) Fe-MN-NC.  

2.3.3 Surface Area Analysis 

The pore and textural characteristics of carbon samples were quantified from N2 

adsorption-desorption analysis (performed at 77 K). The carbon materials exhibited 

high surface area values of 347 m2 g-1, 821 m2 g-1 and 950 m2 g-1 respectively for Fe-

M-C, Fe-M-NC and Fe-MN-NC. Fe-M-C exhibited mesoporous structure whereas, the 

pore structure was predominantly microporous for Fe-M-NC and Fe-MN-NC (Figure 

2.8a). The type II b isotherms having adsorption hysteresis indicated the presence of 

mesopores along with the micropores. The increased mesoporosity in Fe-M-NC 

sample compared to Fe-MN-NC can be clearly visible from the inset graph in Figure 

2.8a. The increased microporosity observed for Fe-MN-NC sample was due to the 

sublimation of naphthalene. The cumulative pore volume measured from BJH was 

found to be 0.10 cm3 g-1and 0.07 cm3 g-1 respectively for Fe-M-NC and Fe-MN-NC 

respectively (Figure 2.8b). The mesopore size distribution curve obtained from BJH 

method, shown in Figure 2.8c, has a pore size distribution within 2-12 nm for both 

the samples. Fe-M-NC sample seems to have slightly better pore size distribution. The 

micropore size distribution curves obtained from NLDFT analysis show the variation 

of micropore volume for the two samples (Figure 2.8d). Both the samples showed a 
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narrow pore size distribution within 0.5-2.0 nm with a slightly higher micropore 

volume for Fe-MN-NC sample. 

 

Figure 2.8 (a) N2 adsorption-desorption isotherms of Fe-M-C, Fe-M-NC and Fe-MN-

NC, (b) BJH cumulative pore volume and (c) pore size distribution of Fe-M-NC and 

Fe-MN-NC (d) NLDFT pore size distribution of Fe-M-NC and Fe-MN-NC. 

2.3.4 Phase Analysis 

Unlike Fe-M-C, both Fe-M-NC and Fe-MN-NC consisted of amorphous graphitized 

carbon, as confirmed from the XRD patterns (Figure 2.9). The increased amorphous 

nature was due to N-doping. Reflection peaks corresponding to 2θ values of 26° and 

44° were indexed to (200) and (101) lattice of graphitic carbon respectively (JCPDS: 

75-1621).50,51 It could be envisaged that for Fe-MN-NC, the broader peak (002) 

indicates increased degree of amorphous nature/ disorder in the structure52 derived 

due to the presence of naphthalene in the system which is further corroborated by 

Raman spectrum. No peak corresponding to Fe3C was visible presumably due to the 
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disordered incorporation of iron atom in the carbon matrix and also due to its lower 

percentage in the carbon structure.  

 

Figure 2.9 Powder X-ray diffraction patterns of Fe-M-NC and Fe-MN-NC.  

2.3.5 Chemical Composition Analysis 

Raman spectral interpretation is a standard tool endowed with important structural 

information of the graphitic, distorted, crystalline or amorphous carbon materials.53 

For Fe-M-NC (Figure 2.10a), the G band arising from the bond stretching of sp2 

hybridized carbon atoms of the hexagonal graphitic rings was observed at 1594 cm-1 

while D band resulting from the disordered carbon frames on the defect sites was at 

1344 cm-1.54-56 For Fe-MN-NC Raman spectra indicated peaks at 1604 cm-1 

corresponding to G band and 1352 cm-1 representing D band. The proportionality 

term ID/IG imparts insights into the degree of distortion of the carbon structure, as the 

distortion increases with increasing ID/IG ratio. Fe-M-NC has ID/IG ratio of 0.78, 

indicating higher degree of graphitization, whereas Fe-MN-NC displayed ID/IG ratio of 

1.23 suggesting a greater disorder indicating increased nitrogen content. The 

increased disorder should be attributed to the structural changes occurring during 

the sublimation of naphthalene. In order to elucidate the influence of pyrolysis 

temperature on the nitrogen content and degree of graphitization, the precursor Fe-

MOG-MFN was carbonized at 800 and 1000 °C for 3 h at a heating rate of 3 °C/min in 

N2 atmosphere. The Raman spectra obtained for 800 and 1000 °C pyrolyzed samples 

shown in Figure 2.10b indicated an ID/IG ratio of 1.12 and 0.93 respectively for Fe-

MN-NC-800 and Fe-MN-NC-1000. The ratio initially increased with temperature and 
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decreased after 900 °C, due to the removal of nitrogen at temperatures greater than 

900 °C. Fe-MN-NC (pyrolyzed at 900 °C) is assumed to perform increased catalytic 

activity because of the increased graphitic N content. The influence of pyrolysis 

temperature on the ORR activity will be discussed later in the chapter. 

Figure 2.10 Raman spectra of (a) Fe-M-NC & Fe-MN-NC and (b) Fe-MN-NC-800 & 

Fe-MN-NC-1000. 

The X-ray Photoelectron spectra (XPS) confirmed the chemical states of elements (C, 

Fe, N, O) in Fe-M-NC and Fe-MN-NC (Figure 2.11).  

 

Figure 2.11 XPS survey scan spectrum of Fe-M-NC and Fe-MN-NC. 

From the regional scan of N 1s spectrum (Figure 2.12a), three major N species, as 

pyridinic N (398.51 eV), graphitic N (400.90 eV) and oxidized N (403.70 eV) were 

noticed. No peak corresponding to pyrrolic N was observed owing to its very low 

concentration. The oxidized N was presumably formed as a result of the adsorption 
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of oxygen in air at the N-doped sites.57,58 In Fe-M-NC, graphitic N was the higher 

fraction (1.91 at.%) followed by pyridinic N (0.82 at.%). Since binding energies of N-

Fe bond and pyridinic N were very close, the peak at 398.5 eV represent the form of 

nitrogen bonded to metal.59-61 The higher fractions of graphitic and pyridinic N 

content influence the electrocatalytic activity of the carbon as the presence of 

appreciable amount of pyridinic and graphitic N is responsible for the catalytic 

performance.62,63 The deconvoluted N 1s spectrum of Fe-MN-NC (Figure 2.12b) 

showed the presence of pyridinic N (398.50 eV), graphitic N (401.11 eV) and oxidized 

N (404.71 eV). The percentage of different nitrogen species was different for the two 

samples. Fe-MN-NC with a higher graphitic nitrogen percentage (1.97 at.%) is 

expected to show good ORR activity.62 However, the doped Fe content was almost 

similar in both the samples (0.15 at.%).  

 

Figure 2.12 High resolution N 1s XPS spectra of (a) Fe-M-NC and (b) Fe-MN-NC. 

The concentrations of different nitrogen species for the two samples are evaluated 

based on the integrated peak areas and the corresponding graph is shown in Figure 

2.13.  
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Figure 2.13 Concentration of various types of nitrogen (in atomic percentage) 

present in the Fe- doped carbon catalyst samples. 

The nature of doped Fe was confirmed from Fe 2p XPS spectra (Figure 2.14a & b). 

The binding energies of Fe 2p3/2 and Fe 2p1/2 of Fe3+ ion were located at 711.5 and 

724.7 eV respectively. The peak at 717.3 eV corresponded to Fe 2p3/2 satellite peak 

and was also an indication of the existence of iron oxide phase in the carbon 

structure.64-66 

 

Figure 2.14 High resolution Fe 2p XPS spectra of (a) Fe-M-NC and (b) Fe-MN-NC.  

The variation of N and Fe content with pyrolysis temperature was also studied with 

XPS analysis. The survey spectrum shown in Figure 2.15 confirmed the presence of 

elements C, N, O and Fe. The deconvoluted N1s spectrum of Fe-MN-NC-800 showed a 

nitrogen content of 2 at.% while that of Fe-MN-NC-1000 was 0.5 at.% (Figure 2.16). 
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This data was in accordance with Raman results. The amount of graphitic N is 1.14 

at.% for Fe-MN-NC-800 and 0.22 at.% for Fe-MN-NC-1000. No pyrrolic N was detected 

for Fe-MN-NC-1000 since, it is a thermally labile N species. The variation of 

concentration of different nitrogen species with pyrolysis temperature is shown in 

Table 2.1. 

 

Figure 2.15 XPS survey scan spectrum of Fe-MN-NC-800 and Fe-MN-NC-1000. 

 

 

Figure 2.16 High resolution N 1s XPS spectra of (a) Fe-MN-NC-800 and (b) Fe-MN-

NC-1000. 
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Table 2.1 Variation of concentration of different nitrogen species with pyrolysis 

temperature. 

Sample Elemental conc. (at.%) N species (at.%) 

C O N Fe Pyridinic Pyrrolic Graphitic Oxidized  

Fe-MN-NC-

800 

88.9 7.1 2 0.1 0.57 0.29 1.14 - 

Fe-MN-NC-

900 

88.59 8.13 2.93 0.13 0.57 - 1.97 0.38 

Fe-MN-NC-

1000 

96 3.5 0.5 <0.1 0.20 - 0.22 0.08 

 

2.3.6 Electrochemical Analysis 

The cyclic voltammograms of Fe-MN-NC and Pt/C in oxygen and nitrogen saturated 

0.1 M KOH solution are presented in Figure 2.17. The measurements were performed 

at a typical scan rate of 50 mV s−1 at a rotation rate of 900 rpm in the potential window 

of 0.07 to 1.07 V vs RHE. No well-defined peak in N2 saturated electrolyte was 

observed. On oxygen purging, the cathodic current increased indicating the reduction 

of oxygen. 

 

Figure 2.17 Cyclic voltammograms of (a) Fe-MN-NC and (b) Pt/C in 0.1 M KOH 

solution measured at a scan rate of 50 mV s-1 at 900 rpm. 
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Figure 2.18a shows the comparison of LSVs of Fe-M-C, Fe-M-NC and Fe-MN-NC in 

oxygen saturated 0.1 M KOH solution at a rotation rate of 1600 rpm. Both Fe-M-NC 

and Fe-MN-NC samples exhibited an onset potential of 0.91 V and that of Pt/C is 1 V. 

Even though the onset potentials of Fe-M-NC and Fe-MN-NC samples are the same, 

the limiting current value was higher for Fe-MN-NC, which was attributed to the 

increased surface area and graphitic nitrogen content. The onset potential for the 

control sample is 0.81 V, which was much lower than the above N-doped samples, 

which corroborated the role of nitrogen species in enhancing the ORR catalytic 

activity. The effect of pyrolysis temperature on the ORR activity was analyzed by 

plotting LSVs of Fe-MOG-MFN sample pyrolyzed at temperatures of 800, 900 and 

1000 °C (Figure 2.18b). The onset potential of Fe-MN-NC 800 and Fe-MN-NC-900 

were 0.91 V, but the limiting current density was higher for 900 °C pyrolyzed sample 

(-4.5 mA cm-2), which was due to the increased graphitic N content. For 1000 °C 

pyrolyzed sample, the lower nitrogen content resulted in low onset potential (0.85 V) 

and limiting current density (-3.8 mA cm-2).  

 

Figure 2.18 (a) Linear Sweep voltammogram (LSV) comparison of (a) Fe-M-C, Fe-M-

NC, Fe-MN-NC & Pt/C and (b) Fe-MN-NC pyrolyzed at temperatures 800, 900 & 1000 

°C in O2 saturated 0.1 M KOH solution measured at a scan rate of 5 mV s-1 at 1600 

rpm. 

The LSVs of all the samples at different working electrode rotations was also studied 

and the result showed increased limiting current value with increased electrode 

rotation because of the enhanced diffusion of electrolyte and mass transfer (Figure 

2.19).  
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Figure 2.19 LSVs of (a) Fe-M-C, (b) Fe-M-NC, (c) Fe-MN-NC-800, (d) Fe-MN-NC (e) 

Fe-MN-NC-1000 and (f) Pt/C in O2 saturated 0.1 M KOH solution measured at 

different rotation rates at a scan rate of 5 mV s-1. 

The kinetic parameters of the ORR can be analyzed on the basis of the Koutecky–

Levich (K–L) equation. and the K-L equation can be represented as, 

1

𝑗
=

1

𝑗𝑑
+

1

𝑗𝑘
                                                                                                                   (2.1) 
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1

𝑗
=

1

0.62𝑛𝐹𝐴𝐶0
∗𝐷0

2/3
𝜐−1/6𝜔1/2

+
1

𝑛𝐹𝐴𝑘𝐶0
∗                                                (2.2) 

where, ‘j’ is the measured current density, ‘jd’ is the diffusion-limiting current density, 

‘jk’ is the kinetic current density, ‘w’ is the angular rotation (w=2πf/60, f is the 

rotation speed), ‘n’ is the number of transferred electrons during ORR, ‘F’ is the 

Faraday’s constant (96480 C), ‘Co*’is the bulk concentration of O2 (1.22 x 10-6 mol cm-

3), ‘Do’ is the diffusion coefficient of O2 (1.9 x 10-5 cm2 s-1), ‘n’ is the kinematic 

viscosity of the electrolyte (0.01 cm2 s-1) and ‘k’ is the electron transfer rate constant. 

K–L slopes obtained by plotting inverse of current density (1/j) against inverse of 

square root of angular density (1/ω1/2). K-L plot of different samples are shown in 

Figure 2.20. Good linearity was obtained for all the samples. A linear relationship 

between current density and square root of the rotation speed is obtained for all the 

samples. The obtained slope is constant at different potentials suggesting similar 

electron transfer number over this potential range. 

 

Figure 2.20 Comparison of the Koutecky-Levich (K-L) plots of Fe-M-C, Fe-M-NC, Fe-

MN-NC and Pt/C. 

RRDE measurements were carried out to investigate the number of electron transfer 

and the amount of peroxide generated during ORR. Following equations have been 

used to calculate the percentage of H2O2 produced and the number of electron 

transferred during ORR. 
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𝐻2𝑂2% = 200𝑋
𝐼𝑟
𝑁

𝐼𝑑+
𝐼𝑟
𝑁

                                                                                                                   (2.3) 

𝑛 = 4𝑋
I𝑑

𝐼𝑑+
𝐼𝑟
𝑁

                                                                                                                                     (2.4) 

where ‘Ir’ and ‘Id’ are the Faradaic ring and disc current, respectively. ‘N’ is the 

collection efficiency of the ring electrode (0.37) and the ‘n’ is the number of the 

transferred electron. 

The electron transfer number calculated from RRDE for all the samples are presented 

in Figure 2.21a. Fe-MN-NC showed an electron transfer number of 3.6 proves that 

the preferred ORR kinetics involved a major contribution from the direct reduction of 

oxygen into water in the system. The increased electron transfer number for Fe-MN-

NC compared to Fe-M-NC is attributed to the increased surface area and graphitic N 

content. The amount of H2O2 has been quantified by analyzing the ring current of the 

RRDE result. If the amount of peroxide produced is less, the ring current becomes 

lower since less amount of peroxide reaches the Pt ring electrode. A comparison of 

percentage of peroxide produced over different catalysts is presented in Figure 

2.21b. The peroxide yield on Fe-MN-NC was estimated to be 20 % which was 

significantly lower than that of Fe-M-NC. The Pt/C sample was calculated to produce 

5 % H2O2.  

 

Figure 2.21 Comparison of (a) number of electron transfer and (b) hydrogen 

peroxide yield at different potentials obtained from the RRDE experiment. 
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Tafel slope for Fe-MN-NC is 83.4 mV dec-1 and was comparatively lower than Fe-M-

NC indicating faster ORR kinetics (Figure 2.22). 

 

Figure 2.22 Tafel slope comparison of Fe-M-NC and Fe-MN-NC with Pt/C. 

In addition to the improved ORR activity, it is important to check the stability of the 

catalyst under the electrochemical environment. Hence accelerated durability test 

(ADT) was carried out to compare the stability of the catalyst with respect to Pt/C. 

The ADT was performed at room temperature in oxygen-saturated 0.1 M KOH at a 

scan rate of 100 mV s-1 for 5000 cycles. Initially, the LSV of Fe-MN-NC was taken at 

1600 rpm to envisage its original ORR performance. After 5000 cycles, LSV was 

repeated again and degradation in activity was quantified by comparing the half wave 

potential of the catalyst before and after the ADT test (Figure 2.23a). The potential 

drop after 5000 cycles was 31 mV which was lower compared to that of Pt/C, with a 

shift of 34 mV (Figure 2.23b). Table 2.2 summarizes the electrocatalytic 

performance of the prepared samples. 

Table 2.2 Comparison of electrocatalytic performance of the samples 

Sample Eonset 
(V vs RHE) 

n H2O2 
(%) 

Tafel slop 
(mV dec-1) 

Fe-M-NC 0.91 3.4 35 103.6 

Fe-MN-NC 0.91 3.6 20 83.4 

Pt/C 1.00 3.9 4 68.5 
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Figure 2.23 (a) LSV recorded before and after 5000 cycles ADT analysis for (a) Fe-

MN-NC and (b) Pt/C in O2 saturated 0.1 M KOH solution with electrode rotation of 

1600 rpm. 

It is implicit that, the design of carbon catalysts with an optimum combination of 

higher surface area, pore structure, amount of doped heteroatoms, pore and dopants 

distribution and degree of graphitization contribute positively in accomplishing 

better electrocatalytic activity. It is therefore difficult to specify a single parameter as 

the governing factor for improved ORR performance of carbon electrocatalysts. The 

catalysts proposed here were synthesized as high purity hetero-atom (Fe and N) 

decorated carbon with high surface area, in an economically beneficial route based on 

a gel-polymer IPN system by using less-expensive melamine formaldehyde as the 

nitrogen source. Here, we have adopted the technique of intrinsic doping and in situ 

synthesis for realizing carbon with both Fe and N as intrinsic part of their 

composition. The addition of porogen (naphthalene) influenced the material 

characteristics such as morphology and surface area, as seen from the XRD, TEM, BET 

analysis and ORR performance. The increased microporosity accounts for the pore 

generation associated with naphthalene sublimation. Fe-MN-NC contained higher 

amount of doped graphitic N (1.97) with higher ID/IG ratio in the Raman spectrum. It 

has helped in improving the ORR catalytic activity in Fe-MN-NC. ORR onset potential 

was same in both the samples (0.91 V) while the limiting current is higher in Fe-MN-

NC due to the higher surface area. Besides all these properties, a good durability of 

5000 cycles also makes Fe-MN-NC a good ORR catalyst.  
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2.4. Conclusions 

A simple synthetic procedure for the preparation of Fe-N intrinsically doped porous 

graphitic carbon electrocatalysts from inter penetrating network (IPN) of in situ 

polymerized melamine formaldehyde (hard segment) and metal-organic gel (soft 

segment) is developed. Raman spectroscopic analysis and XPS analysis revealed the 

successful doping of nitrogen and iron in the graphitic carbon network. The 

deconvoluted N 1s spectra clearly showed the presence of more amount of nitrogen 

in the form of graphitic nitrogen as the active site for enhanced ORR activity. No 

detectable amount of pyrrolic nitrogen was observed. Moreover, high surface area of 

950 m2 g-1 also contributed towards the improved ORR activity. The catalyst displayed 

enhanced electrocatalytic properties with an onset potential of 0.91 V and an electron 

transfer number of 3.6. The electrocatalyst showed only 31 mV shift in the onset E1/2 

for the tested 5000 cycles, whereas, the commercial Pt/C sample showed a reduction 

of 32 mV in E1/2 after 5000 cycles in alkaline conditions. The results further 

demonstrated the feasibility to derive extended versions of in situ Fe-N doped porous 

carbon structures with better ORR activity from IPN based structures via systemic 

modulations of synthetic protocols and inclusion of porogens. 

References 

1. Liang, H. W.; Wei, W.; Wu, Z. S.; Feng, X.; Müllen, K. Mesoporous Metal-Nitrogen-

Doped Carbon Electrocatalysts for Highly Efficient Oxygen Reduction Reaction. 

J. Am. Chem. Soc. 2013, 135 (43), 16002. 

2. Xia, W.; Qiu, B.; Xia, D.; Zou, R. Facile Preparation of Hierarchically Porous 

Carbons from Metal-Organic Gels and Their Application in Energy Storage. Sci. 

Rep. 2013, 3, 1935. 

3. Jalilov, A. S.; Ruan, G.; Hwang, C. C.; Schipper, D. E.; Tour, J. J.; Li, Y.; Fei, H.; 

Samuel, E. L. G.; Tour, J. M. Asphalt-Derived High Surface Area Activated Porous 

Carbons for Carbon Dioxide Capture. ACS Appl. Mater. Interfaces 2015, 7 (2), 

1376. 

4. Peng, H.; Mo, Z.; Liao, S.; Liang, H.; Yang, L.; Luo, F.; Song, H.; Zhong, Y.; Zhang, 

B. High Performance Fe- and N- Doped Carbon Catalyst with Graphene 

Structure for Oxygen Reduction. Sci. Rep. 2013, 3, 1765. 



Chapter 2                                                                                                                        MOG-MF-IPN 

82 
 

5. Liang, J.; Zhou, R. F.; Chen, X. M.; Tang, Y. H.; Qiao, S. Z. Fe–N Decorated Hybrids 

of CNTs Grown on Hierarchically Porous Carbon for High-Performance Oxygen 

Reduction. Adv. Mater. 2014, 26 (35), 6074. 

6. He, C.; Zhang, T.; Sun, F.; Li, C.; Lin, Y. Fe/N co-doped Mesoporous Carbon 

Nanomaterial as an Efficient Electrocatalyst for Oxygen Reduction Reaction. 

Electrochim. Acta 2017, 231, 549. 

7. Li, J. C.; Zhao, S. Y.; Hou, P. X.; Fang, R. P.; Liu, C.; Liang, J.; Luan, J.; Shan, X. Y.; 

Cheng, H. M. A Nitrogen-Doped Mesoporous Carbon Containing an Embedded 

Network of Carbon Nanotubes as a Highly Efficient Catalyst for the Oxygen 

Reduction Reaction. Nanoscale 2015, 7 (45), 19201. 

8. Unni, S. M.; Anilkumar, G. M.; Matsumoto, M.; Tamaki, T.; Imai, H.; Yamaguchi, 

T. Direct Synthesis of a Carbon Nanotube Interpenetrated Doped Porous 

Carbon Alloy as a Durable Pt-Free Electrocatalyst for the Oxygen Reduction 

Reaction in an Alkaline Medium. Sustain. Energy Fuels 2017, 1 (7), 1524. 

9. Meng, F. L.; Wang, Z. L.; Zhong, H. X.; Wang, J.; Yan, J. M.; Zhang, X. B. Reactive 

Multifunctional Template-Induced Preparation of Fe-N-Doped Mesoporous 

Carbon Microspheres Towards Highly Efficient Electrocatalysts for Oxygen 

Reduction. Adv. Mater. 2016, 28 (36), 7948. 

10. Li, J. C.; Hou, P. X.; Shi, C.; Zhao, S. Y.; Tang, D. M.; Cheng, M.; Liu, C.; Cheng, H. M. 

Hierarchically Porous Fe-N-Doped Carbon Nanotubes as Efficient 

Electrocatalyst for Oxygen Reduction. Carbon 2016, 109, 632. 

11. Choi, C. H.; Park, S. H.; Woo, S. I. N-Doped Carbon Prepared by Pyrolysis of 

Dicyandiamide with Various MeCl2·xH2O (Me = Co, Fe, and Ni) Composites: 

Effect of Type and Amount of Metal Seed on Oxygen Reduction Reactions. Appl. 

Catal. B 2012, 119-120, 123. 

12. Zhang, R.; He, S.; Lu, Y.; Chen, W. Fe, Co, N-Functionalized Carbon Nanotubes in 

situ Grown on 3D Porous N-Doped Carbon Foams as a Noble Metal-Free 

Catalyst for Oxygen Reduction. J. Mater. Chem. A 2015, 3 (7), 3559. 

13. Chen, M.; Wu, P.; Chen, L.; Yang, S.; Yu, L.; Ding, Y.; Zhu, N.; Shi, Z.; Liu, Z. Three-

Dimensional Multi-Doped Porous Carbon/Graphene Derived from Sewage 

Sludge with Template-Assisted Fe-pillared Montmorillonite for Enhanced 

Oxygen Reduction Reaction. Sci. Rep. 2017, 7 (1), 4158. 

14. Li, A.; Mu, X.; Li, T.; Wen, H.; Li, W.; Li, Y.; Wang, B. Formation of Porous Cu 

Hydroxy Double Salts Nanoflowers Derived from Metal-Organic Frameworks 

with Efficient Peroxidase-Like Activity for Label-Free Detection of Glucose. 

Nanoscale 2018, 10, 11948. 



Chapter 2                                                                                                                        MOG-MF-IPN 

83 
 

15. Li, Y.; Kim, J.; Wang, J.; Liu, N. l.; Bando, Y.; Alshehri, A. A.; Yamauchi, Y.; Hou, C.-

H.; Wu, K. C. W. High Performance Capacitive Deionization using Modified ZIF-

8 Derived, N-doped Porous Carbon with Improved Conductivity. Nanoscale 

2018, 10, 14852. 

16. Wang, Z.; Yan, T.; Chen, G.; Shi, L.; Zhang, D. High Salt Removal Capacity of 

Metal–Organic Gel Derived Porous Carbon for Capacitive Deionization. ACS 

Sustain. Chem. Eng. 2017, 5 (12), 11637. 

17. Li, L.; Xiang, S.; Cao, S.; Zhang, J.; Ouyang, G.; Chen, L.; Su, C.-Y. A Synthetic Route 

to Ultralight Hierarchically Micro/Mesoporous Al(III)-Carboxylate Metal-

Organic Aerogels. Nat. Commun. 2013, 4, 1774. 

18. Cui, L.; Wu, J.; Ju, H. Nitrogen-Doped Porous Carbon Derived from Metal–

Organic Gel for Electrochemical Analysis of Heavy-Metal Ion. ACS Appl. Mater. 

Interfaces 2014, 6 (18), 16210. 

19. Yang, D. H.; Kong, L.; Zhong, M.; Zhu, J.; Bu, X. H. Metal-Organic Gel-Derived 

FexOy/Nitrogen-Doped Carbon Films for Enhanced Lithium Storage. Small 

2019, 15 (3), 1804058. 

20. Cao, Z.; Jiang, Z.; Li, Y.; Huang, C.; Li, Y. Metal–Organic Gel-Derived Multimetal 

Oxides as Effective Electrocatalysts for the Oxygen Evolution Reaction. 

ChemSusChem 2019, 12 (11), 2480. 

21. Wang, H.; Cheng, X.; Yin, F.; Chen, B.; Fan, T.; He, X. Metal-Organic Gel-Derived 

Fe-Fe2O3@Nitrogen-Doped-Carbon Nanoparticles Anchored on Nitrogen-

Doped Carbon Nanotubes as a Highly Effective Catalyst for Oxygen Reduction 

Reaction. Electrochim. Acta 2017, 232, 114-122. 

22. Miao, Z.; Wang, X.; Tsai, M.-C.; Jin, Q.; Liang, J.; Ma, F.; Wang, T.; Zheng, S.; Hwang, 

B.-J.; Huang, Y.; Guo, S.; Li, Q. Atomically Dispersed Fe-Nx/C Electrocatalyst 

Boosts Oxygen Catalysis via a New Metal-Organic Polymer Supramolecule 

Strategy. Adv. Energy Mater. 2018, 8 (24), 1801226. 

23. Dragan, E. S. Design and Applications of Interpenetrating Polymer Network 

Hydrogels. A Review. Chem. Eng. J. 2014, 243, 572. 

24. Sperling, L. H. Interpenetrating Polymer Networks: An Overview. In 

Interpenetrating Polymer Networks; Am. Chem. Soc.: 1994; Chapter 1, pp 3-38. 

25. Haque, M. A.; Kurokawa, T.; Gong, J. P. Super Tough Double Network Hydrogels 

and Their Application as Biomaterials. Polymer 2012, 53 (9), 1805. 

26. Zhang, Y.; Liu, J.; Huang, L.; Wang, Z.; Wang, L. Design and Performance of a 

Sericin-Alginate Interpenetrating Network Hydrogel for Cell and Drug 

Delivery. Sci. Rep. 2015, 5, 12374. 



Chapter 2                                                                                                                        MOG-MF-IPN 

84 
 

27. Saimani, S.; Kumar, A. Semi‐IPN Asymmetric Membranes Based on Polyether 

Imide (ULTEM) and Polyethylene Glycol Diacrylate for Gaseous Separation. J. 

Appl. Polym. Sci. 2008, 110 (6), 3606. 

28. Banerjee, S.; Chaurasia, G.; Pal, D.; Ghosh, A. K.; Ghosh, A.; Kaity, S. Investigation 

on Crosslinking Density for Development of Novel Interpenetrating Polymer 

Network (IPN) Based Formulation. J. Sci. Ind. Res. 2010. 69, 777. 

29. Zhang, Q.; Fang, Z.; Cao, Y.; Du, H.; Wu, H.; Beuerman, R.; Chan-Park, M. B.; Duan, 

H.; Xu, R. High Refractive Index Inorganic-Organic Interpenetrating Polymer 

Network (IPN) Hydrogel Nanocomposite Toward Artificial Cornea Implants. 

ACS Macro Lett. 2012, 1 (7), 876. 

30. Hande, P. E.; Kamble, S.; Samui, A. B.; Kulkarni, P. S. Chitosan-Based Lead Ion-

Imprinted Interpenetrating Polymer Network by Simultaneous 

Polymerization for Selective Extraction of Lead(II). Ind. Eng. Chem. Res. 2016, 

55 (12), 3668. 

31. Fathi, A.; Lee, S.; Zhong, X.; Hon, N.; Valtchev, P.; Dehghani, F. Fabrication of 

Interpenetrating Polymer Network to Enhance the Biological Activity of 

Synthetic Hydrogels. Polymer 2013, 54 (21), 5534. 

32. Zhao, J.; Zhao, X.; Guo, B.; Ma, P. X. Multifunctional Interpenetrating Polymer 

Network Hydrogels Based on Methacrylated Alginate for the Delivery of Small 

Molecule Drugs and Sustained Release of Protein. Biomacromolecules 2014, 15 

(9), 3246. 

33. Shen, C.; Li, Y.; Wang, H.; Meng, Q. Mechanically Strong Interpenetrating 

Network Hydrogels for Differential Cellular Adhesion. RSC Adv. 2017, 7 (29), 

18046. 

34. Blatov, V. A.; Carlucci, L.; Ciani, G.; Proserpio, D. M. Interpenetrating Metal-

Organic and Inorganic 3D Networks: A Computer-Aided Systematic 

Investigation. Part I. Analysis of the Cambridge Structural Database. 

CrystEngComm 2004, 6 (65), 377. 

35. Vendamme, R.; Onoue, S.-Y.; Nakao, A.; Kunitake, T. Robust Free-Standing 

Nanomembranes of Organic/Inorganic Interpenetrating Networks. Nat. Mater. 

2006, 5 (6), 4941. 

36. Batten, S. R.; Harris, A. R.; Jensen, P.; Murray, K. S.; Ziebell, A. Copper (I) 

Dicyanamide Coordination Polymers: Ladders, Sheets, Layers, Diamond-Like 

Networks and Unusual Interpenetration. J. Chem. Soc., Dalton Trans. 2000, 

(21), 3829. 

37. Zhang, C.; Ding, S.; Li, J.; Xu, H.; Sun, L.; Wei, W.; Li, C.; Liu, J.; Qu, X.; Lu, Y. 

Interpenetration Network (IPN) Assisted Transcription of Polymeric Hollow 



Chapter 2                                                                                                                        MOG-MF-IPN 

85 
 

Spheres: A General Approach Towards Composite Hollow Spheres. Polymer 

2008, 49 (13), 3098. 

38. Reineke, T. M.; Eddaoudi, M.; Moler, D.; O'keeffe, M.; Yaghi, O. Large Free 

Volume in Maximally Interpenetrating Networks: The Role of Secondary 

Building Units Exemplified by Tb2(ADB)3[(CH3)2SO]4.16[(CH3)2SO]1. J. Am. 

Chem. Soc. 2000, 122 (19), 4843. 

39. Kondo, M.; Shimamura, M.; Noro, S.-i.; Minakoshi, S.; Asami, A.; Seki, K.; 

Kitagawa, S. Microporous Materials Constructed from the Interpenetrated 

Coordination Networks. Structures and Methane Adsorption Properties. Chem. 

Mater. 2000, 12 (5), 1288. 

40. Kim, E. H.; Jung, Y. G.; Jo, C. Y. Microstructure and Mechanical Properties of 

Heterogeneous Ceramic-Polymer Composite Using Interpenetrating Network. 

J. Nanomater. 2012, 2012, 23. 

41. Wang, L.; Gao, Z.; Chang, J.; Liu, X.; Wu, D.; Xu, F.; Guo, Y.; Jiang, K. Nitrogen-

Doped Porous Carbons as Electrode Materials for High-Performance 

Supercapacitor and Dye-Sensitized Solar Cell. ACS Appl. Mater. Interfaces 2015, 

7 (36), 20234. 

42. Tiwari, D.; Goel, C.; Bhunia, H.; Bajpai, P. K. Melamine-Formaldehyde Derived 

Porous Carbons for Adsorption of CO2 Capture. J. Environ. Manage. 2017, 197, 

415. 

43. Li, K.; Xie, X.; Zhang, W. D. Porous Graphitic Carbon Nitride Derived from 

Melamine–Ammonium Oxalate Stacking Sheets with Excellent Photocatalytic 

Hydrogen Evolution Activity. ChemCatChem 2016, 8 (12), 2128. 

44. Li, Y.; Zhou, W.; Wang, H.; Xie, L.; Liang, Y.; Wei, F.; Idrobo, J.-C.; Pennycook, S. 

J.; Dai, H. An Oxygen Reduction Electrocatalyst Based on Carbon Nanotube-

Graphene Complexes. Nat. Nanotechnol. 2012, 7 (6), 394. 

45. Chen, M.; Wu, P.; Chen, L.; Yang, S.; Yu, L.; Ding, Y.; Zhu, N.; Shi, Z.; Liu, Z. Three-

Dimensional Multi-Doped Porous Carbon/Graphene Derived from Sewage 

Sludge with Template-Assisted Fe-pillared Montmorillonite for Enhanced 

Oxygen Reduction Reaction. Sci. Rep. 2017, 7, 4158. 

46. Hu, E.; Yu, X. Y.; Chen, F.; Wu, Y.; Hu, Y.; Lou, X. W. Graphene Layers‐Wrapped 

Fe/Fe5C2 Nanoparticles Supported on N‐doped Graphene Nanosheets for 

Highly Efficient Oxygen Reduction. Adv. Energy Mater. 2018, 8 (9), 1702476. 

47. Li, X.; Fang, Y.; Zhao, S.; Wu, J.; Li, F.; Tian, M.; Long, X.; Jin, J.; Ma, J. Nitrogen-

Doped Mesoporous Carbon Nanosheet/Carbon Nanotube Hybrids as Metal-

Free Bi-Functional Electrocatalysts for Water Oxidation and Oxygen 

Reduction. J. Mater. Chem. A 2016, 4 (34), 13133. 



Chapter 2                                                                                                                        MOG-MF-IPN 

86 
 

48. Ren, G.; Lu, X.; Li, Y.; Zhu, Y.; Dai, L.; Jiang, L. Porous Core-Shell Fe3C Embedded 

N-Doped Carbon Nanofibers as an Effective Electrocatalysts for Oxygen 

Reduction Reaction. ACS Appl. Mater. Interfaces 2016, 8 (6), 4118. 

49. Zhou, T.; Zhou, Y.; Ma, R.; Liu, Q.; Zhu, Y.; Wang, J. Achieving Excellent Activity 

and Stability for Oxygen Reduction Electrocatalysis by Hollow Mesoporous 

Iron-Nitrogen-Doped Graphitic Carbon Spheres. J. Mater. Chem. A 2017, 5 (24), 

12243. 

50. Qiao, X.; Jin, J.; Fan, H.; Li, Y.; Liao, S. In situ Growth of Cobalt Sulfide Hollow 

Nanospheres Embedded in Nitrogen and Sulfur Co-Doped Graphene 

Nanoholes as a Highly Active Electrocatalyst for Oxygen Reduction and 

Evolution. J. Mater. Chem. A 2017, 5 (24), 12354. 

51. Chaudhari, N. K.; Song, M. Y.; Yu, J.-S. Heteroatom-Doped Highly Porous Carbon 

from Human Urine. Sci. Rep. 2014, 4, 5221. 

52. Kashyap, V.; Singh, S. K.; Kurungot, S. Cobalt Ferrite Bearing Nitrogen-Doped 

Reduced Graphene Oxide Layers Spatially Separated with Microporous Carbon 

as Efficient Oxygen Reduction Electrocatalyst. ACS Appl. Mater. Interfaces 

2016, 8 (32), 20730. 

53. Wang, B.; Xu, L.; Liu, G.; Zhang, P.; Zhu, W.; Xia, J.; Li, H. Biomass Willow Catkins-

Derived Co3O4/N-Doped Hollow Hierarchical Porous Carbon Microtubes as the 

Effective Tri-Functional Electrocatalyst. J. Mater. Chem. A 2017, 5, 20170. 

54. Ni, Y.; Yao, L.; Wang, Y.; Liu, B.; Cao, M.; Hu, C. Construction of Hierarchically 

Porous Graphitized Carbon-Supported NiFe Layered Double Hydroxides with 

a Core-Shell Structure as an Enhanced Electrocatalyst for the Oxygen Evolution 

Reaction. Nanoscale 2017, 9 (32), 11596. 

55. Zhu, J.; Zhou, H.; Zhang, C.; Zhang, J.; Mu, S. Dual Active Nitrogen Doped 

Hierarchical Porous Hollow Carbon Nanospheres as an Oxygen Reduction 

Electrocatalyst for Zinc-Air Batteries. Nanoscale 2017, 9, 13257. 

56. Thomas, M.; Illathvalappil, R.; Kurungot, S.; Nair, B. N.; Mohamed, A. A. P.; 

Anilkumar, G. M.; Yamaguchi, T.; Hareesh, U. S. Graphene Oxide Sheathed ZIF-

8 Microcrystals: Engineered Precursors of Nitrogen-Doped Porous Carbon for 

Efficient Oxygen Reduction Reaction (ORR) Electrocatalysis. ACS Appl. Mater. 

Interfaces 2016, 8 (43), 29373. 

57. Thanh, T. D.; Chuong, N. D.; Balamurugan, J.; Van Hien, H.; Kim, N. H.; Lee, J. H. 

Porous Hollow-Structured LaNiO3 Stabilized N, S-Codoped Graphene as an 

Active Electrocatalyst for Oxygen Reduction Reaction. Small 2017, 13, 

1701884. 



Chapter 2                                                                                                                        MOG-MF-IPN 

87 
 

58. Illathvalappil, R.; Dhavale, V. M.; Bhange, S. N.; Kurungot, S. Nitrogen-Doped 

Graphene Anchored with Mixed Growth Patterns of CuPt Alloy Nanoparticles 

as a Highly Efficient and Durable Electrocatalyst for the Oxygen Reduction 

Reaction in an Alkaline Medium. Nanoscale 2017, 9 (26), 9009. 

59. Jiang, W. J.; Gu, L.; Li, L.; Zhang, Y.; Zhang, X.; Zhang, L. J.; Wang, J. Q.; Hu, J. S.; 

Wei, Z.; Wan, L. J. Understanding the High Activity of Fe-N-C Electrocatalysts in 

Oxygen Reduction: Fe/Fe3C Nanoparticles Boost the Activity of Fe-Nx. J. Am. 

Chem. Soc. 2016, 138 (10), 3570. 

60. Zhang, C.; Liu, J.; Ye, Y.; Aslam, Z.; Brydson, R.; Liang, C. Fe-N-Doped 

Mesoporous Carbon with Dual Active Sites Loaded on Reduced Graphene 

Oxides for Efficient Oxygen Reduction Catalysts. ACS Appl. Mater. Interfaces 

2018, 10 (3), 2423. 

61. Zhu, C.; Fu, S.; Song, J.; Shi, Q.; Su, D.; Engelhard, M. H.; Li, X.; Xiao, D.; Li, D.; 

Estevez, L. Self‐Assembled Fe-N‐Doped Carbon Nanotube Aerogels with 

Single‐Atom Catalyst Feature as High‐Efficiency Oxygen Reduction 

Electrocatalysts. Small 2017, 13 (15), 1603407. 

62. Li, O. L.; Chiba, S.; Wada, Y.; Panomsuwan, G.; Ishizaki, T. Synthesis of Graphitic-

N And Amino-N in Nitrogen-Doped Carbon via a Solution Plasma Process and 

Exploration of Their Synergic Effect for Advanced Oxygen Reduction Reaction. 

J. Mater. Chem. A 2017, 5 (5), 2073. 

63. Li, X. F.; Lian, K. Y.; Liu, L.; Wu, Y.; Qiu, Q.; Jiang, J.; Deng, M.; Luo, Y. Unraveling 

the Formation Mechanism of Graphitic Nitrogen-Doping in Thermally Treated 

Graphene with Ammonia. Sci. Rep. 2016, 6, 23495. 

64. Huang, X.; Yang, Z.; Dong, B.; Wang, Y.; Tang, T.; Hou, Y. In situ Fe2N@N-Doped 

Porous Carbon Hybrids as Superior Catalysts for Oxygen Reduction Reaction. 

Nanoscale 2017, 9 (24), 8102. 

65. Zhou, L.; Yang, C.; Wen, J.; Fu, P.; Zhang, Y.; Sun, J.; Wang, H.; Yuan, Y. Soft-

Template Assisted Synthesis of Fe/N-Doped Hollow Carbon Nanospheres as 

Advanced Electrocatalysts for the Oxygen Reduction Reaction in Microbial 

Fuel Cells. J. Mater. Chem. A 2017, 5 (36), 19343. 

66. Shijina, K.; Illathvalappil, R.; Kurungot, S.; Nair, B. N.; Mohamed, A. P.; 

Yamaguchi, T.; Anilkumar, G. M.; Hareesh, U. S; Sailaja, G. S. Chitosan 

Intercalated Metal Organic Gel as a Green Precursor of Fe Entrenched and Fe 

Distributed N‐Doped Mesoporous Graphitic Carbon for Oxygen Reduction 

Reaction. ChemistrySelect 2017, 2 (28), 8762. 



Chapter 3  

Chitosan Intercalated Metal Organic Gel as a Green 

Precursor of Fe, N co-doped Mesoporous Graphitic Carbon 

for Oxygen Reduction Reaction  

Abstract 

 

A metal-organic gel intercalated with chitosan is used as a precursor for the synthesis 

of intrinsic N-doped Fe distributed mesoporous graphitic carbon structures for 

application as oxygen reduction reaction (ORR) catalyst in alkaline medium. 

Modulation of the synthetic protocol as a function of reaction kinetics and gelation 

time improved the microstructure, surface area and Fe distribution of the graphitic 

structures (Fe-MCS-NCM). A high specific surface area value of 565 m2g-1 and a higher 

percentage of graphitic N was apparent from the XPS data validated that the modified 

synthetic method favored creation of more graphitic N sites contributing to better 

ORR performance. Fe-MCS-NCM catalyst exhibited comparable electrocatalytic 

activity with that of the commercially available Pt/C via an efficient four-electron-

dominant ORR pathway with a positive onset potential value of 0.925 V vs RHE. Good 

durability after 5000 cycles further confirmed the prospects of MOG-chitosan and the 

feasibility to be used as a potential catalyst for ORR. 
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3.1 Introduction 

In the previous chapter, the pore characteristics, N-doping, and conductivity of the Fe, 

N-doped carbon derived from metal organic gel-melamine formaldehyde was 

discussed. In this chapter an earth abundant natural polymer chitosan was chosen as 

the nitrogen source instead of melamine formaldehyde since, it contains high nitrogen 

content (∼7 wt.%) due to the presence of nitrogen containing functional groups 

(amine and acetamide) in its structure.1 These structural functional groups are 

responsible for the nontoxic, biocompatible, and biodegradable properties of chitosan 

making it as a green precursor for N-doped carbon materials.2  

The doped nitrogen provides basic sites on porous carbon surface with increased 

polarity, imparting better adsorption and electrochemical capabilities, enabling them 

to be employed for separation and catalysis.3 When a combination of metal species is 

introduced as active additives in porous carbon structures, enhancement of ORR 

activity is effected both in terms of activity and stability. This is primarily 

accomplished due to the generation of higher number of active sites, from MNxCy 

clusters (M= Fe or Co) during pyrolysis, that eventually enhances adsorption.4,5 Fe 

plays a vital role in creating active site for ORR6 while Fe-N combination (Fe-N-C) 

amplifies the ORR activity theoretically due to the interactions between the Fe and N 

species on the carbon substrates.7-9 Besides Fe doped carbon, N-doped Co3O4 

nanowires10 and Co3O4 nanoparticle embedded N rich carbon11 are also reported as 

good ORR electrocatalyst. Even though N dopant could improve the conductivity and 

O2 adsorption capability, excess N doping would lead to deterioration of the reaction 

kinetics because these excess N atom and defects are capable of functioning as 

scattering centers that hinder the electron or hole transport.11  

Conventional doping procedures relying upon post-synthesis procedures through 

dopant sources encounter significant drawbacks due to difficulties in controlling 

doping level and reproducibility.12 Intrinsic doping approaches for synthesizing 

advanced functional porous carbon structures employ precursor sources, that contain 

N and other preferred heteroatoms as part of the molecular structure to eliminate the 

challenges associated with the post-doping procedures.13 Novel synthesis routes 

utilizing less expensive precursors are actively pursued in the quest for Pt-alternative 

catalysts with similar or higher activity compared to that of Pt/C for ORR. 
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Porous carbons derived from metal organic frameworks (MOFs) and zeolitic 

imidazolate frameworks (ZIFs) are vital components of renewable energy conversion 

technologies for application as electrodes in energy storage devices, 

electrocatalysis,14,15 photocatalytic water splitting, heterogeneous catalysis, and 

biofuels.16,17 While there are several approaches for the synthesis, the template 

approach acquired significance as an efficient processing route to produce porous 

carbon materials with tunable structures. Pore textures with regular and controlled 

morphology in the nano and micron-scale could be realized through appropriate 

precursor formulations.18,19 Recent reports demonstrate the excellent potential of 

MOFs; 3D network structures having high surface area, controllable structures and 

abundant metal species20,21 as interesting templates/precursors for constructing 

porous carbons within their networks.22,23 However, it is also envisaged that many of 

these building-up processes are expensive and time-consuming, besides the 

involvement of several toxic and teratogenic solvents.18 

Metal organic gels (MOGs), the extended versions of MOF structures find great 

potential in catalysis, gas storage and separation due to their abundant Lewis acid 

sites and porous gel structures.24,25 In contrast to MOFs, MOGs are amorphous, with a 

less elucidated structure, but they are more environmentally benign and their modes 

of synthesis are indigenously less expensive and much easier than MOFs.26 Hence, 

MOG based carbon structures derived from less expensive carbon-precursors would 

be a highly promising approach for realizing doping of relevant elements.  

Chitosan, the N rich (6.89%) naturally abundant polysaccharide has attracted much 

interest as metal binding/extraction system owing to its inherent chelating 

properties.27 Chitosan is a derivative compound of chitin obtained by partial 

deacetylation (Figure 3.1).28 Chitin and chitosan are a family of linear 

polysaccharides composed of varying amounts of (β1→4) linked residues of N-acetyl-

2-amino-2-deoxy-D-glucose (glucosamine, GlcN) and 2-amino-2-deoxy-D-glucose (N-

acetyl-glucosamine, GlcNAc). Chitin is a very abundant biopolymer found in 

invertebrates like insects, shrimps, crabs, algae and in the cell wall of fungi. In contrast 

to chitin, chitosan is soluble in aqueous acidic media via primary amine protonation. 

Being soluble in aqueous acidic solutions, chitosan is largely used in different 

applications as solutions, gels, or films and fibers.29 In addition, its N enriched 
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structure was further explored as a resource for the development of N-doped carbon 

with improved conductivity and capacitance for supercapacitor electrodes.30,31  

 

Figure 3.1 The conversion of chitin to chitosan by deacetylation. 

Recent attempts to understand ORR catalytic activity of chitosan based systems 

mainly employed simple mixing of other nitrogen rich sources such as urea and 

melamine into chitosan followed by pyrolysis. However, ORR performance of the 

pyrolyzed chitosan-urea32 and N-doped carbon from chitosan-melamine33 systems 

were found to be not satisfactory enough to be proposed as a good catalyst. 

Hydrothermal carbonization of chitosan alone also yielded graphitic carbon 

nanoparticulate ORR electrocatalyst.34 But the synthetic procedure involved tedious 

hydrothermal treatment at 180 °C for 12 h before pyrolysis. An alternate approach 

employed incorporation of transition metal salts like cobalt into chitosan followed by 

direct pyrolysis.35 Fe3C nanocrystals doped graphitic carbon nanocomposites, 

reported by Wu et al., exhibited good ORR activity in alkaline media owing to the 

synergistic role of Fe3C nanocrystals.36 Even though the low-cost and earth-abundant 

biomass was used, the use of additional processing chemicals and the 24 h UV 

irradiation time limited its wide spread application. Table 3.1 summarizes the 

comparison of ORR performance of chitosan derived catalysts. 
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Table 3.1 Comparison of the ORR performance of chitosan derived catalysts. 

Catalyst Precursors Preparation method ORR performance 

NCN chitosan/urea Pyrolysis Eonset=-0.03 V vs 

Ag/AgCl, n=3.6732 

CH-mel chitosan, 

melamine 

Pyrolysis Eonset=0.761 V vs 

RHE, E1/2=0.59533 

N-GCNP chitosan Hydrothermal 

followed by pyrolysis 

Eonset=-0.07 V vs 

Ag/AgCl, n=3.934 

CoNC chitosan and Co 

salt 

Pyrolysis Eonset=-0.105 V vs vs 

Ag/AgCl, n=3.9835 

Fe3C@NGC Chitosan, Fe salt 24 h UV irradiation of 

chitosan, pyrolysis 

Eonset=-0.09 V vs 

Ag/AgCl, n=3.636 

 

A novel, less expensive, green precursor system based on MOG intercalated with 

chitosan is thus designed to arrive at N-doped Fe entrenched (Fe-MCS-NC) and Fe 

distributed mesoporous graphitic carbon structures (Fe-MCS-NCM) with high specific 

surface area and good ORR activity. The functional properties of the earth abundant 

polysaccharide are better explored in the present study and the simple green system 

based on MOG-chitosan is reported for the first time to yield a unique heterogeneous 

and mesoporous product that favorably contributes for improved ORR activity. 

3.2 Experimental 

3.2.1 Materials 

Chitosan (medium molecular weight, 190,000-310,000 Da.) and benzene-1,3,5-

tricarboxylic acid (H3BTC or trimesicacid) were purchased from Sigma-Aldrich. Ferric 

chloride hexahydrate FeCl3.6H2O) and 100 % glacial acetic acid (CH3COOH) were 

purchased from Merck India Ltd. All the reagents were used as received for the 

synthesis without any further purification. 
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3.2.2 Synthesis of Chitosan-Fe Complex Mediated MOG (Fe-MCS) 

100 mL of 1 wt. % chitosan solution prepared in acetic acid was reacted with 0.1 M 

FeCl3.6H2O solution under mechanical stirring for 1 h to form chitosan Fe complex. To 

this, 0.03 M alcoholic solution of trimesic acid was added and the reaction was 

continued for another 4 h at room temperature to complete complexation and 

gelation. The gel microparticles formed were centrifuged, washed with DI water 

several times to remove excess reagents and subsequently lyophilized to obtain Fe-

MCS powder sample. 

3.2.3 Synthesis of Chitosan Intercalated Fe-MOG (Fe-MCS-M) 

FeCl3.6H2O and trimesic acid were reacted in the molar ratio of 3:1 and kept 

undisturbed for 30 min. Fe-MOG thus formed was mixed with 100 mL of 1 wt. % 

chitosan solution under stirring for 15 min to form chitosan intercalated Fe-MOG 

network. The obtained gel was subsequently washed with DI water several times for 

the removal of excess reagents present and then lyophilized to remove any water 

molecule trapped inside the pores to obtain Fe-MCS-M sample. 

3.2.4 Synthesis of Porous Carbon 

Carbonization of the lyophilized samples was performed at 900 °C for 3h (at the rate 

of 5 °C/min) under N2 atmosphere. The products obtained were washed with 1 M 

H2SO4 solution to remove any uncoordinated Fe, followed by multiple rinsing with DI 

water and drying at 50 °C. After carbonization, the samples derived from chitosan-Fe 

complex mediated MOG and chitosan intercalated Fe-MOG were denoted as Fe-MCS-

NC and Fe-MCS-NCM respectively. 

3.2.5 Structural Characterization 

X-ray diffraction patterns were recorded in the 2θ range of 10-60° using the Cu Kα (λ 

Cu=1.542 Å) radiation using PW1710 Philips (The Netherlands) instrument. Raman 

spectroscopy measurements were performed using a Confocal Raman Microscope 

Alpha 300 R WITec Germany with 633 laser. The specific surface area and porosity of 

the samples were measured using a Micromeritics (Tristar 11, USA) surface area 

analyzer using nitrogen adsorption at 77 K after degassing the powders in flowing N2 

at 200 °C for 2 h. Thermogravimetric analysis (Perkin Elmer STA 6000, USA) was done 
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at a heating rate of 10 °C/min up to 1000 °C in N2 atmosphere. The morphology and 

microstructure of the samples were obtained from a Scanning Electron Microscope 

(SEM, Carl Zeiss, Germany) after sputter coating the samples with gold under argon 

atmosphere. Transmission Electron Micrographs (TEM) of the samples were 

recorded on an FEI (Tecnai 30 G2 S-TWIN, The Netherlands) microscope operating at 

an accelerating voltage of 300 kV. X-ray Photoelectron Spectroscopy (XPS) analysis 

was performed to analyze the elements present and their chemical state in the 

samples. The XPS spectra were recorded by a scanning X-ray Microprobe (ULAC-PHI, 

Inc. PHI-4700 V, USA) with monochromated Al-Kα X-ray source operating at 14 kV 

and 220 W. The bulk Fe content in the samples was obtained by ICP-MS analysis 

(Thermo Electron IRIS Intrepid II XSP DUO). 

3.2.6 Electrochemical Characterization 

All the electrochemical measurements were carried out in a Biologic Electrochemical 

Workstation (SP-300) using a three-electrode setup. An aqueous solution of 0.1 M 

KOH was used as the electrolyte for the electrochemical measurements. Catalyst 

coated glassy carbon and Hg/HgO were used as the working electrode and reference 

electrode respectively, whereas a graphite rod was used as the counter electrode. 

Catalyst slurry was prepared by ultrasonically mixing 5 mg of the catalyst in 1 mL of 

isopropyl alcohol-DI water mixture (1:3), followed by 40 µL of 5 wt. % nafion solution 

for 60 min. Subsequently, 10 µL of the prepared slurry was dropped on the surface of 

the glassy carbon working electrode (0.196 cm2) with the help of a microsyringe. The 

electrode thus obtained was dried under an IR lamp for 3 h. For the comparison 

purpose, the electrochemical analysis was also carried out using commercial 40 wt. 

% Pt/C catalyst (Johnson Matthey) with the same catalyst loading. The number of 

electrons transferred during ORR was measured using a Rotating Ring Disc Electrode 

(RRDE, 0.2826 cm2, Pine Instruments) in O2 saturated 0.1 M KOH solution with a 

glassy carbon disc (0.2826 cm2) having a platinum ring as the working electrode, 

Hg/HgO as the reference electrode and graphite rod as the counter electrode. The 

accelerated durability test (ADT) was carried out to check the durability of the 

catalyst in O2 saturated 0.1 M KOH solution by running the CV for 5000 cycles at a 

scan rate of 100 mV s-1 in the potential window of 0.57 to 0.97 V. The LSVs before and 



Chapter 3                                                                                              Chitosan Intercalated MOG 

95 
 

after ADT were analyzed. All potentials were converted into RHE by calibrating 

Hg/HgO in H2 saturated 0.1 M KOH solution.  

3.3 Results and Discussion 

Synthesis of both Fe-MCS-NC and Fe-MCS-NCM involves two steps. In Fe-MCS-NC, 

Fe(III) ion initially coordinates with cationic amino groups of chitosan forming Fe-

chitosan complex. However, it is plausible for Fe(III) to form hexacoordinated 

structure. In the second stage, reaction proceeds with trimesic acid leading to 

gelation. In Fe-MCS-NCM, chitosan is intercalated during the process of Fe-MOG 

gelation. Chitosan gets entrapped in the three dimensional network of Fe-MOG which 

further provide stronger electrostatic interaction of cationic N sites of chitosan with 

Fe(III). An additional reactive cross-linking is thus established to the intrinsic Fe-MOG 

3D cross-linked structure facilitating stronger binding with Fe in Fe-MCS-NCM. In 

both cases pyrolysis procedure remains the same. In both the cases, Fe acts as a 

catalyst for the graphitization of the pyrolyzed product. The schematic illustration of 

formation Fe, N co-doped carbon structure is shown in Figure 3.2. 

 

Figure 3.2 Schematic illustration of the formation of Fe, N co-doped carbon. 
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3.3.1 Thermogravimetric Analysis 

The weight changes of the precursors during the pyrolysis were recorded using 

thermogravimetric analysis under N2 atmosphere (Figure 3.3). The decomposition 

profile supports the nature of the gel structure formation. The stronger Fe-MCS-M gel, 

decomposed gradually in a near single step profile extending from 200 to 900 °C. On 

the contrary, the weaker Fe-MCS gel was pyrolyzed in three stages corresponding to 

the temperature regions of 175-420, 420-520 and 550-620 °C. Carbonization was 

more or less completed by 900 °C in both the samples. After the heat treatment at 

1000 °C, both the samples retained 24.5 wt. % of residual weight. 

 

Figure 3.3 TGA patterns of Fe-MCS and Fe-MCS-M in nitrogen atmosphere. 

3.3.2 Morphology and Microstructure Analysis 

The overall microstructural configuration of Fe-MCS-NC and Fe-MCS-NCM elucidated 

from scanning electron microscopy (Figure 3.4) indicated porous morphology with 

homogeneously distributed micron sized spherical pores for Fe-MCS-NC (Figure 3.4a 

& b). The presence of chitosan should have played a vital role in providing the lucid 

porous spherical microglobular structures. However, the morphology was 

interestingly transformed to a more finely distributed mesoporous structure for Fe-

MCS-NCM (Figure 3.4c & d). 
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Figure 3.4 SEM images of (a, b) Fe-MCS-NC and (c, d) Fe-MCS-NCM. 

The TEM images presented in Figure 3.5 provide detailed features of Fe-MCS-NC 

(Figure 3.5a-c). A morphologically distinct configuration of N-doped carbon cages 

that homogenously encircle the Fe nanoparticles are seen in these samples (Figure 

3.5c). During pyrolysis, structural distortion of the carbon framework occurs 

generating Fe entrenched carbon nanocapsules. The carbon cages are identified with 

graphite-like layers. From Figure 3.5c, it can be said that the typical size of the Fe 

nanoparticle is 15-20 nm with carbon shell thickness of ~5 nm. There are reports 

confirming that the inner Fe3C with outside C form synergetic active sites to enhance 

ORR activity.37 Fe-MCS-NCM resembled graphitic sheet-like structure (Figure 3.5d-f) 

with amplified surface area. It could be envisaged that chitosan intercalation and 

modulated gelation resulted a rigid MOG network formation. Good graphitic sheetlike 

structure with uniformly distributed Fe nanoparticles was obtained without any 

structural alteration during pyrolysis. It is presumed that these Fe nanoparticles have 

a key role in the formation of graphitic structure in Fe-MCS-NCM. 
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Figure 3.5 TEM images of (a‐c) Fe-MCS-NC and (d‐f) Fe-MCS-NCM. 

The elemental mapping of Fe-MCS-NC (Figure 3.6a) and Fe-MCS-NCM (Figure 3.6b) 

evidenced the presence of C, N, O and Fe in both the samples. While N is 

homogeneously distributed within the carbon matrix, Fe signals were less abundant 

but better distributed in Fe-MCS-NC. Elemental mapping further demonstrated the 

presence of O and corroborated that Fe nanoparticles presumably formed bonds with 

adjacent C or N. Results shown in Figure 3.6 indicate that Fe-MCS-NCM has smaller 

sized Fe nanoparticles with coherent distribution (Figure 3.6b) and is therefore 

expected to provide the active sites for ORR. 

 

Figure 3.6 C-Kα, N-Kα, O-Kα, Fe-Kα map of (a) Fe-MCS-NC and (b) Fe-MCS-NCM. 
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3.3.3 Surface Area Analysis 

N2 adsorption isotherms of the samples Fe-MCS-NCunwashed and Fe-MCS-NCMunwashed 

(before acid washing) shown in Figure 3.7a, clearly established the differences in 

porous structure of the two samples. Fe-MCS-NCMunwashed sample showed larger N2 

adsorption values in the low P/Po (corresponding to micropores) as well as in the 

high P/Po (mesopores and larger ones) regions of the isotherms. The specific surface 

area values (BET) for Fe-MCS-NCunwashed and Fe-MCS-NCMunwashed were calculated as 

93 m2 g-1 and 247 m2 g-1 respectively from the N2 adsorption isotherms. The rapid 

decomposition of a weak gel structure in Fe-MCS resulted in a carbon of relatively 

lower surface area while the stronger gel network of Fe-MCS-M produced carbon of 

higher surface area. 

Fe-MCS-NCM sample showed larger N2 adsorption values in the low (corresponding 

to micropores) as well as in the high P/Po (mesopores and larger ones) regions of the 

isotherms (Figure 3.7b). The specific surface area (BET) values for Fe-MCS-NC and 

Fe-MCS-NCM 381 m2 g-1 were and 565 m2 g-1 respectively, and were more than two-

fold higher compared to the corresponding unwashed sample. The pore structure 

formation in these materials can be explained based on carbonization as well as on 

the removal of unbound Fe trapped inside the carbon network by acid leaching. In Fe-

MCS-NC, the weaker interaction of chitosan and Fe led to the formation of an 

intangible complex with a weak gel structure. The decomposition of this poorly 

formed network yielded porous carbon with a fairly low surface area. Moreover, the 

caged structure also influenced the surface area compared to the sheet-like structure. 

In Fe-MCS-NCM, the presence of stronger and extensive gel network formed due to 

the better interaction with the chitosan matrix, presumably helped in significant 

increase in surface area compared to the Fe-MCS-NC sample. 
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Figure 3.7 Nitrogen adsorption‐desorption isotherms of (a) Fe-MCS-NCunwashed & Fe-

MCS-NCMunwashed and (b) Fe-MCS-NC & Fe-MCS-NCM. 

The pore size analysis results shown in Figure 3.8a & b quantitatively established the 

variation of porosity (cumulative pore volume) and pore size of the two samples. The 

cumulative pore volume of Fe-MCS-NCM was 0.7 cm3 g-1 compared to the value of 0.51 

cm3 g-1 measured for the Fe-MCS-NC. In addition, the pore size values clearly 

established that Fe-MCS-NCM has a significant pore volume in the mesoporous range 

(< 50 nm pore size). Further, the micropore volume (t-plot) of Fe-MCS-NCM (0.075 

cm3 g-1) was found larger than the value of 0.07 cm3 g-1 measured for Fe-MCS-NC. In 

other words, chitosan intercalation adapted for Fe-MCS-NCM helped to realize porous 

materials with larger microporosity as well as mesoporosity. This micro/mesopore 

architecture is expected to impart better catalytic activity by virtue of its higher 

surface area as well as better interaction between the diffusing molecules and catalyst 

surface. 

 

Figure 3.8 BJH pore volume and pore size distribution of (a) Fe-MCS-NC and (b) Fe-

MCS-NCM. 
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3.3.4 Phase Analysis 

XRD analysis imparted insights into the phase characterization of the porous carbon 

structures (Figure 3.9). Fe-MCS-NC and Fe-MCS-NCM samples showed distinctive 

peak at two theta value of 49.2° corresponding to the (024) plane of α-Fe2O3 (JCPDS 

number 79-1741). However, (122) plane of Fe3C also has a peak at the same two theta 

value (JCPDS number 06-0688). It is also possible that these two phases coexist in the 

carbon rich matrix as reported elsewhere.38 The typical graphitic carbon peak visible 

at the 2θ value of 26° in Fe-MCS-NC was found broadened and shifted towards a lower 

2θ value (23.8°) for the sample Fe-MCS-NCM. The d-spacing increased from 0.34 to 

0.37 nm. This lower shift in the G (002) diffraction peaks in Fe-MCS-NCM suggested 

enhanced nitrogen retention as reported earlier.39 The peak at 44° is also a 

characteristic carbon peak corresponding to the diffraction from the (100) plane.  

 

Figure 3.9 XRD patterns of Fe-MCS-NC and Fe-MCS-NCM. 

3.3.5 Chemical Composition Analysis 

Raman spectral measurements were carried out to further assess the graphitic 

structure. Raman spectra analysis of Fe-MCS-NC and Fe-MCS-NCM provide basic 

information on the structure of the porous carbon and the associated defects. The 

spectra of both the samples indicated the typical G and D bands at 1585 cm-1 and 1330 

cm-1 (Figure 3.10) respectively. The G band signified the vibrational mode (E2g) of the 

sp2 hybridized hexagonally bonded graphitic carbon while the D band resulted from 

the structurally disordered carbon atoms.40 The intensity ratios (ID/IG) of Fe-MCS-NC 

and Fe-MCS-NCM were found to be 0.85 and 1.31 respectively. The high intensity ratio 

indicated a higher degree of disorder in the structure of Fe-MCS-NCM and can be 
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assigned to the increased nitrogen content in the sample as a result of improved 

gelation properties during the MOG formation.  

 

Figure 3.10 Raman spectra of Fe-MCS-NC and Fe-MCS-NCM. 

The chemical composition and oxidation states of Fe and type of N present in Fe-MCS-

NC and Fe-MCS-NCM were analyzed from the XPS data. Figure 3.11 represents the 

corresponding survey scan spectrum with characteristic spectra of C 1s, N 1s, Fe 2p 

and O 1s confirming the presence of N and Fe in the sample. The total N content in Fe-

MCS-NC and Fe-MCS-NCM was found to be 0.16 and 1.58 atomic % respectively with 

corresponding Fe contents of 0.06 and 0.01 atomic % (Table 3.2). However, from ICP 

analysis, the bulk Fe content was estimated to be 0.15 atomic % for Fe-MCS-NCM, 

which was higher than the XPS results as ICP analysis also detected the Fe in the 

carbon capsules. 

 

Figure 3.11 XPS survey spectra of Fe-MCS-NC and Fe-MCS-NCM. 
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The high resolution N 1s spectra showed four different signals at binding energies of 

398.55, 400.54, 401.64 and 404.73 eV corresponding to the pyridinic, pyrrolic, 

graphitic and oxidized nitrogen 41 respectively for Fe-MCS-NC (Figure 3.12a) and at 

398.62, 401.31 and 403.95 eV corresponding to the pyridinic, graphitic and oxidized 

nitrogen respectively for Fe-MCS-NCM (Figure 3.12b). The two main nitrogen 

species providing the active sites of ORR are the pyridinic and graphitic N.42 Unlike 

the pyrrolic N, the lone pair of electrons in the pyridinic and graphitic N does not take 

part in delocalization, and are available for bonding with oxygen, thereby weakening 

the O-O bond and facilitating the reduction of O2.43  

 

Figure 3.12 High‐resolution N 1s XPS spectra of (a) Fe-MCS-NC and (b) Fe-MCS-

NCM. 

The existence of Fe3+ ions in both the samples were evidenced from the high-

resolution Fe 2p spectra recorded. The Fe 2p spectrum of Fe-MCS-NC sample shown 

in Figure 3.13a could be deconvoluted into five main peaks at 711.7, 714.7, 719.8, 

724.8 and 727.2 eV. The peak at 711.7 eV corresponded to the binding energy of 2p3/2 

of the Fe (III) ion and the peak at 724.8 eV was assigned to the binding energy of 2p1/2 

of the Fe (III) ion.44 The peak at 719.8 eV was identified as a satellite peak 

corresponding to Fe 2p3/2. The presence of extra peaks at 714.3 and 727.2 eV provided 

information of the existence of iron carbide and oxidized species.38 The peak at 711.7 

eV in the Fe 2p3/2 spectrum suggested that Fe is coordinated to N. However, in the 

case of Fe-MCS-NCM sample, the Fe 2p spectrum (Figure 3.13b) was difficult to 

deconvolute probably owing to the very low concentration of Fe in the sample as 

shown in Table 3.2 below.  
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Figure 3.13 High‐resolution Fe 2p XPS spectra of (a) Fe-MCS-NC and (b) Fe-MCS-

NCM. 

Table 3.2 Atomic % values of C, N, and Fe of Fe-MCS-NC and Fe-MCS-NCM measured 

from XPS analysis. 

Sample C (at.%) N (at.%) Fe (at.%) 

Fe-MCS-NC 97.67 0.16 0.06 

Fe-MCS-NCM 94.57 1.58 0.01 

 

The C 1s spectra presented in Figure 3.14 can be deconvoluted into 4 peaks where 

the major peak at 284.7 corresponded to the sp2 carbon. The peaks at 285.1, and 285.7 

eV indicated C-N and different modes of C-O respectively.  

 

Figure 3.14 Deconvoluted C 1s spectra of (a) Fe-MCS-NC and (b) Fe-MCS-NCM. 
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XPS analyses indicated that the overall N content in Fe-MCS-NCM was very high 

compared to Fe-MCS-NC whereas the amount of Fe was lower. The increased N 

content in Fe-MCS-NCM is expected to induce a crucial role in improving the ORR 

activity and therefore the composition based on nitrogen species was evaluated 

(Figure 3.15). The implication of these results will be discussed later in the chapter.  

 

Figure 3.15 Percentage of different nitrogen species present in Fe-MCS-NC and Fe-

MCS-NCM. 

3.3.6 Electrochemical Analysis 

The ORR activity of the catalyst was measured using linear sweep voltammetry (LSV) 

measurements using a rotating disc electrode (RDE) in oxygen saturated 0.1 M KOH 

solution at a rotation speed of 1600 rpm and at a scan rate of 5 mV s-1. A commercial 

40 wt. % Pt/C (Johnson Matthey) was also tested for comparison. The detailed cyclic 

voltammetry (CV) measurements of Fe-MCS-NC and Fe-MCS-NCM samples both in N2 

and O2 saturated 0.1 M KOH solution were conducted with a rotation speed of 900 

rpm (Figure 3.16a & b). In the N2 saturated 0.1 M KOH solution, there was no 

characteristic peak for ORR. However, the presence of more active sites in the catalyst 

was indicated by an increase in the cathodic current during oxygen purging, which 

was a measure of its ORR potential.  

0.0

0.3

0.6

0.9

1.2

1.5

Fe-MCS-NCM

N
it

ro
g

e
n

 s
p

e
ci

e
s 

(a
t.

 %
)  Pyridinic N-O

 Graphitic

 Pyrrolic

 Pyridinic

Fe-MCS-NC



Chapter 3                                                                                              Chitosan Intercalated MOG 

106 
 

 

Figure 3.16 Cyclic voltammograms of (a) Fe-MCS-NC and (b) Fe-MCS-NCM 0.1 M 

KOH solution measured at a scan rate of 50 mV s-1 at 900 rpm. 

Figure 3.17 displays the comparative LSVs of Fe-MCS-NC, Fe-MCS-NCM, and Pt/C. 

The onset potential of Fe-MCS-NC was 0.782 V while the chitosan modified Fe-MCS-

NCM showed an onset potential of 0.925 V, which was 143 mV higher than that of Fe-

MCS-NC and only 75 mV lower than the state-of-the-art catalyst Pt/C (1 V vs RHE).  

 

Figure 3.17 (a) Linear Sweep voltammogram (LSV) comparison of Fe-MCS-NC, Fe-

MCS-NCM & Pt/C in O2 saturated 0.1 M KOH solution measured at a scan rate of 5 

mV s-1 at 1600 rpm. 

The half-wave potentials (E1/2) of Fe-MCS-NC and Fe-MCS-NCM were respectively 

0.61 V and 0.78 V while that of Pt/C was 0.83 V. The 50 mV difference in E1/2 of Fe-

MCS-NCM from Pt/C reflected that the performance of the modified sample is 

comparable with Pt/C in terms of the E1/2. The onset potential values also suggested 
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the enhancement of activity with increase in the graphitic N content and surface to 

volume ratio upon synthetic modification.  

LSVs of Fe-MCS-NC and Fe-MCS-NCM at different rotation speeds of 400, 900, 1200, 

1600, 2000 and 2500 rpm are presented in Figure 3.18 a & b. During the rotation of 

the working electrode, the current density increased due to the enhanced electrolyte 

diffusion and the mass transfer characteristics arising due to the heteroporous nature 

of the material.  

 

Figure 3.18 LSVs of (a) Fe-MCS-NC and (b) Fe-MCS-NCM in O2 saturated 0.1 M KOH 

solution measured at different rotation rates at a scan rate of 5 mV s-1. 

The K-L plots for the different samples presented in Figure 3.19 were found to be 

linear with similar slopes at different potentials. This constant slope suggested similar 

oxygen reduction kinetics in the given range of potentials.  

 

Figure 3.19 Comparison of the Koutecky-Levich (K-L) plots of Fe-MCS-NC, Fe-MCS-

NCM and Pt/C. 
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RRDE analysis was performed to quantify the amount of H2O2 generated during the 

oxygen reduction (Figure 3.20a). The yield of H2O2 was found to be 7.8 to 13.8% for 

Fe-MCS-NCM, 18 to 39% for Fe-MCS-NC and 2.3-4.4% for Pt/C catalyst under the 

same conditions of measurement. The number of electron transfer (n) as calculated 

from H2O2 %, at 0.6 V for Fe-MCS-NCM was 3.8, which confirmed that Fe-MCS-NCM 

followed a four-electron reduction pathway to produce water directly rather than the 

two-electron pathway with the production of peroxide intermediate in alkaline 

conditions (Figure 3.20b). This improved activity of Fe-MCS-NCM in comparison to 

Fe-MCS-NC may be attributed to the increased amount of doped N and its strong 

interaction with Fe. 

 

Figure 3.20 Comparison of (a) hydrogen peroxide yield and (b) number of electron 

transfer at different potentials obtained from the RRDE experiment. 

Tafel plot is another useful method for the ORR kinetic analysis. The Tafel plots were 

derived by plotting the mass transport corrected kinetic current density against the 

overpotential. 65% iR compensation was done during the plotting of log jk against the 

overpotential and the corresponding plots are presented in Figure 3.21. The Tafel 

slope for Fe-MCS-NC was estimated to be 99.4 mV dec-1 and the corresponding value 

for Fe-MCS-NCM was 90.9 mV dec-1. The comparatively lower Tafel slope for Fe-MCS-

NCM indicated its faster kinetics and hence better performance towards ORR. The 

corresponding value estimated for Pt/C is 68.5 mV dec-1.45 Table 3.3 summarizes the 

electrocatalytic performance of the prepared samples. 
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Figure 3.21 Tafel slope comparison of Fe-MCS-NC and Fe-MCS-NCM with Pt/C. 

 

Table 3.3 Comparison of electrocatalytic performance of the samples. 

Sample Eonset 
(V vs RHE) 

E1/2 
(V vs RHE) 

n H2O2 
(%) 

Tafel slop 
(mV dec-1) 

Fe-MCS-NC 0.782 0.61 3.7 39 99.4 

Fe-MCS-NCM 0.925 0.78 3.8 13 90.9 

Pt/C 1.00 0.83 3.9 4 68.5 

 

Accelerated Durability Test (ADT) was carried out to determine the stability of the 

catalyst. Fe-MCS-NCM was subjected to ADT in O2 saturated 0.1 M KOH solution with 

a cycling scan rate of 100 mV s-1. LSV was taken before and after 5000 cycles. The 

results presented in Figure 3.22a demonstrated a slightly negative shift in E1/2 (24 

mV) after 5000 cycles while the onset potential remained almost unchanged. Pt/C 

with a negative shift of 30 mV in E1/2 indicated lower durability in alkaline medium. 

The results implied that the intrinsic activity of Fe-MCS-NCM towards ORR remained 

unaltered even after ADT, compared to the performance of Pt/C as shown in Figure 

3.22b. 
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Figure 3.22 (a) LSV recorded before and after 5000 cycles ADT analysis for (a) Fe-

MCS-NC and (b) Pt/C in O2 saturated 0.1 M KOH solution with electrode rotation of 

1600 rpm. 

Fe-MCS-NCM exhibited high amount of doped N (1.58%) and the XPS analysis 

distinctly showed the existence of N species corresponding to the pyridinic (398.62 

eV), graphitic (401.3 eV) and oxidized (403.95 eV) N structures. However, it contained 

very less amount of Fe (0.01%) as well-defined peaks in the high-resolution Fe 2p XPS 

spectrum were absent. Compared to Fe-MCS-NC, Fe-MCS-NCM showed far better ORR 

catalytic performance. It may be inferred that very low doping of Fe is sufficient for 

better ORR while the extent and type of N as well as its bonding play crucial roles. 

Literature substantiates that, the type of N present and the N-bonding configuration 

of Fe are dominant factors determining the catalytic activity of Fe-N-C catalysts.46 The 

presence of the pyridinic as well as graphitic nitrogen was found to have a greater 

ability to act as active sites.42,47 The percentage of the graphitic N that contributed 

more to the catalytic performance was greater in Fe-MCS-NCM compared to Fe-MCS-

NC, where the pyrrolic N was prevalent than the others (Figure 3.15). In Fe-MCS-NC, 

as a result of poor gelation arising from the weak Fe-N bonding, pyrolysis of the gel 

network yielded a graphitic carbon structure with lesser amounts of N and Fe, due to 

the disintegration of the network at the Fe-N sites. Hence, the amount of the graphitic 

N will be less and N at the edges of the carbon skeleton was in the form of pyrrolic N. 

In the case of Fe-MCS-NCM, the stronger gel network formed as a result of the stronger 

Fe-N interaction did not disintegrate at the Fe-N sites. It can be therefore anticipated 

that the adopted chitosan intercalation favored the creation of more graphitic N. Fe-

MCS-NCM exhibited exceptionally good ORR activity and stability comparable to the 
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values reported in some of the recent publications (Table 3.4). This performance 

should be attributed to its peculiar Fe distributed N-doped graphitic structure and the 

morphology arising from the stronger precursor gel network structure. This 

distinctive structure with more number of active sites could be accounted for the 

increased limiting current and onset potential in Fe-MCS-NCM. The Fe and N-doping 

in the graphitic carbon layers led to loss of electroneutrality resulting in asymmetrical 

charge distribution. This caused changes in charge and spin densities around the 

carbon atom,48 facilitating the adsorption of oxygen as the first step of ORR and 

subsequently enhancing the ORR activity. In addition, a higher surface area with 

micro-mesoporous structure and good graphitic nitrogen content helped in the 

enhancement of the ORR activity of Fe-MCS-NCM to values comparable to Pt/C under 

our testing conditions. 

Table 3.4 Comparison of ORR activity of Fe-MCS-NCM catalyst with reported non 

precious metal catalysts in alkaline medium. 

Sl. 

No. 

Sample Eonset  

(V vs RHE) 

E1/2 

(V vs RHE) 

Tafel slope 

(mV dec-1) 

n Reference 

1 FeGNT 1 0.85 84.84 3.90 1 

2 Fe-N-CC 0.94 0.83 Undefined 3.7 2 

3 Fe-N-C 0.95 0.84 59 3.4 3 

4 Fe-Nx 0.98 0.85 Undefined 4 4 

5 Fe-N/MCN 0.95 0.85 Undefined 4 5 

6 Fe-Fe2O3/NGR 0.94 0.75 Undefined 3.8 6 

7 Fe3C@NCNF-

900 

0.97 0.88 81 3.8 7 

8 Fe15-N-C1000 0.99 0.85 63 3.98 8 

9 Fe/N/G 0.98 0.84 90 3.9 9 

10 Fe-MCS-NCM 0.92 0.78 90.9 3.9 Present 

study 

11 40 wt.% Pt/C 1 0.83 68.5 3.9 Present 

study 
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3.4 Conclusions 

N-doped mesoporous graphitic carbon structures, Fe entrenched (Fe-MCS-NC) and Fe 

distributed (Fe-MCS-NCM), were synthesized from the green precursor of Fe-MOG 

intercalated with chitosan. The MOG-Chitosan favorably contributed towards the 

microstructure, surface area and ORR activity of the graphitic structures. Moreover, 

modulation in the synthesis procedures resulted in a catalyst with improved surface 

area (565 m2g-1) and a significantly higher graphitic N (1.26 at.%) that coordinately 

binds to lower concentrations of Fe with a better distribution. The higher amount of 

graphitic N was due to the stronger gel network formation as a result of the stronger 

Fe-N interaction, which prevented the disintegration at the Fe-N sites. Fe-MCS-NCM 

owns high activity towards ORR in terms of the onset potential (0.925 V), half-wave 

potential (0.78 V), and Tafel slope (90.9 mV dec-1). RDE and RRDE experiments 

showed that ORR proceeds through a four-electron reaction pathway with good 

durability profile. The present study is, therefore, a promising approach for the 

synthesis of a highly feasible new candidate (Fe-MCS-NCM) as a sustainable catalyst 

for ORR. 
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Chapter 4 

Fe3C Encapsulated Pod like Carbon Structures for Efficient 

Oxygen Reduction Reaction  

Abstract 

 

Iron carbide (Fe3C) encapsulated hierarchical pod- like porous graphitic carbon 

structures were prepared by a simple pyrolysis of Fe-glycine complex integrated 

melamine formaldehyde resin precursor. The unique structure and stronger network 

of the resulting thermosetting resin facilitated the formation of porous carbon 

nanosheets while Fe catalyzed the formation of carbon nanotubes. The best catalyst 

among the ones studied, Fe-G2-NC, possessed high degree of graphitization with 

enhanced surface area (205 m2 g-1) and porosity (0.54 cm3 g-1). The XPS results 

confirmed the presence of high degree of graphitic N. The catalyst with optimized Fe 

content (Fe-G2-NC) exhibited high ORR activity with an onset potential of 0.95 V and 

a half-wave potential (E1/2) of 0.80 V vs RHE in alkaline media through the four-

electron reduction pathway. Moreover, the catalyst exhibited excellent long-term 

durability with good methanol tolerance. 
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4.1 Introduction 

From the previous chapters it is identified that the heteroatom doping in carbon 

matrix enhances the electrocatalytic activity by breaking the electroneutrality and 

creating large number of active sites for O2 adsorption. The heteroatoms mainly 

include non-metallic elements like B, N, P, S etc.1-3 Out of these non-metallic dopants, 

N is the most preferred one owing to its similar size with that of C and its high 

electronegativity. Moreover, N-doping induces the creation of positive charge 

densities on the adjacent carbon atoms producing greater number of active sites for 

oxygen adsorption. 4,5  

Besides N-doping, transition metal (Fe, Co, Ni, Cu, Mn etc.) doping is also pursued 

owing to their abundant reserves, economic applicability and their potential catalytic 

activity comparable to noble metals.6-8 The synergetic effects between the nitrogen-

doped carbon and transition metals could significantly increase the number of active 

sites and boost the catalytic behavior.9-12 M-Nx/C where, nitrogen coordinated with a 

metal is considered to be the best among the doped carbon catalyst.13,14 Metal/metal 

carbide nanoparticles encapsulated in carbon nanostructures, where, the graphitic 

carbon shells are activated by the encapsulated nanoparticles have emerged to be 

efficient catalysts for ORR.15,16 Among the various metal carbides-based catalysts, 

attention has been focused on the Fe based catalyst which exhibit superior 

electrocatalytic ORR.17-19 Wang et al. constructed Fe3C nanoparticles encapsulated 3D 

N-doped graphene carbon nanotubes. The catalyst with bamboo like structure 

displayed excellent bifunctional ORR/OER activity with a potential difference of only 

0.84 V in alkaline media.20 Hu and et al. used a protective silica shell as template 

where, polypyrrole coated carbon nanofibers were embedded which upon pyrolysis 

with iron salt yielded Fe-N doped carbon. The catalyst exhibited superior ORR activity 

in acidic media (E1/2=0.74 V).21 These synthetic procedures involved a harsh etching 

step to remove silica template and hence raises environmental issues on scale-up 

production. Xin and et al. synthesized Fe3C encapsulated hollow carbon nano spindles 

using a reactive hard template approach. Fe2O3 not only acted as source for doped 

iron, but also acted as a hard reactive template. Even though, the catalyst exhibited 

high ORR activity and long-term stability, the synthetic method involved the use of 

irritant chemicals like tris(hydroxymethyl)aminomethane and 48 h hydrothermal 
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treatment.22 Therefore, developing a simple and efficient strategy for the synthesis of 

Fe3C-encapsulated mesoporous N-doped carbon catalysts is highly demanded. 

In this study, we have synthesized Fe encapsulated pod like graphitic carbon sheet 

structure by the carbonization of a hybrid thermosetting network structure formed 

by an optimized compositional mixing of Fe-glycine complex and melamine 

formaldehyde (MF). We expect that the presence of Fe in the reaction mixture will 

also help in the formation of interesting structures by playing an active role in the 

chemical synthesis process. The stronger MF network structure should assist in the 

formation of graphitic N rich catalyst with high surface area leading to the formation 

of doped carbon catalysts exhibiting good ORR activity along with long term cyclic 

stability and methanol tolerance.23 

4.2 Experimental 

4.2.1 Materials 

Anhydrous iron (III) chloride (FeCl3), melamine (C3H6N6) and formaldehyde were 

purchased from Sigma Aldrich Chemical Reagent Co. Ltd. Glycine (C2H5NO2) and 

potassium hydroxide were obtained from Merck India. 

4.2.2 Synthesis of Fe-G-MF IPN 

In a typical synthesis procedure 13.5 g glycine and 3.2 g FeCl3 were separately 

dissolved in 80 mL deionized water. The two solutions were mixed and stirred 

overnight. A reddish-brown precipitate of Fe-glycine complex was obtained, labelled 

as component A.  

In another synthesis, 8.3 mL formaldehyde was added to 2.7 g melamine and 0.1 M 

KOH was added to maintain alkaline pH. The mixture was stirred at 70 °C to form a 

clear solution of methylol melamine, which is labelled as component B. Component B 

was carefully introduced into component A and stirred for 15 min and allowed to 

complete polymerization at room temperature. The product obtained was freeze 

dried (denoted as Fe-G1-MF). Similarly, Fe-G2-MF and Fe-G3-MF were synthesized by 

changing the amount of Fe as 4.8 g and 9.6 g respectively. 
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4.2.3 Synthesis of Fe, N Doped Porous Carbon  

Pyrolysis of Fe-G-MFs with varying Fe-Glycine ratio was done in a tubular furnace at 

900 °C for 3 h under N2 gas flow. The obtained black products were treated with 1 M 

H2SO4 at 70 °C for 4 h followed by washing with deionized water to remove any 

unreacted Fe species present. The dried samples were named as Fe-G1-NC, Fe-G2-NC 

and Fe-G3-NC. 

4.2.4 Structural Characterization 

Microstructural and morphological analysis of the samples were done with a scanning 

electron microscope (SEM Carl Zeiss, Germany). Transmission electron microscopic 

images of samples were obtained using an FEI (Tecnai 30 G2 S-TWIN, The 

Netherlands) microscope. BET surface area and porosity analysis of the samples were 

performed with Micromeritics (Tristar 11, USA) surface area analyzer using nitrogen 

adsorption at 77 K. Degassing of the samples were done at 200 °C in flowing N2 before 

adsorption analysis. X-ray diffraction patterns were recorded with a PW1710 Philips, 

(The Netherlands) instrument using Cu Kα radiation (1.5 Å). Raman spectra were 

obtained from a Confocal Raman microscope (alpha 300 R WITEC Germany) using 

633 nm laser. XPS was investigated using a scanning X-ray microprobe (ULAC-PHI, 

Inc. PHI-4700 V, USA) with a monochromated Al-Kα X-ray source operating at 14 kV 

and 220 W. 

4.2.5 Electrochemical Characterization 

Electrochemical analysis was carried out in a Bio logic electrochemical work station 

(sp-300) using a three-electrode set up in which glassy carbon electrode was used as 

the working electrode, Hg/HgO as the reference electrode and graphite rod as the 

counter electrode. For the catalyst ink preparation, 5 mg of the sample was weighed 

and transferred into a vial and mixed with 1 mL solution of 3:1 water: isopropyl 

alcohol mixture. 40 µL of 5 wt.% nafion solution was added to this and the entire 

mixture was ultrasonicated for 60 min to obtain a uniform dispersion. 10 µL of the 

slurry was then drop cast on the glassy carbon electrode surface (0.196 cm2) using a 

micropipette and dried under IR lamp. For comparison, commercial 40 wt.% Pt/C 

(Johnson Mattey) was also tested with the same catalyst loading. Cyclic voltammetric 

analysis (CV) were performed both in nitrogen and oxygen saturated 0.1 M KOH 
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solution at a scan rate of 50 mV s-1 with a working electrode rotation of 900 rpm. 

Linear sweep voltammetric (LSV) measurements were carried out at a scan rate of 5 

mV s-1 with different working electrode rotations. The durability of the catalyst was 

checked using accelerated durability test (ADT) in which CV analysis was carried out 

for 5000 cycles in O2 saturated 0.1 M KOH at a scan rate of 100 mV s-1 in the potential 

window of 0.57 to 0.97 V. The LSVs before and after ADT was performed and 

compared. 

The number of electrons transferred and percentage of H2O2 produced during ORR 

were measured using rotating ring disc electrode technique (RRDE, Pine 

Instruments) in oxygen saturated 0.1 M KOH solution at a scan rate of 10 mV s-1 with 

a working electrode rotation of 1600 rpm. The glassy carbon disc with a platinum ring 

was used as the working electrode, Hg/HgO as the reference electrode and graphite 

rod as the counter electrode. All the potentials were converted to RHE by calibrating 

the reference Hg/HgO electrode in hydrogen saturated 0.1 M KOH solution.24 

4.3 Results and Discussion 

Figure 4.1 shows the synthesis of Fe-G-NC catalyst. In the initial step, Fe forms a 

strong coordinated complex with glycine which subsequently reacted with methylol 

melamine to form a cross-linked 3D structure. The complex formation occured when 

Fe3+ gets bonded to glycine through chelation between hydrophilic –COOH and –NH2 

groups of glycine. The complex thus formed contained dispersed Fe3+ ions. Addition 

of methylol melamine resulted in a highly cross-linked 3D structure that effectively 

reduced the agglomeration of iron particles by virtue of its strong interaction with the 

complex. Thus Fe3+ was stabilized within the network resulting in the formation of N- 

doped porous graphitic carbon structure with uniform iron carbide dispersion. The 

Fe species also aided the transformation of nearby graphitic carbon sheets into tubes, 

thereby getting entrapped into a pod like structure. 
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Figure 4.1 Schematic illustration of the formation of Fe-G-NC. 

4.3.1 Phase Analysis 

XRD patterns recorded for the samples are presented in Figure 4.2. All the three 

samples showed a peak at 25.8° corresponding to the (002) plane of the graphitic 

carbon. Another peak at 42° also corresponded to the (100) plane of the graphitic 

carbon (JCPDS: 75-1621).25, 26 Fe-G1-NC sample exhibited less intense peak of the Fe 

species since the amount of Fe added during the preparation of the sample was lower. 

Only a single Fe3C peak was visible at the 2θ value of 49.1° for this sample. Upon 

increasing the amount of Fe, as in the case of Fe-G2-NC and Fe-G3-NC, more number 

of Fe3C peaks appeared at the 2θ values of 43.6° and 51° corresponding to the (102) 

and (122) planes, respectively (JCPDS:77-0255).27 More intense less broader 

graphitic carbon peaks of Fe-G2-NC indicated its higher crystallinity and degree of 

graphitization. 
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Figure 4.2 Powder X-ray diffraction patterns of Fe-G1-NC, Fe-G2-NC and Fe-G3-NC. 

The information about the extent of defects, the ordered and disordered structures 

and the graphitic nature were obtained from Raman spectroscopy. Figure 4.3 

represents the comparison of the Raman spectra of the samples with different molar 

composition of Fe and glycine. All the samples showed two main peaks at 1360 and 

1580 cm-1 corresponding to the D and G bands, respectively. The D band was 

indicative of the disordered graphite structure, whereas the G band indicated the 

presence of crystalline graphitic carbon. The extent of disorder within the samples 

can be estimated by the intensity ratio of the D and G bands (ID/IG).28,29 The ID/IG ratio 

increased from 0.94 to 0.99 to 1.03 respectively for Fe-G1-NC, Fe-G2-NC and Fe-G3-

NC. Increased Fe content caused a decrease in the degree of graphitization since the 

graphitic structure of the resultant carbon gets deformed by the inclusion of Fe 

particles in the carbon lattice upon carbonization. Thus, the Fe-G3-NC sample having 

the highest Fe content appeared to be more disordered in the Raman spectra. Fe-G1-

NC sample with enhanced graphitization degree may have increased electrical 

conductivity which is beneficial for the electron transport during ORR. Despite that, 

the decreased Fe content caused a reduction in the electrocatalytic active sites leading 

to reduced ORR activity. Thus, Fe-G2-NC with moderate Fe content and good 

graphitization was presumed to show better ORR activity. 
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Figure 4.3 Raman spectra of Fe-G1-NC, Fe-G2-NC and Fe-G3-NC. 

4.3.2 Morphology and Microstructure Analysis 

The morphological and microstructural analysis were obtained from SEM 

microscopy. Figure 4.4 shows the SEM micrographs of all the three samples with 

different Fe-Gly ratios. All the samples exhibited tube like morphology typically 

arising from the glycine-melamine formaldehyde precursor upon carbonization at 

900 °C. Fe-G1-NC appeared to have aggregated tubular structure (Figure 4.4a & b) 

and a similar structure was also observed for Fe-G3-NC sample (Figure 4.4e & f). 

Interestingly, darker particles enclosed within hollow tubes was observed for Fe-G2-

NC sample and the nanotubes appeared overlapped with one another (Figure 4.4c & 

d). Such a structure is believed to assist in the enhancement of the kinetics of the 

electrocatalysis process by improving the mass and electron transport.21 The AFM 

images of Fe-G2-NC sample presented in Figure 4.5 also evidenced a tubular 

morphology.  
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Figure 4.4 SEM images of (a, b) Fe-G1-NC (c, d) Fe-G2-NC and (e, f) Fe-G3-NC. 

 

 
Figure 4.5 AFM images of Fe-G2-NC. 

The EDAX spectrum confirmed the presence of C, N, O and Fe (Figure 4.6), while the 

elemental mapping presented in Figure 4.7 indicated the homogeneous dispersion of 

N and Fe in the carbon matrix. Fe-G2-NC sample especially showed good amount of N 

and Fe as seen in Figure 4.7b. 
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Figure 4.6 EDAX spectra of (a) Fe-G1-NC, (b) Fe-G2-NC and (c) Fe-G3-NC. 

 
Figure 4.7 Elemental mapping of (a) Fe-G1-NC, (b) Fe-G2-NC and (c) Fe-G3-NC. 

A closer look on the sample morphology was obtained from TEM analysis. Figure 

4.8a, c & i showed a mixture of sheet like and tubular morphologies for all the 

carbonized samples. The darker particles seen were iron species and their phases 

were previously identified from XRD as Fe3C. The sheets and tubes observed are 

composed of graphitic carbon. The HR-TEM images (Figure 4.8b, d & j) and the 

corresponding SAED patterns shown in the inset are consistent with the (002) plane 

of the graphitic carbon with a d-spacing of 0.34 nm.30,31 It should be noted that the 

presented TEM images were all after acid washing of the samples to remove the 

soluble iron. Unlike the other two samples, there was a slight difference in the 

morphology for Fe-G2-NC sample where, tubular hollow graphitic carbon (pod-like 

structure) enclosed with darker particles were observed. Even though lesser amount 

of Fe was added for the preparation of Fe-G2-NC compared to Fe-G3-NC, the TEM 
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image of Fe-G2-NC contained more amount of Fe species (Figure 4.8c). The increased 

amount of Fe addition during the synthesis of Fe-G3-NC presumably caused 

agglomeration of Fe species upon pyrolysis and hence were washed off easily on acid 

washing resulting in lesser Fe content in the catalyst microstructure. The formation 

of pod-like morphology in Fe-G2-NC was ascribed to the creation of a strong 3D 

network structure with optimized Fe/glycine ratio and stabilized Fe3+ ions. The 

stabilization of Fe3+ ions not only reduced its agglomeration during pyrolysis but also 

catalyzed the tube formation of the nearby carbon resulting in pod like carbon with 

embedded Fe3C species. By virtue of the occupation of the Fe3C particles inside the 

pod like carbon structure, it is protected from acid attack. Occasionally, the Fe3C 

particles were seemed protruding out of the tube (Figure 4.8e), and can thus function 

as additional ORR active sites. The carbon tube, (Figure 4.8c) has around 250 nm 

diameter and a wall thickness of around 8 nm (Figure 4.8d). The entrapped Fe3C 

particles possessed an elongated morphology with a length of about 450 nm and a 

width of about 110 nm (Figure 4.8f). HR-TEM image of the Fe3C particle presented in 

Figure 4.8g showed a graphitic carbon shell of thickness about 8 nm. The HR-TEM 

image shown in Figure 4.8h had a d-spacing of 0.34 nm, confirming the graphitic 

carbon structure surrounding the Fe3C particle. 



Chapter 4                                                                               Fe3C encapsulated pod-like carbon 

128 
 

 

Figure 4.8 TEM images of (a, b) Fe-G1-NC (c, d, e, f, g, h) Fe-G2-NC and (i, j) Fe-G3-

NC. 

4.3.3 Surface Area Analysis 

The BET surface area and pore characteristics of the carbonized samples were 

analyzed from N2 adsorption-desorption analysis (performed at 77 K). All the three 

samples had almost similar surface area (as also reflected by identical isotherms 

below P/Po < 0.3) of 205 m2 g-1. The surface area of the sample was found not to be 

dependent on the amount of Fe in it. The isotherms appeared to be similar to Type II 
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with H3 Hysteresis loop (Ref: IUPAC technical report 2015). However, the well-

defined inflection point and significant adsorption at low P/Po values indicated that 

at least some part of the constituent particles is small enough to form a microporous 

structure. The H3 hysteresis indicated a structure with the presence of non-rigid 

aggregation of plate-like particles (Figure 4.9a). The pore size distribution curve 

obtained from NLDFT analysis shown in Figure 4.9b also indicated the 

heteroporosity in the samples. The cumulative pore volume measured from BJH was 

found to be 0.45 cm3 g-1, 0.52 cm3 g-1 and 0.58 cm3 g-1, respectively for Fe-G1-NC, Fe-

G2-NC and Fe-G3-NC (Figure 4.9c). 

 

Figure 4.9 (a) N2 adsorption-desorption isotherms and (b) NLDFT pore size 

distribution curves and (c) BJH cumulative pore volume of Fe-G1-NC, Fe-G2-NC and 

Fe-G3-NC. 

4.3.4 Chemical Compositional Analysis 

The surface chemical composition and the extent of N doping were confirmed using 

XPS analysis. Figure 4.10 represents the survey spectrum of the three samples which 

showed peaks corresponding to elements C, N, and Fe. Furthermore, a peak at 534 eV 
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designated the existence of the doped or surface adsorbed O. The intensity of the O 

peak is the highest for Fe-G3-NC among the three samples resulting increased defects 

on the carbon structure. This could also be the reason for the enhanced ID/IG ratio 

obtained in the Raman spectra.  

 

Figure 4.10 XPS survey spectrum of Fe-G1-NC, Fe-G2-NC and Fe-G3-NC. 

The atomic percentages of the elements present in the samples obtained from XPS are 

summarized in Table 4.1.  The sample with the lowest amount of added FeCl3, Fe-G1-

NC, has the lowest atomic percentage of N (1.0 at. %). For Fe-G2-NC, the atomic 

percentage of N increased to a higher value of 1.8 at. %, probably due to the enhanced 

Fe-N coordination with increased Fe content. However, further increase in Fe 

addition, i.e., in the case of Fe-G3-NC, caused a reduction of the N content (1.1 at. %). 

The percentage of the Fe content on the other hand, increased from Fe-G1-NC to Fe-

G3-NC. Even though the TEM images of Fe-G2-NC obviously showed higher amount of 

the Fe species inside the tubes, the atomic percentage of Fe detected from XPS was 

low (0.2 at.%). This was not totally unexpected as XPS analysis was limited to the 

surface of the sample only. Moreover, the Fe atoms from the particles inside the 

carbon nanotubes were obviously not reflected in the XPS count, as the nanotube 

shield would have protected the Fe species from the incident X-ray photons. Atomic 

percentage of N should have varied along with the Fe addition, but it was also clear 

that the presence of higher N content was indirectly promoted by the formation of 

unique tubular morphology owing to the optimum Fe/Gly ratio, which obviously 

helped to retain more N atoms during pyrolysis. 
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Table 4.1 Atomic percentages of C, O, N and Fe of various samples obtained from 

XPS 

Sample C (at.%) O (at.%) N (at.%) Fe (at.%) 

Fe-G1-NC  93.9 5.1 1.0 <0.1 

Fe-G2-NC  93.5 4.5 1.8 0.2 

Fe-G3-NC  88.3 10.3 1.1 0.3 

 

In addition to the amount of N, the type of N species also had impact on the ORR 

activity. The deconvoluted N 1s spectra of all the samples are presented in Figure 

4.11 and their percentages are also quantified. Two types of N species namely 

pyridinic N (398.6 eV) and graphitic N (401.5 eV) were identified from the N 1s 

spectra. Since the binding energy of the Fe-N bond was also near to that of the 

pyridinic N, the peak at 398.6 eV represented the Fe-N bond also.32  

 

Figure 4.11 Deconvoluted N 1s spectra of Fe-G1-NC, Fe-G2-NC and Fe-G3-NC. 

The fraction of the graphitic N was found to be higher in all the samples as shown in 

Figure 4.12 and was attributed to the strong network structure of the precursors 

resulting in stronger Fe-N interaction. The strong network upon pyrolysis ultimately 

led to the formation of entrapped N in the carbon matrix (graphitic N) rather than 
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edge N species (pyridinic and pyrrolic). Due to the existence of greater amount of the 

pyridinic and graphitic N in Fe-G2-NC, the sample is expected to display good catalytic 

activity. 

 

Figure 4.12 Atomic percentage of different types of N species present in Fe-G1-NC, 

Fe-G2-NC and Fe-G3-NC. 

The high-resolution Fe 2p spectra presented in Figure 4.13 indicated two main peaks 

at 711.6 and 725 eV for all the three samples, representing the binding energies of Fe 

2p3/2 and Fe 2p1/2 of Fe3+ ion, respectively.33 Further deconvolution of the peaks was 

found difficult as the percentage of Fe was very low. 

 

Figure 4.13 High resolution Fe 2p XPS spectra of Fe-G1-NC, Fe-G2-NC and Fe-G3-NC. 
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The high-resolution C 1s spectra (Figure 4.14) can be deconvoluted into two major 

peaks with the primary peak at 284.8 eV corresponding to the sp2 carbon. The peak 

at 285.7 eV corresponded to the C-N bond. An additional peak at low binding energy 

was detected for Fe-G3-NC representing the Fe-C bonding.34  

 

Figure 4.14 Deconvoluted C 1s spectra of (a) Fe-G1-NC, (b) Fe-G2-NC and (c) Fe-G3-

NC. 

4.3.5 Electrochemical Analysis 

The electrochemical analyses of the samples were carried out using a rotating disc 

electrode (RDE) set up. The cyclic voltammetry (CV) recorded for Fe-G1-NC, Fe-G2-

NC, Fe-G3-NC and the commercial Pt/C samples in N2 and O2 saturated 0.1 M KOH 

solution are given in Figure 4.15 a-d. In N2 saturated KOH solution, the CV curve is 

devoid of any characteristics peak indicating the absence of any Faradaic reactions. 

After oxygen saturation, there was a rapid increase in current density in the cathodic 

direction owing to the reduction of oxygen molecules.  
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Figure 4.15 Cyclic voltammograms of (a) Fe-G1-NC, (b) Fe-G2-NC, (c) Fe-G3-NC and 

(d) Pt/C in N2 and O2 saturated 0.1 M KOH solution measured at a scan rate of 50 mV 

s-1 at 900 rpm. 

Linear sweep voltammetry (LSV) was done for a better understanding of the ORR 

activity of the catalysts. The LSV was conducted at a scan rate of 10 mV s-1 with a 

working electrode rotation speed of 1600 rpm. Figure 4.16 shows the LSV curves of 

the synthesized samples in comparison with the commercial 40 wt. % Pt/C (Johnson 

Matthey) sample. The ORR onset potential of the samples Fe-G1-NC and Fe-G3-NC 

were found to be 0.92 V which is 80 mV lower than that of Pt/C, whereas that of Fe-

G2-NC was 0.95 V which is only 50 mV lower than Pt/C. The E1/2 for Fe-G1-NC and Fe-

G3-NC were 0.76 and 0.74 V, respectively, whereas it was higher for Fe-G2-NC (0.80 

V). There is only 30 mV difference in the E1/2 value of Fe-G2-NC compared to Pt/C. In 

addition to the enhanced onset and half wave potentials, Fe-G2-NC also possessed a 

high limiting current density of -4.5 mA cm-2. These factors make the sample a 

potential ORR electrocatalyst. Though there are various theoretical and experimental 

studies conducted for a better understanding of the origin of electrocatalytic activity 
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of the Fe, N-doped catalysts, the exact mechanism is still unclear. The presence of the 

Fe/Fe3C particles with Fe-N coordination is reported to show enhanced ORR 

performance. Moreover, the existence of pyridinic and graphitic N influences the ORR 

pathway. 

 

Figure 4.16 Linear sweep voltammogram comparison of Fe-G1-NC, Fe-G2-NC, Fe-

G3-NC and Pt/C in O2 saturated 0.1 M KOH solution measured at a scan rate of 10 

mV s-1 at 1600 rpm. 

The LSV recorded for Fe-G1-NC, Fe-G2-NC, Fe-G3-NC and Pt/C at different working 

electrode rotation speeds are shown in Figure 4.17a-d. The limiting current density 

increased with increase in rotation speed due to the enhancement in the mass transfer 

and electrolyte diffusion.  
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Figure 4.17 LSVs of (a) Fe-G1-NC (b) Fe-G2-NC (c) Fe-G3-NC and (d) Pt/C in O2 

saturated 0.1 M KOH solution measured at different rotation speeds at a scan rate of 

10 mV s-1 at 1600 rpm. 

The K-L plots were obtained by plotting 1/j against 1/ω1/2. From the slope, the 

number of electron transfer was calculated according to the following equation.35 

1

𝑗
=

1

𝑗𝑑
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1
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                                                                                                                    (4.1) 
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where, j is the measured current density, jd is the diffusion-limiting current density, jk 

is the kinetic current density,  ω is the angular rotation (ω=2πf/60, f is the rotation 

speed), n is the number of transferred electrons during ORR, F is the Faraday’s 

constant (96480 C), C0* is the bulk concentration of O2 (1.22 x 10-6 mol cm-3), D0 is the 

diffusion coefficient of O2 (1.9 x 10-5 cm2 s-1), n is the kinematic viscosity of the 

electrolyte (0.01 cm2 s-1) and k is the electron transfer rate constant 
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The K-L plots of all the samples have appeared linear indicating first order ORR 

kinetics (Figure 4.18).   

 

Figure 4.18 Comparison of the Koutecky-Levich (K-L) plots of Fe-G1-NC, Fe-G2-NC, 

Fe-G3-NC and Pt/C. 

Figure 4.19a gives the number of electrons transferred (n) during the ORR process 

for all the samples. For Fe-G1-NC, Fe-G2-NC and Pt/C, n appeared to be almost 

constant at all the potentials whereas slight deviation was observed in the case of Fe-

G3-NC, indicating its poor consistency. The average values of n obtained are 3.7, 3.8, 

3.3 and 3.9 respectively for Fe-G1-NC, Fe-G2-NC, Fe-G3-NC and Pt/C. The amount of 

peroxide generated was also quantified in percentages and the values for Fe-G1-NC, 

Fe-G2-NC, Fe-G3-NC and Pt/C were respectively 15, 10, 33 and 4% (Figure 4.19b). 

From the value of n and % H2O2, Fe-G2-NC was identified as the catalyst with 

appreciable ORR catalytic activity.  

0.06 0.08 0.10 0.12 0.14

0.2

0.3

0.4

0.5

0.6
 Fe-G1-NC

 Fe-G2-NC

 Fe-G3-NC

 Pt/C

j-1
 (

m
A

-1
 c

m
2
)


-1/2

 (rad/s)
-1/2



Chapter 4                                                                               Fe3C encapsulated pod-like carbon 

138 
 

 

Figure 4.19 Comparison of (a) number of electrons transferred and (b) hydrogen 

peroxide yield at different potentials obtained from the RRDE experiment. 

Further information about the ORR kinetics was obtained from Tafel plot by plotting 

logarithm of the kinetic current density (in the onset region of the LSV curve 

measured at 1600 rpm) against the corresponding potential (Figure 4.20). To 

eliminate possible contributions from ohmic polarization, 65 % iR compensation was 

applied while plotting. The Tafel plots of the samples are calculated to be 84, 73, 87 

and 60 mV dec-1, respectively, for Fe-G1-NC, Fe-G2-NC, Fe-G3-NC and Pt/C. The lower 

the Tafel slope, faster will be the ORR kinetics. The relatively closer values of the Tafel 

slope for Fe-G2-NC with Pt/C indicate similar ORR mechanisms. Table 4.2 

summarizes the electrocatalytic performance of the prepared samples. 

 

Figure 4.20 Comparison of Tafel slopes of Fe-G1-NC, Fe-G2-NC, Fe-G3-NC and Pt/C. 
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Table 4.2 Comparison of electrocatalytic performance of the samples 

Sample Eonset 
(V vs RHE) 

E1/2 
(V vs RHE) 

n H2O2 
(%) 

Tafel slop 
(mV dec-1) 

Fe-G1-NC 0.92 0.76 3.7 15 84 

Fe-G2-NC 0.95 0.80 3.8 10 73 

Fe-G3-NC 0.92 0.74 3.3 33 87 

Pt/C 1.00 0.83 3.9 4 60 

 

Methanol poisoning test was performed by the chronoamperometric method in 0.1 M 

KOH at a rotation speed of 1600 rpm for Fe-G2-NC, and the result was compared with 

that of Pt/C (Figure 4.21). The test was carried out for 2000 s and 3 M methanol was 

added during the initial stage (300 s) of analysis. The addition of methanol resulted 

in a rapid decrease in the cathodic current when Pt/C was coated on the working 

electrode, indicating its significant intolerance towards methanol. This was due to the 

methanol oxidation on the surface of Pt which ultimately leads to its poisoning. The 

current density generated by Fe-G2-NC on the other hand appeared to be intact, 

signifying its excellent methanol tolerance. 

 

Figure 4.21 Methanol tolerance study of Fe-Gly-2 MF-C in comparison with Pt/C. 

The stability of the catalyst was investigated using ADT in O2 saturated 0.1 M KOH. 
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was calculated (Figure 4.22). The catalyst Fe-G2-NC exhibited excellent durability 

with only a slight shift in E1/2 (10 mV) whereas Pt/C exhibited poor durability with a 

30 mV shift in E1/2. All these results indicated that the synthesized Fe-G2-NC sample 

was a potential electrocatalyst towards ORR by virtue of its excellent activity, 

durability and methanol tolerance.  

 

Figure 4.22 LSVs recorded before and after the 5000 cycle ADT analysis of (a) Fe-

G2-NC and (b) Pt/C in O2 saturated 0.1 M KOH solution with a working electrode 

rotation of 1600 rpm. 

The enhanced electrocatalytic performance of Fe-G2-NC could be ascribed to many 

reasons. The unique pod-like morphology of the catalyst played a vital role. The 

projection of catalytically active Fe3C species outwards the hollow carbon aided 

greater exposure and allowing its utilization towards ORR activity. Furthermore, the 

overlapped tubular structure could also enhance the kinetics by improved mass 

transportation during the ORR process. Additionally, the heteroporous architecture 

with high surface area provided more sites for O2 adsorption and the mesopores 

promoted faster diffusion of O2. High degree of graphitization with ID/IG ratio of 0.99 

imparted good electrical conductivity and facilitated the electron transfer. The 

presence of high atomic percentage of N alters the electronic structure of carbon 

thereby providing large number of active sites for O2 adsorption. The high fraction of 

pyridinic and graphitic N species boosts the electrical conductivity and hydrophilicity. 

A combination of such useful attributes rendered the Fe-G2-NC with enhanced 

electrocatalytic activity towards oxygen reduction. 
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4.4 Conclusions 

Fe, N-doped, heteroporous, tubular graphitic carbon was successfully synthesized 

through the simple pyrolysis of a hybrid thermosetting network structure formed by 

mixing Fe-glycine complex and melamine formaldehyde (MF). The stronger network 

of MF resin resulted in the formation of heteroporous carbon containing 

predominantly of catalytically active graphitic and pyridinic N without the formation 

of any measurable pyrrolic N. The optimized composition, Fe-G2-NC, exhibited 

appreciable electrocatalytic behavior with an onset potential of 0.95 V along with 

excellent stability and methanol tolerance. The micro/meso porous architecture with 

pod like morphologies and the presence of encapsulated Fe/Fe3C particle in carbon 

nanostructure contributed towards the enhanced catalytic activity. The present study 

thus provides an easy synthetic method for the development of Fe, N-doped 

heteroporous carbon with outstanding electro-catalytic properties. 
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Chapter 5 

Zeolitic Imidazole Framework Derived Bimetallic Carbon 

Alloy Catalyst for the Electrocatalytic Borohydride 

Oxidation Reaction 

Abstract 

 

Direct borohydride fuel cells show interesting performances for mobile applications 

owing to the use of sodium borohydride (NaBH4) as the fuel. The complete 

electrooxidation of NaBH4 proceeds via an eight-electron pathway. However, due to 

the inevitable hydrolysis of borohydride at the electrode, the released electrons are 

usually less than 8. The use of anode catalysts with good performance and high 

utilization of BH4− is therefore imperative for practical applications. In this work, we 

report the development of an anode catalyst, derived from trimetallic zeolitic 

imidazolate framework (ZIF) with M-Nx active centers and enhanced porous features 

created by Zn evaporation on pyrolysis. XPS studies revealed the presence of pyridinic 

N, graphitic N and Co-Nx active centers on the catalyst surface. The nanotubular 

structure of the formed carbon assists faster electron transport and the oxidation 

current density reached 56.5 mA cm-2 at 0.61 V in 0.05 M NaBH4+ 1 M KOH. The 

enhanced electrocatalytic performance induced by the morphological and textural 

features of the porous carbon catalysts enabled NaBH4 electrooxidation via an eight-

electron transfer indicating its potential as a promising catalyst for BOR. 
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5.1 Introduction 

The high demand for clean, sustainable, and renewable energy arising out of the 

depletion of fossil fuels as well as due to the alarming increase of environmental 

pollution has prompted researchers worldwide to explore the options of highly 

efficient fuel cells, batteries and supercapacitors. Fuel cells are considered a 

breakthrough in the field of clean energy production owing to its salient features like 

high efficiency, high reliability reduced greenhouse gas emissions etc.1 Solid alkaline 

fuel cells (SAFCs) in particular exhibit advantages over proton exchange membrane 

fuel cells (PEMFCs) such as the use of liquid fuels and lower fuel cross-over.2,3 Also, 

most of the metals are stable in the alkaline medium compared to the acidic medium 

and hence non-noble electrocatalysts can be used in SAFCs with superior stability. 

Most of the SAFCs are fed with hydrogen at the anode and oxygen at the cathode. 

However, the main problem is related to hydrogen production, storage, and transport. 

Liquid fuels alternative to ultra-pure H2, such as alcohols, formate, and borohydrides 

can be used in SAFCs, which makes easier storage and transport.4  

Direct borohydride fuel cells (DBFCs) with sodium borohydride (NaBH4) as fuel is 

currently attracting much attention due to high cell voltage (1.64 V), high theoretical 

specific capacity (5.7 Ah g-1), high energy density (9.3 Wh g-1), superior hydrogen 

storage (10.6 wt.%) and non-flammability. Also, NaBH4 is carbon-free, non-toxic, and 

relatively stable in alkaline solution.5,6 Furthermore, DBFCs have low operating 

temperature (70°C) and easily recyclable non-toxic products. However, it is difficult 

to achieve the cell voltage of 1.64 V in practice due to the slow kinetics of borohydride 

oxidation reaction (BOR). Besides direct oxidation of borohydride, the competing 

reactions of hydrolysis of borohydride and hydrogen electrooxidation also occur, 

resulting in a mixed BOR potential. 

Generally, the borohydride oxidation reaction (BOR) at the anode involves the release 

of 8 electrons as shown in eq. 5.1 and the corresponding oxygen reduction reaction 

(ORR) takes place at the cathode (eq. 5.2).7 

Anode 

𝐵𝐻4
− + 8𝑂𝐻− → 𝐵𝑂2

− + 6𝐻2𝑂 + 8𝑒−                 (E0=-1.24 V Vs RHE)                                           (5.1) 
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Cathode 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−                                    (E0=0.40 V Vs RHE)                                                   (5.2) 

Overall reaction 

𝐵𝐻4
− + 2𝑂2 → 𝐵𝑂2

− + 2𝐻2𝑂                                   (E=1.64 V Vs RHE)                                                     (5.3) 

As mentioned earlier, the anodic BOR is a complex reaction normally accompanied by 

several parasitic reactions like heterogeneous hydrolysis of BH4- (eq. 5.4-5.6)8 and, 

the competing faradaic hydrogen evolution reaction (HER) (eq. 5.7), causing the 

evolution of H2, and resulting in a low fuel conversion efficiency.  

𝐵𝐻4
− + 𝐻2𝑂 → 𝐵𝐻3𝑂𝐻

− + 𝐻2                                                                                                             (5.4) 

𝐵𝐻3𝑂𝐻
− + 𝐻2𝑂 → 𝐵𝑂2

− + 3𝐻2                                                                                                   (5.5) 

𝐵𝐻4
− + 2𝐻2𝑂 → 𝐵𝑂2

− + 4𝐻2                                                                                                       (5.6) 

2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2                                      (E0=0 V Vs RHE)                                                         (5.7) 

By virtue of these competing reactions, the number of released electrons is usually 

less than eight reflecting on the inefficiency of the catalysts. As the BOR proceeds, 

hydrogen evolution occurs which ultimately reduces the effectiveness of the 

borohydride. Moreover, the hydrogen bubbles that are entrapped at the anode resist 

charge carrier migration.9 Therefore, anode catalysts with high performance and 

efficient utilization of BH4− are important for the practical application of DBFC. 

Noble metals like Pt, Pd, Au, Ag, etc. have been extensively studied for BOR owing to 

their superior catalytic activity.10,11 However, these catalysts, especially Pt and Pd, 

cause severe hydrolysis of borohydride (eq. 5.4-5.7).12-14 Therefore, it is highly 

demanded to develop catalysts that can selectively oxidize BH4- with very negligible 

or no hydrogen evolution.  

From density functional theory, Janik et al. concluded that the B-H bond dissociation 

determines the catalyst activity towards BOR.15 Numerous efforts were thus 

conducted to develop low-cost transition metals such as Ni, Co, Fe, Cu based catalysts 

for BOR.16,17 Due to the high B-H bond-breaking ability of cobalt compared to other 

transition metals, cobalt-based materials can be promising catalysts for BOR.18,19 

Nevertheless, there are only a few reports on cobalt based catalysts for BOR. Zhang et 



Chapter 5                                                             ZIF Derived Bimetallic Carbon Alloy Catalyst 

148 
 

al. reported cobalt incorporated multiwalled carbon nanotubes with high catalytic 

activity and good stability for NaBH4 electrooxidation. The hierarchical 3D network 

structure with dispersed Co nanoparticles increased the adsorption and 

electrooxidation of hydrogen during the reaction.20 Alloying Co with other transition 

metals is also reported to be effective in improving the catalytic performance by the 

synergistic effect between the metals and the special electron transfer path.19,21 CNT 

supported CoBi,22 Ni-Co nanoparticles immobilized Ni foam23 and NiB alloy decorated 

by Cu,24 all exhibited good BOR activity and stability. Recently, Nagaiah et al. 

synthesized urchin-shaped cobalt tungstate catalyst with enhanced BOR 

performance.25 Nevertheless, the catalytic activity of the current Co-based catalysts is 

still lower than those of noble metal catalysts and concerted efforts are essential to 

develop non-noble metal catalysts that can completely replace noble metal catalysts. 

It is well known that catalyst with large specific surface area, porosity, large number 

of active sites and good conductivity is advantageous for better electrocatalytic 

performance by facilitating the flow of electrons and reagents. Thus, high surface area 

carbon supported catalysts with strong interaction between catalyst and the support 

are preferred.26 Metal-organic frameworks (MOF) are attractive precursors for the 

development of metal-doped carbon catalysts with high surface area and porosity.27,28 

Liu et al. investigated MOF-5 derived high surface area nanoporous carbon (NPC) as 

the anode catalyst support in DBFC. NPC-supported Pt catalyst showed a 36% 

increase in current density for borohydride oxidation compared to the Vulcan XC-72 

carbon supported Pt. The enhancement in the activity was attributed solely to the 

supporting effect of the NPC.29 Tiwari et al. reported mesoporous nitrogen rich carbon 

as a metal free catalyst for BOR. The catalyst exhibited high current density of 27.43 

mA cm-2 in 0.1 M NaBH4 + 1.0 M aqueous NaOH electrolyte. The enhanced activity is 

attributed to the presence of quaternary and pyridinic nitrogen sites present in the 

catalyst.30 It is expected that the combined effect of N-doped carbon with other 

metallic species further enhances the activity towards borohydride oxidation. 

A high surface area N- doped carbon catalyst from a precursor having a framework 

structure with high fraction of microporosity and with nitrogen as a coordination 

element is expected to have high BOR activity. Thus, zeolitic imidazolate frameworks 

(ZIF) were chosen as the precursor to develop the catalyst. ZIFs are ideal precursors 
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which can undergo structural transformation to N and metal-doped microporous 

graphitic carbon during pyrolysis under inert condition.31-33 ZIF-8 can produce high 

surface area carbon with high nitrogen content. However, it cannot give M-Nx active 

sites due to the evaporation of Zn during pyrolysis. Co-based ZIF-67, which is 

isostructural to ZIF-8, can produce Co-Nx active sites, but the carbon thus formed 

suffers from low surface area and porosity. Doping ZIF-8 with suitable metals is found 

to be an effective strategy to enhance the surface area as well as M-Nx active centers. 

Recently, Lu et al. reported ZIF‑derived Fe and N co‑doped porous carbon supported 

Au nanoparticles (Au/FeNPC-40) as electrocatalyst for BOR. They have obtained a 

BOR peak current density up to 45.4 mA cm-2 with a high electron transfer number of 

7.0.34 In another report, Lu et al. synthesized Co, N co-doped porous carbon-supported 

Au nanoparticles from ZIF precursor. The catalyst acquired a BOR peak current 

density of 48.4 mA cm-2 with an electron transfer number of 7.5.35 Even though these 

catalysts showed high efficiency towards BOR, large scale synthesis is limited due to 

the use of noble metal Au. 

This work details the development of non-noble metal doped carbon with enhanced 

BOR activity. A fast synthesis strategy was adopted to prepare trimetallic ZIF (Fe, Co, 

Zn) through an aqueous wet chemical approach. The resulting product formed in high 

yields, showed nanometer-sized ZIF particles with different metal centers.36 The in 

situ porosity creation due to Zn evaporation, Fe catalyzed nanotube formation, and 

the synergistic effect of Co and Fe are favorable attributes contributing towards 

enhanced BOR activity and stability of the developed catalyst. 

5.2 Experimental 

5.2.1 Materials 

2-Methylimidazole, zinc nitrate hexahydrate (99%), cobalt nitrate hexahydrate 

(99.5%), and iron sulfate heptahydrate (99%) were purchased from Sigma Aldrich. 

Triethylamine (TEA) was purchased from Wako pure chemical Industries (Japan). All 

chemicals were used as received. 
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5.2.2 Synthesis of Trimetallic ZIF 

In a typical synthesis, 3.242 g of 2-methyl imidazole was dissolved in 50 ml DI water. 

4 g TEA was added to this solution and stirred for 5 min. 50 mL aqueous solution 

containing 0.55 g zinc nitrate, 0.089 g cobalt nitrate, and 0.085 g iron sulfate were 

prepared separately and added to the imidazole-TEA mixture under stirring. The 

stirring was continued at room temperature for 30 min. The precipitate obtained was 

washed with deionized water several times by centrifugation and dried at 90 °C 

overnight. The resulting ZIF contains 75% Zn, and a (1:1) molar ratio of Co and Fe 

(25%). Similarly, bimetallic and monometallic ZIFs with different metal ions were also 

synthesized using the same procedure.  

5.2.3 Synthesis of Carbon Alloy Catalyst 

Carbon alloy catalysts were synthesized by the carbonization of ZIFs at a temperature 

of 910 °C for 1 h under nitrogen atmosphere. The sample details are presented in 

Table 5.1. 

Table 5.1 Details of various ZIF samples with different metal percentages 

Catalyst ZIF Percentage of metal 
present in ZIF 

Z-NC Zn-ZIF (ZIF-8) 100% Zn 

Co-NC Co-ZIF (ZIF-67)  100% Co 

CoZ-NC CoZn-ZIF 25% Co, 75% Zn 

FeZ-NC FeZn-ZIF 25% Fe, 75% Zn 

FeCoZ-NC FeCoZn-ZIF 25%Fe & Co (1:1), 75% Zn 

5.2.4 Structural Characterization 

Phase identification of the synthesized samples was performed at a scan rate of 3° 

min-1 using an Ultima IV X-ray Diffractometer (Rigaku, Japan) with a Cu Kα (λ=1.5406 

A) X-ray source operating at 40 kV and 40 mA. Raman spectra were obtained from a 

LabRAM HR Evolution Raman spectrometer using a visible laser beam of wavelength 

532 nm. The morphological characterization was carried out using a scanning 

electron microscope (S-4800, Hitachi High-Technologies Corporation) and the HR-

TEM images were captured using a TOPCON EM-002BF-J system (Japan) operating at 
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an accelerating voltage of 200 kV and equipped with a twin EDS facility for the 

elemental distribution of the catalysts. The BET surface area and porosity were 

calculated with Micromeritics (Tristar 11, USA) surface area analyzer using nitrogen 

adsorption at 77 K. The samples were initially degassed at 200 °C for 2 h in flowing 

N2. The surface elemental composition and oxidation states of the metal species 

present in the catalyst were studied using a Quantum 2000 (ULVAC-PHI Inc., Japan) 

X-ray photoelectron spectrometer fitted with a twin-anode X-ray source using Al Kα 

radiation (hv = 1486.58 eV).  

5.2.5 Electrochemical Characterization 

An electrochemical workstation (HD HOKUTO DENKO), was used for the borohydride 

oxidation reaction (BOR) activity measurements.  A three-electrode setup in which 

the catalyst coated glassy carbon electrode with a surface area of 0.196 cm2 was used 

as the working electrode. Hg/HgO and Pt were used as the reference and counter 

electrode respectively. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) 

measurements were carried out in N2 saturated 1 M KOH solution containing different 

concentrations of NaBH4. All potentials were converted into RHE by calibrating 

Hg/HgO in H2 saturated 0.1 M KOH solution. The catalyst ink was prepared by 

ultrasonically mixing 5 mg of the catalyst with 860 µL deionized water, 100 µL 

isopropyl alcohol, and 40 µL 5 wt.% Nafion solution, followed by sonicating it for 2h. 

10 µL of this catalyst slurry was drop cast on the polished glassy carbon working 

electrode using a microsyringe. The catalyst loading was maintained as 0.25 mg cm-2 

for all samples. The number of electron transfer was calculated using a rotating ring 

disc electrode (RRDE) in N2 saturated 1 M KOH containing 0.05 M NaBH4 at a scan 

rate of 10 mV s-1 and an electrode rotation of 1600 rpm. A glassy carbon disc (0.126 

cm2) with a gold ring was used as a sensor to monitor the H2 produced during the 

hydrolysis of NaBH4 by the catalysts. Hg/HgO was used as the reference electrode, 

and Pt wire was used as the counter electrode. The catalyst loading was maintained 

as 0.04 mg cm-2. The stability of the catalyst was analyzed using chronoamperometry 

measurements in 0.05 M NaBH4+ 1 M KOH solution at different potentials. 
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5.3 Results and Discussion 

Trimetallic ZIF was synthesized by mixing aqueous metal salts (Fe, Co, and Zn salt) 

with aqueous imidazole-TEA for 30 min. TEA deprotonates the imidazole ligand and 

allows the faster formation of ZIF at room temperature with good yield. Through this 

method, Fe and Co can be easily doped into the ZIF-8 framework upon carbonization 

at 910 °C under N2 atmosphere. The combination of Fe and Co is expected to give high 

catalytic activity by the generation of more active sites and Zn evaporation during 

pyrolysis enhances the porous nature of the doped carbon samples. 

 

Figure 5.1 Schematic illustration of the formation of FeCoZ-NC. 

5.3.1 Phase Analysis 

X-ray diffraction patterns of the synthesized ZIF samples are presented in Figure 

5.2a.  All the samples exhibited similar peaks indicating that the addition of metals 

did not alter the structural features and crystallinity of the derived ZIFs while 

maintaining the  sodalite crystal structure.37 After carbonization, all the samples 

exhibited a peak at the 2θ value of ~26° corresponding to the (002) plane of graphitic 

carbon (Figure 5.2b). Z-NC exhibited only graphitic carbon peak since the element Zn 

was volatilized on heating at 910 °C. The XRD patterns of samples Co-NC and CoZ-NC 

indicated presence of metallic cobalt as well as cobalt oxide phases. The presence of 

oxide phases of iron (Fe2O3 and Fe3O4), carbide (Fe3C), and metallic Fe phase were 

also identified in the XRD pattern of sample FeZ-NC. The trimetallic ZIF derived 
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carbon sample FeCoZ-NC exhibited an intense peak of metallic Fe/Co at the 2θ value 

of 44.8° in addition to the oxide phases of cobalt and iron.  

 

Figure 5.2 X-ray diffraction patterns of (a) precursor ZIFs (b) derived carbons. 

The graphitic nature of the ZIF-derived samples was revealed by Raman spectra. 

Raman spectra displayed in Figure 5.3 consisted of two major peaks at 1350 and 

1590 cm-1 corresponding to the D band and G band respectively. The D band with A1g 

vibration mode, was due to the in-plane imperfections in the carbon lattice, and was 

an indicator of the extent of defects and heteroatoms doping. The G band was 

indicative of the graphitic carbon form with E2g vibration mode.37 The value ID/IG was 

used to compare the extent of disorder/modifications occurring in the sample during 

carbonization. The ID/IG ratio of the catalysts Z-NC and CoZ-NC was found to be 1.06 

and 1.03, respectively, whereas, Co-NC and FeCoZ-NC exhibited similar ID/IG values 

(0.99). The lower ID/IG value for Co-NC and FeCoZ-NC was a clear indication of the 

dominance of the graphitic phase in these catalysts, leading to enhanced electrical 

conductivity. The Raman spectra of FeZ-NC appeared noisy with multiple peaks of low 

intensity and the ID/IG ratio could not be obtained. The catalyst appeared to be the 

least graphitic of all compositions. The presence of a substantial amount of Fe may 

also been one of the reasons for the lower graphitization in this sample. 
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Figure 5.3 Raman spectra of Z-NC, Co-NC, CoZ-NC, FeZ-NC and FeCoZ-NC. 

5.3.2 Morphology and Microstructure Analysis 

The SEM images of trimetallic ZIF (FeCoZn-ZIF) displayed in Figure 5.4 show an 

average particle size of around 80 nm. The carbonization resulted in the collapse of 

the morphological features of ZIF. Z-NC and CoZ-NC have an average particle size of 

around 50 nm (Figure 5.5a & b). The iron added samples showed a complete 

transformation of the precursor morphology to a tubular structure (Figure 5.5c & d). 

The detailed morphological analysis was further attempted using transmission 

electron microscopy. 

 

Figure 5.4 SEM image of FeCoZn-ZIF. 
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Figure 5.5 SEM images of (a) Z-NC, (b) CoZ-NC, (c) FeZ-NC and (d) FeCoZ-NC. 

The TEM images of Z-NC shown in Figure 5.6 appeared to be consisting of distorted 

hexagonal particles. The inset of the high-resolution image shown in Figure 5.6c 

indicated the (002) phase of graphitic carbon with a d-spacing of 0.34 nm. The 

elemental mapping given in Figure 5.7 confirmed the uniform nitrogen doping in the 

sample.  

 

Figure 5.6 TEM images of Z-NC at different magnifications (a) 100 kX, (b) 300 kX, 

and (c) 1 mX. HR-TEM image is shown in the inset of (c). 
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Figure 5.7 Elemental mapping of Z-NC. 

Sheet-like structures, identified to be graphitic carbon, having a d-spacing of 0.34 nm 

with uniformly distributed particles are seen for Co-NC (Figure 5.8) sample. The FFT 

image of the selected particle shown in the inset indicated the (111) and (220) phases 

of metallic Co. This was in accordance with the XRD pattern (Figure 5.2), where 

metallic Co was confirmed through peaks at 2 theta value of 44.8°. The particles were 

having an average size of around 10 nm. The elemental mapping of this sample shown 

in Figure 5.9 confirmed the uniform distribution of Co over the graphitic carbon 

sheets.  

 

Figure 5.8 TEM images of Co-NC at different magnifications (a) 120 kX, (b) 300 kX, 

and (c) 1 mX. HR-TEM and FFT are shown in the inset of (c). 

 



Chapter 5                                                             ZIF Derived Bimetallic Carbon Alloy Catalyst 

157 
 

 

Figure 5.9 Elemental mapping of Co-NC. 

TEM images of CoZ-NC exhibited similar morphology as that of Co-NC (Figure 5.10) 

and from the HR-TEM image, these particles were identified to be Co3O4 particles with 

the size of 7-10 nm. Unlike Co-NC, the major phase in CoZ-NC was the oxide phase of 

cobalt, as confirmed by the (311) plane of Co3O4 in the FFT image shown in the inset 

of Figure 5.10c. This was also in accordance with the corresponding XRD pattern 

where the major phase of Co was identified to be the oxide phase. The elemental 

mapping shown in Figure 5.11 clearly showed the distribution of Co3O4 over the N-

doped graphitic carbon sheets.  

 

Figure 5.10 TEM images of CoZ-NC at different magnifications (a) 100 kX, (b) 300 

kX, and (c) 1 mX. FFT is shown in the inset of (c). 



Chapter 5                                                             ZIF Derived Bimetallic Carbon Alloy Catalyst 

158 
 

 

Figure 5.11 Elemental mapping of CoZ-NC. 

The sample FeZ-NC exhibited a tube-like structure with distributed particles (Figure 

5.12). The tubes were composed of N-doped graphitic carbon with a d-spacing of 0.34 

nm (inset of Figure 5.12c). Metallic Fe particles were identified from the FFT image 

(102 plane). The corresponding elemental mapping shown in Figure 5.13 indicated 

uniform distribution of doped elements. 

 

Figure 5.12 TEM images of FeZ-NC at different magnifications (a) 100 kX, (b) 300 

kX, and (c) 1 mX. HR-TEM image and FFT are shown in the inset of (c). 
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Figure 5.13 Elemental mapping of FeZ-NC. 

The morphology of FeCoZ-NC was similar to FeZ-NC, where tube-like structures with 

uniformly distributed particles were seen (Figure 5.14). The formation of tubular 

structure observed in both these samples was due to the presence of Fe, which 

catalyzed the sheet-to-tube transformation of carbon. The tubes were composed of 

graphitic carbon as confirmed by its d-spacing value of 0.34 nm (shown in the inset of 

Figure 5.14c). From the HR-TEM image shown in Figure 5.14c, the particle having a 

size of around 10 nm was identified as metallic Co in (111) plane. In addition to the 

metallic Co, the HR-TEM imaging also confirmed the presence of 20 nm sized metallic 

Fe (Figure 5.14d). The inset shows the FFT image of Fe particle in 102 plane. It is 

reported that carbon nanotubes can store hydrogen electrochemically and the stored 

hydrogen can be electrooxidized.38 Thus the in situ formation of carbon nanotubes in 

Fe doped catalysts enables good electrical conductivity and hydrogen storage, 

consequently minimizing H2 evolution. From Figures 5.14a & b, it was clear that the 

metallic particles were interconnected by the tube structures, resulting in an 

enhancement in the electrical conductivity. Furthermore, the particle surfaces can be 

easily accessed to the reactants via diffusion through the carbon nanotube network, 

enabling higher catalytic activity. The encapsulation of metal nanoparticles in carbon 

structures are expected to promote corrosion resistance. 
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Figure 5.14 TEM images of FeCoZ-NC at different magnifications (a) 100 kX, (b) 300 

kX, and (c and d) 1 mX. HR-TEM image and FFT are shown in the inset of (c & d). 

The elemental mapping shown in Figure 5.15 indicated that almost equal amounts of 

Fe and Co are present in the sample. Fe and Co are located at the same positions 

indicating the probability of alloy formation. 

 

Figure 5.15 Elemental mapping of FeCoZ-NC. 
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The weight percentage of metal present in each sample obtained from EDS analysis is 

given in Table 5.2. The sample Z-NC contained no Zn indicating the complete 

evaporation of it during the carbonization process. After the carbonization of Co,Zn-

ZIF, the resulting catalyst exhibited  very less amount (3.22%) of Zn. On the other 

hand, Fe,Zn-ZIF yielded a catalyst with zero Zn content upon carbonization. The 

trimetallic ZIF (Fe,Co,Zn-ZIF) derived carbon contained a slightly higher amount of Fe 

(52.87%) compared to Co (46.4%). In addition to this, trace amounts of Zn (0.73%) 

were also seen indicating that > 99% of Zn was evaporated during carbonization.  

Table 5.2 Weight percentage of metals obtained from EDS. 

Sample Zn Fe Co 

(weight %) 

Z-NC 0 0 0 

Co-NC 0 0 100 

CoZ-NC 3.22 0 96.78 

FeZ-NC 0 100 0 

FeCoZ-NC 0.73 52.87 46.4 

 

5.3.3 Surface Area Analysis 

The surface area and pore characteristics of the samples were quantified using N2 

adsorption-desorption analysis. The isotherms obtained from the analysis, shown in 

Figure 5.16a, resembled the Type I, characteristic of microporous materials. As 

expected, the surface area and micropore volume exhibited by Z-NC were the highest 

(792 m2 g-1) compared to all the other samples and were ascribed to the Zn 

evaporation during carbonization. Co-NC showed the least surface area due to the 

presence of cobalt which was not volatilized during carbonization. The other catalysts 

(CoZ-NC, FeZ-NC, and FeCoZ-NC) exhibited surface area values in between Co-NC and 

Z-NC. The evaporation of Zn in these samples helped the enhancement of surface area 

compared to Co-NC having no Zn in its precursor. Among these catalysts, FeZ-NC and 

FeCoZ-NC exhibited almost similar surface areas (323 and 321 m2 g-1 respectively), 

whereas CoZ-NC exhibited a slightly higher surface area (417 m2 g-1). This was 

ascribed to the differences in structural features as evidenced from TEM analysis. The 
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physical and chemical interactions of the electroactive materials at the interface 

depend on the surface energy as well as surface chemistry of the catalyst. The 

enhanced surface area of the catalyst provides the BOR intermediates a longer 

lifetime at the catalyst sites, leading to the completion of the reaction, thereby 

enhancing the faradaic efficiency. 

The high specific surface area and dual metal doping in FeCoZ-NC are expected to 

provide a large number of active sites and are also helpful for greater contact with 

sodium borohydride. The variation in the micropore volume for the samples was 

obtained from the NLDFT analysis shown in Figure 5.16b. The samples exhibited a 

narrow pore size distribution within 0.6-1.8 nm. 

 

Figure 5.16 (a) N2 adsorption-desorption isotherms and (b) NLDFT pore size 

distribution of Z-NC, Co-NC, CoZ-NC, FeZ-NC, and FeCoZ-NC. 

5.3.4 Chemical Compositional Analysis 

X-ray photoelectron spectroscopy was used to estimate the surface elemental 

composition and their chemical environment. All the samples showed the presence of 

carbon, nitrogen, and oxygen. Z-NC, CoZ-NC, and FeCoZ-NC showed the presence of 

traces of Zn, indicating its incomplete evaporation (Figure 5.17). The presence of 

cobalt was detected in Co-NC, CoZ-NC, and FeCoZ-NC while the existence of iron was 

observed in FeZ-NC and FeCoZ-NC.  
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Figure 5.17 XPS survey spectrum of Z-NC, Co-NC, CoZ-NC, FeZ-NC, and FeCoZ-NC. 

The high-resolution Zn 2p spectra (Figure 5.18) of Z-NC showed two distinct peaks 

at 1021.7 eV and 1044.7 eV corresponding to the binding energies of Zn 2p3/2 and Zn 

2p1/2 respectively. A slight red shift was observed for both Zn 2p3/2 and Zn 2p1/2 peaks 

(1021.4 eV and 1044.4 eV respectively) in CoZ-NC and FeCoZ-NC indicating that Fe 

and/Co were successfully doped in these catalysts. The less intense and noisy Zn 2p 

spectrum in CoZ-NC and FeCoZ-NC, compared to Z-NC, indicated that the presence of 

Zn in these samples was indeed very low.  

 

Figure 5.18 Deconvoluted Zn 2p XPS spectrum Z-NC, CoZ-NC, and FeCoZ-NC. 

The deconvoluted Co 2p spectra of Co-NC, CoZ-NC, and FeCoZ-NC are shown in Figure 

5.19. The peak at 778.5 eV corresponded to metallic cobalt. The broad Co 2p3/2 and 

Co 2p1/2 peaks consisted of two pairs of peaks. The XPS spectrum of Co 2p3/2 consisted 

of two peaks at 779.9 and 781.9 eV, whereas Co 2p1/2 comprised peaks at 795.1 and 
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796.8 eV.  The peaks at 781.9 and 796.8 eV corresponded to the Co2+ oxidation state, 

while the Co3+ oxidation state was indicated by the peaks 779.9 and 795.1 eV. 

Interestingly, Co-Nx peaks were also present in the XPS spectra which were believed 

to be the active site for the BOR. Co has a partial positive charge and is therefore more 

favorable for the adsorption of negatively charged BH4- leading to an enhanced 

electrooxidation process. 

 

Figure 5.19 Deconvoluted Co2p spectrum of (a) Co-NC, (b) CoZ-NC and (b) FeCoZ-

NC. 

The deconvoluted Fe 2p spectrum of FeZ-NC and FeCoZ-NC shown in Figure 5.20 was 

similar to Co 2p spectra, where bimodal pairs for Fe 2p3/2 and Fe 2p1/2 were seen. 

The peaks at 710.2 and 723.7 eV corresponded to 2p3/2 and 2p1/2 orbitals of Fe (II) 

and the peaks at 711.8 and 725.9 eV corresponded to 2p3/2 and 2p1/2 orbitals of Fe 

(III). The existence of peaks at binding energies of 707.7 and 714.7 eV respectively 

indicated the presence of Fe-O and Fe-Nx centers.  
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Figure 5.20 Deconvoluted Fe2p spectrum of (a) FeZ-NC and (b) FeCoZ-NC. 

Compared to all the other catalysts, FeCoZ-NC contained M-Nx centres arising from 

Fe-Nx and Co-Nx. Z-Nx arose from the trace amount of Zn also contributed towards the 

active reaction centers. The presence of these M-Nx active centers was presumed to 

be beneficial for enhanced BOR performance of FeCoZ-NC catalyst.  

The high-resolution N 1s spectra of Z-NC, Co-NC, CoZ-NC, FeZ-NC, and FeCoZ-NC was 

deconvoluted to four different peaks corresponding to pyridinic, pyrrolic, graphitic, 

and pyridinic N-oxide with binding energies of 398.8, 400.8, 402.6 and 403.9 eV 

respectively (Figure 5.21 & Figure 5.23). The pyridinic and graphitic nitrogen are 

believed to be the active N-sites capable of oxidation of borohydride.30 
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Figure 5.21 Deconvoluted N 1s XPS spectrum of (a) Z-NC, (b) Co-NC, (c) CoZ-NC, 

and (d) FeZ-NC. 

The deconvoluted C 1s spectra of Z-NC, Co-NC, CoZ-NC, FeZ-NC, and FeCoZ-NC (Figure 

5.22 & Figure 5.23) showed a major peak at 284.8 eV corresponding to the binding 

energy of sp2 carbon. The three other peaks at binding energies of 285.5, 286.6, 288.4 

eV respectively correspond to C-N, C-O, and C=O.  
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Figure 5.22 Deconvoluted C 1s XPS spectrum of (a) Z-NC, (b) Co-NC, (c) CoZ-NC, and 

(d) FeZ-NC. 

 

Figure 5.23 Deconvoluted (a) N 1s and (b) C 1s XPS spectrum of FeCoZ-NC. 

5.3.5 Electrochemical Analysis 

The electrocatalytic performance of the catalyst towards the sodium borohydride 

oxidation reaction was analyzed using a three-electrode system in an alkaline 

solution. The cyclic voltammetry curves (CVs) of FeCoZ-NC catalyst in the absence and 

presence of NaBH4 are shown in Figure 5.24. The CV curve in the absence of NaBH4 

was rather different from that in the presence of NaBH4. In 1M KOH solution, without 
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NaBH4, CV was devoid of any characteristics peak, whereas, in the presence of NaBH4, 

there was an increase in current density, and a peak at 0.61 V was observed with a 

current density of 56.5 mA cm-2. This enhancement in the current density represented 

that the FeCoZ-NC electrode had catalytic activity towards the electrochemical BOR.  

 

Figure 5.24 Comparison of CVs of FeCoZ-NC in the absence and presence of NaBH4 

and with no electrode rotation. 

The comparison of the electrocatalytic activities of all the prepared catalysts was done 

by running CV in 1 M KOH+ 0.05 M NaBH4 solution at a scan rate of 50 mV s-1 (Figure 

5.25). There was no peak corresponding to the oxidation of NaBH4 in Z-NC and FeZ-

NC indicating that these two catalysts were electrocatalytically inactive towards 

oxidation of BH4-. The BOR inactivity in Z-NC was due to the absence of metallic 

species. Even though FeZ-NC contained Fe-Nx centers, it was also found to be BOR 

inactive suggesting that Fe-Nx was not contributing towards BOR catalysis. All the 

other catalysts containing Co-Nx active sites (Co-NC, CoZ-NC, and FeCoZ-NC) 

displayed BOR activity. The onset potential was found to be similar for Co-NC, CoZ-

NC, and FeCoZ-NC, but the oxidation current density was the highest for FeCoZ-NC 

(56.5 mA cm-2). The higher peak current density of the CV curve implies higher 

electrocatalytic activity indicating that FeCoZ-NC has the highest BOR activity among 

the prepared catalysts. Co-Nx has thus substantial role in the enhancement of BOR 

activity while Fe-Nx active sites could not catalyze the BOR activity. The BOR 

performance of FeCoZ-NC containing both cobalt and iron surpassed Co-NC and CoZ-

NC suggesting that the amount of Co-Nx active center was not the only factor 

determining the BOR performance. Factors like in situ porosity creation arising due 
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to Zn evaporation, N-doped carbon nanotube formation (evidenced from TEM), and 

the synergistic effect of Co and Fe dopants played a significant role. 

 

Figure 5.25 Comparison of CVs of Z-NC, Co-NC, CoZ-NC, FeZ-NC, and FeCoZ-NC in 1 

M KOH+0.05 M NaBH4 with no electrode rotation. 

The catalytic performance of the FeCoZ-NC electrode was further explored by varying 

the concentration of NaBH4. Figure 5.26a displayed the CVs of FeCoZ-NC under 

different concentrations of NaBH4 at a fixed KOH concentration of 1 M. Obvious anodic 

peak was observed between 0.4 V to 0.8 V for all the CV curves and were attributed to 

the NaBH4 electrooxidation. As the potential was scanned in the positive direction, the 

anodic current response of all the CVs got enhanced. The oxidation current density 

increased from 12 mA cm-2 (0.01 M) to 57 mA cm-2 (0.05 M) with increase in 

concentration of NaBH4. The oxidation peak shifted towards the positive direction 

and the current increased linearly with NaBH4 concentration. 

The kinetics of electrooxidation of NaBH4 can be evaluated by the following 

equation.14 

𝑗𝑝 = 𝑧𝐶𝑁𝑎𝐵𝐻4
𝛽

                                                                                                                                     (5.8) 

Where jp is the peak current density, z is a constant, C refers to the NaBH4 

concentration and β is the reaction order.  

The plot of peak current density against the concentration of NaBH4 (Figure 5.26b) 

gives a straight line implying that electrooxidation of NaBH4 on FeCoZ-NC catalyst is 
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an irreversible process.39 The BOR reaction order at FeCoZ-NC was calculated from 

the slope of ln jp vs ln 𝐶𝑁𝑎𝐵𝐻4  plot (Figure 5.26c) and the obtained value of 0.97, 

indicated a first-order reaction.40,41 

 

Figure 5.26 (a) CVs of FeCoZ-NC sample at different concentrations of NaBH4 in 1 M 

KOH and (b) corresponding jp vs CNaBH4 plot and, (c) ln jp vs ln CNaBH4 plot. 

The LSV of FeCoZ-NC was carried out at different scan rates in 1M KOH+0.05 M NaBH4 

and the result is shown in Figure 5.27a. With the increase of scan rate, there was an 

increase in current density which was due to the facilitated reactant diffusion and 

higher charge transfer at faster scan rates.42 Moreover, the peak potential moved to a 

more positive value suggesting that the electrooxidation of NaBH4 is an irreversible 

process. The dependence of increased current density on the scan rate was 

determined by plotting peak potential (jp) against the square root of scan rate (Figure 

5.27b), which follows the Randles−Sevcik equation varying linearly with the square 

root of applied scan rate. This indicated the dominance of diffusion towards 

electrochemical response. 
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Figure 5.27 (a) LSVs of FeCoZ-NC recorded at different scan rates in 1 M KOH+0.05 

M NaBH4 and, (b) dependence of jp on ν1/2. 

LSV of Co-NC, CoZ-NC, and FeCoZ-NC at different electrode rotation speeds were 

carried out in1M KOH+0.05 M NaBH4 at a scan rate of 10 mV s-1 (Figure 5.28a, b & 

c). 

 

Figure 5.28 LSVs of (a) Co-NC, (b) CoZ-NC, (c) FeCoZ-NC recorded at different 

electrode rotation in 1 M KOH+0.05 M NaBH4 at a scan rate of 10 mV s-1. 
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The correlation between current values and rotation rates was given by Koutecky-

Levich (K-L) equation.  

1

𝑗
=

1

𝑗𝑘
+

1

𝑗𝐿
=

1

𝑗𝑘
+

1

0.62𝑛𝐹𝐷2/3𝜈−1/6𝜔1/2
                                                                                            (5.9)      

1

𝑗
=

1

𝑗𝑘
+

1

𝐵𝜔1/2
                                                                                                                                  (5.10) 

where j is the disk current density, jk the kinetic controlled current density, jL is the 

diffusion- limiting current density, F is the Faraday constant, D is the diffusion 

coefficient of the electrochemically active species, C is the concentration of BH4−, ν is 

the kinematic viscosity of the electrolyte solution, ω is the rotation rate of the 

electrode, and n is the number of exchanged electrons. 

The K-L equation was used to calculate the number of electrons transferred during 

the BOR. K-L plots were obtained by plotting j-1 against ω-1/2. A linear relationship 

between j-1 and ω-1/2 was observed (Figure 5.29) and the number of electron 

transfers was calculated from the slope. The calculated n values in the BH4- 

electrooxidation reaction on Co-NC, CoZ-NC, and FeCoZ-NC electrodes were 5.3, 4.8, 

and 7.9 respectively. The highest number of exchanged electrons for FeCoZ-NC 

suggested that the direct electrooxidation of NaBH4 was more likely to occur on this 

electrode rather than the hydrolysis of NaBH4. 

 

Figure 5.29 K-L plots comparison of Co-NC, CoZ-NC and FeCoZ-NC at 1.0 V. 
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Rotating ring disk electrode (RRDE) analysis was also carried out to find the number 

of electrons transferred per NaBH4 molecule. RRDE measurements were done using 

a gold-ring rotating ring-disk electrode with a glassy carbon disc with a low catalyst 

loading of 0.04 mg cm-2. A gold ring electrode was chosen for the experiment since 

gold is not electrocatalytically active towards BOR until a potential above ∼0.027 V. 

Therefore, RRDE measurements were carried out by setting the ring potential as 

0.025 V. At this potential, the borohydride hydrolysis will be negligible at the ring 

electrode. Thus, the current obtained at the ring electrode will be due to the oxidation 

of hydrogen (HOR) produced by the disc electrode.  

The number of electrons transferred per NaBH4 molecule (n) was calculated from the 

RDE data based on the equation, 

𝑛 =
8𝐼𝑑

𝐼𝑑+
𝐼𝑟
𝑁

                                                                                                                                                                      (5.11) 

Where, Id is the disc current and Ir is the ring current. N is the current collection 

efficiency of the Au ring.43  

The number of electron transfer (n) was calculated by running chronoamperometry 

in which the disc potential was kept as 1 V. The CA analysis of FeCoZ-NC was carried 

out in 1 M KOH, with 0.05 M NaBH4, and the result is shown in Figure 5.30a. An n 

value of 7.85 obtained for FeCoZ-NC, was comparable to that obtained from the KL-

plot. This result indicated near complete oxidation of NaBH4. 

The electro-catalytic stability of FeCoZ-NC towards BOR was investigated by 

performing chronoamperometric analysis. The chronoamperometry was carried out 

at different potentials in 1 M KOH+0.05 M NaBH4 solution. The test time at each 

potential was 1900 s. It can be seen from Figure 5.30b that, when the potential 

increases, the current density also increases, as the reaction driving force is large at a 

high potential.44 Furthermore, the current density was significantly reduced at a high 

potential of 1 V and 0.8 V. This is owing to the rapid consumption of fuel in the solution 

at high potential, and the BH4- ions concentration on the surface of the FeCoZ-NC 

electrode is not enough to achieve steady-state electrooxidation.6,45 The smooth 

anodic current density platform in the CA curve indicated that FeCoZ-NC possessed 

good stability at these potentials. 
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Figure 5.30 Number of electron transfers obtained at a disc potential of 1.0 V during 

RRDE measurement and (b) CA curves of FeCoZ-NC in 1 M KOH+0.05 M NaBH4 

tested at different fixed potentials. 

The increase in borohydride oxidation current density and the lower onset potential 

in the FeCoZ-NC sample were mainly attributed to the presence of Co-Nx active sites. 

The in situ nitrogen doping on the carbon lattice, mainly pyridinic and graphitic N, 

created more active sites in addition to Co-Nx sites. The increased surface area and 

porosity arising from the evaporation of Zn facilitated the adsorption of more BH4- 

molecules to the catalyst surface. Metallic Co present in the catalyst also helped the 

oxidation of the adsorbed NaBH4. Moreover, the enhanced hydrophilicity of the 

carbon lattice due to N-doping helped the accessibility of BH4- at the catalyst surface. 

The interconnected nanotubular structure formed by the catalytic activity of Fe 

enhanced the electrical conductivity and reactant diffusion. All the above factors 

made FeCoZ-NC a promising electrocatalyst for borohydride electrooxidation. 

5.4 Conclusions 

Fe, Co incorporated carbon nanotube catalyst (FeCoZ-NC) was developed from a 

single Fe, Co, Zn-ZIF precursor by a simple, fast, and aqueous room temperature 

synthesis approach. The carbon nanotube morphology achieved during carbonization 

by the catalytic action of doped Fe in the precursor enabled uniform distribution of 

metal/metal oxide nanoparticles as revealed from HRTEM. Moreover, the EDS 

analysis indicated the uniform distribution of nitrogen, and an almost equal amount 

of Fe and Co were also identified. It was found that both Fe and Co coexisted at the 

same position in the EDS image representing alloy type features of the metal centers 
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in the catalyst. XRD analysis showed the presence of metallic and oxide phases. The 

catalyst exhibited a high specific surface area of 321 m2 g-1 with microporous features 

created by the evaporation of Zn during the carbonization of the trimetallic precursor. 

Catalytically active pyridinic and graphitic N and Co-Nx sites were identified from XPS. 

The borohydride oxidation current density reached 56.5 mA cm-2 at 0.61 V in 0.05 M 

NaBH4+1 M KOH solution with good stability. The enhanced electrocatalytic 

performance towards NaBH4 electrooxidation with better stability suggested that 

FeCoZ-NC is a promising catalyst for BOR. 
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Development of cost-effective catalysts for the fuel cell is of great importance because 

of the sluggish kinetics of oxygen reduction reaction (ORR) at the cathode and the 

extensive use of platinum-based catalyst. Heteroatom doped carbon with good 

electrical conductivity and surface area is considered to be a better alternative for Pt 

based catalysts. However, efficient modulation of the active sites by the simultaneous 

incorporation of porosity and heteroatoms, without affecting the electrical 

conductivity is still a challenging task. Among the diverse carbon precursors 

employed, MOGs are preferred as an excellent precursor for the preparation of porous 

carbons with heteroporous architecture.  

MOGs are viscoelastic solid-like materials formed by metal-organic coordination force 

extending to 3D interconnected architectures. MOGs are potential precursor for high 

surface area porous carbon due to its flexibility in design and tunable pore structures. 

However, due to the lack of N in its structure, very little attention has been devoted to 

these materials. To address this issue, an inter penetrating network (IPN) structure 

was synthesized from a nitrogen abundant thermosetting polymer, melamine 

formaldehyde (MF) and the iron containing MOG. The introduction of MF into MOG 

precursor resulted in a polymer network of improved mechanical properties and 

yielded a stable end product upon pyrolysis. The strong covalently bonded organic 

polymer MF thus served as a less expensive nitrogen enriched precursor of carbon. 

Further, the incorporation of naphthalene into this IPN network altered the 

morphology and pore characteristics of the derived carbon thereby enhancing the 

electrocatalytic activity of the resultant Fe, N-doped heteroporous carbon. High BET 

surface area of 950 m2 g-1 with a better degree of distribution of graphitic N and a good 

onset potential value of 0.91 V vs RHE in 0.1 M KOH solution was accomplished for 

the system. 

In the quest for further improvements in doped carbon catalysts for ORR, an earth 

abundant natural polymer chitosan was chosen as the nitrogen source and substitute 

for melamine formaldehyde. Chitosan is a biopolymer with high nitrogen content (∼7 

wt.%) due to the presence of amine and acetamide containing functional groups in its 

structure. These functional groups are responsible for the nontoxic, biocompatible, 

and biodegradable properties of chitosan making it a green precursor for N-doped 

carbon materials. The intercalation of chitosan in the three dimensional network of 
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MOG provided stronger electrostatic interaction of cationic N sites of chitosan with 

Fe(III). The stronger gel network prevented the disintegration at the Fe-N sites, 

resulting in a pyrolysis product with higher amount of electrocatalytically active 

graphitic N. The morphological analysis revealed Fe distributed mesoporous graphitic 

carbon sheets, with a specific surface area value of 565 m2 g-1. The higher percentage 

of graphitic N, apparent from the XPS data contributed to better catalytic 

performance. The electrocatalytic activity was comparable with that of the 

commercially available Pt/C via an efficient four-electron-dominant ORR pathway 

with a positive onset potential value of 0.925 V vs RHE. High durability after 5000 

cycles further confirmed the feasibility of the developed electrocatalyst to be used for 

ORR. 

Recent reports suggest that the activity of the Fe-Nx coordination active sites can be 

boosted by the coexistence of Fe/Fe3C nanoparticles, in which the charge density of 

the Fe atom in the Fe-Nx configuration can be changed by metallic iron nanoparticles. 

Thus, iron carbide (Fe3C) encapsulated hierarchical pod- like porous graphitic carbon 

structures were prepared by a simple pyrolysis of Fe-glycine complex integrated 

melamine formaldehyde resin precursor. The unique structure and stronger network 

of the resulting thermosetting resin facilitated the formation of porous carbon 

nanosheets while Fe catalyzed the formation of carbon nanotubes. The catalyst 

possessing high degree of graphitization with enhanced surface area (205 m2 g-1) 

exhibited high ORR activity with an onset potential of 0.95 V and a half-wave potential 

(E1/2) of 0.80 V vs RHE in alkaline media through the four-electron reduction pathway.  

Transition metal, N-doped porous carbon structures are also potential electrode 

materials for borohydride oxidation reactions in fuel cells. Carbon nanotube 

supported bimetallic electrocatalyst with high porosity was thus developed from a 

single trimetallic zeolitic imidazolate framework precursor (FeCoZn-ZIF) through a 

fast-aqueous room temperature synthesis strategy. Carbonization under an inert 

atmosphere yielded carbon alloy catalyst with enhanced porosity created by the Zn 

evaporation. The nanotubular structure of carbon assisted the faster electron 

transport. The oxidation current density reached 56.5 mA cm-2 at 0.61 V in 0.05 M 

NaBH4+ 1 M KOH solution with good stability.  
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Suggestions for Future Work 

➢ Establishing the pore structure correlation with the synthetic pathways of 

carbon structures. 

➢ Investigations on the effect of multiple metals in the carbon matrix for oxygen 

reduction reaction activity. 

➢ Online detection of formation of H2 gas during the borohydride 

electrooxidation. 

➢ Developing single atom /atomically dispersed metal catalysts based on high 

surface area porous carbon for electro catalytic applications. 
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Fuel cells are well accepted as a green energy source because of its high efficiency, 

and sustainability. The basic chemical changes occurring in a fuel cell can be 

attributed to the reactions of oxygen reduction (ORR) at the cathode and hydrogen 

oxidation reaction (HOR) at the anode. The sluggish kinetics of oxygen reduction 

reaction and the extensive use of Pt-based catalyst are major barriers for the 

commercialization of fuel cells. Heteroatom doped porous carbon electrocatalysts 

gained much attention for the development of cost effective fuel cells. However, 

efficient modulation of the active sites by the incorporation of porosity and 

heteroatoms, without affecting the electrical conductivity is still a challenging task. 

Chapter 1 provides an introduction to fuel cells, oxygen reduction reaction and a 

review of literature regarding the development of hetero atom doped porous carbon 

electrocatalysts. Chapter 2 focuses on the development of Fe, N-doped porous 

graphitic carbon electrocatalyst by the pyrolysis of an interpenetrating polymer 

network (IPN) comprising of melamine formaldehyde and metal organic gel. 

Incorporation of naphthalene into the IPN network altered the morphology and pore 

characteristics of the derived carbon and thereby enhanced the electrocatalytic 

activity of the resultant Fe, N-doped carbon. Chapter 3 reports a green precursor 

chitosan, as a nitrogen source for the intercalation with metal organic gel for the 

synthesis of N-doped Fe distributed mesoporous graphitic carbon. The higher 

percentage of graphitic N contributed to better catalytic performance. In chapter 4, 

iron carbide encapsulated pod-like graphitic carbon structures were prepared by 

simple pyrolysis involving Fe-glycine complex integrated melamine-formaldehyde 

resin precursor. The catalyst with high degree of graphitization and enhanced specific 

surface area exhibited the highest ORR activity. In chapter 5, carbon nanotube 

supported bimetallic electrocatalyst with high porosity was developed from a single 

trimetallic zeolitic imidazolate framework precursor for borohydride 

electrooxidation. The enhanced electrocatalytic performance induced by the 

morphological and textural features of the porous carbon catalysts enabled NaBH4 

electrooxidation via an eight-electron transfer indicating its potential as a promising 

catalyst for BOR. 
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a b s t r a c t

Development of inexpensive oxygen reduction electrocatalyst with high activity and durability is very
important. Herein, iron carbide encapsulated pod-like graphitic carbon structures were prepared by sim-
ple pyrolysis involving Fe-glycine complex integrated melamine–formaldehyde resin precursor. The best
catalyst among those studied, Fe-Gly 2 MF-C, possessing high degree of graphitization (ID/IG = 0.99) and
enhanced specific surface area (205 m2/g) exhibited the highest ORR activity with a half-wave potential
of 0.80 V in alkaline medium through the four-electron reduction pathway.

� 2020 Elsevier B.V. All rights reserved.

1. Introduction

Carbon supported Pt-based catalysts have been widely used as
efficient materials for the oxygen reduction reaction (ORR) [1,2].
Unfortunately, the limited availability, exorbitant price, low selec-
tivity, and poor stability under the operating conditions are imped-
iments to their widespread utilization [3,4]. Thus, rational design
and synthesis of non-precious catalysts with comparable perfor-
mance to that of Pt are of great significance. This has led to the
emergence of inexpensive heteroatom doping. Recently, N-doped
porous carbon materials as ORR catalysts have gained attraction
by virtue of their high electrical conductivity, surface area and

porosity [5]. Besides N-doping, transition metal (Fe, Co, Ni, Cu,
Mn, etc.) doping is also pursued for further improvements in the
electrocatalytic activity [6,7]. Graphitic carbon shells activated by
transition metals as encapsulated metal/metal carbide nanoparti-
cles have emerged to be efficient ORR catalysts [8,9].

In this study, we report the synthesis of Fe3C encapsulated
tubular and sheet-like graphitic carbon by the carbonization of a
hybrid thermosetting network structure formed by an optimized
compositional mixing of Fe-glycine complex and melamine–
formaldehyde (MF).

2. Experimental

Methylol melamine synthesized according to our previous
report [10], was carefully introduced into the Fe-Glycine complex
obtained by mixing required amount of glycine and FeCl3 aqueous
solutions, and allowed to complete polymerization at room tem-
perature. The collected products were then pyrolyzed and charac-
terized. (see SI for details)
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3. Results and discussion

During synthesis, Fe forms a strong coordinated complex with
glycine which subsequently reacts with methylol melamine to
form a cross-linked 3D structure (This complex formation occurs
when Fe3+is bonded to glycine through chelation between hydro-
philic –COOH and –NH2 groups). The 3D cross-linked structure
effectively reduces the agglomeration of iron particles by virtue
of its strong interaction with the complex. Thus, Fe3+ gets stabi-
lized within the network and results in the formation of N-doped
porous graphitic carbon structure having uniform iron carbide dis-
tribution. Fe species transform the nearby graphitic carbon sheets
into tubes during pyrolysis, thereby entrapping Fe3C into the pod-
like carbon structure (Fig. 1a).

XRD patterns (Fig. 1b) of the three samples showed peaks cor-
responding to graphitic carbon. (JCPDS: 75–1621) [11]. Fe-Gly 1
MF-C exhibited a less intense peak of Fe3C at 49.1� 2h. With the
increased amount of Fe, a greater number of Fe3C peaks appeared
at the 2h values of 43.6� and 51� corresponding to (1 0 2) and

(1 2 2) planes, respectively (JCPDS:77–0255) [12] for Fe-Gly 2
MF-C and Fe-Gly 3 MF-C. In the Raman spectra (Fig. 1c), ID/IG ratio
increased in the order Fe-Gly 1 MF-C (0.94) > Fe-Gly 2 MF-C
(0.99) > Fe-Gly 3 MF-C (1.03), while increased Fe content caused
a decrease in the degree of graphitization, since the graphitic struc-
ture of the resultant carbon gets deformed by the inclusion of Fe
particles in the carbon lattice. Thus, the Fe-Gly 3 MF-C sample hav-
ing the highest Fe content appeared to be more disordered in the
Raman spectra. The Fe-Gly 1 MF-C sample with an enhanced
graphitization degree may have increased electrical conductivity.
Despite that, the decreased Fe content causes a reduction in the
electrocatalytic active sites leading to reduced ORR activity. Thus,
Fe-Gly 2 MF-C with moderate Fe content and good graphitization
is presumed to show better ORR activity.

Electron micrographs of samples showed both sheet and tubu-
lar morphologies (Fig. 2a-c, Fig. S1). The HRTEM image (Fig. 2d)
(SAED pattern in inset) was consistent with the (0 0 2) plane of
the graphitic carbon with a d-spacing of 0.34 nm [13]. Unlike the
other two samples, a slight difference in the morphology for

Fig. 1. (a) Schematic of the formation of Fe-Gly MF-C (b) XRD and (c) Raman spectra comparison.
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Fe-Gly 2 MF-C was observed, where tubular hollow graphitic car-
bon enclosed with Fe3C was seen. Even though the amount of Fe3+-
used for the preparation of Fe-Gly 2 MF-C was less compared to Fe-
Gly 3 MF-C, the TEM displayed more amount of Fe species (Fig. 2c).
The increased Fe addition during Fe-Gly 3 MF-C synthesis may
have caused agglomeration of Fe species upon pyrolysis and hence
got washed off easily on acid treatment resulting in lesser Fe con-
tent in the catalyst microstructure. The formation of unique pod-
like morphology in Fe-Gly 2 MF-C is ascribed to the creation of a
strong 3D network structure with stabilized Fe3+ ions. This is pos-
sible by optimizing the metal/glycine ratio. The stabilization of Fe3+

ions reduced its agglomeration during pyrolysis and these stabi-
lized Fe species catalyzes the tube formation of the nearby carbon
resulting in pod-like carbon with embedded Fe3C. With the Fe3C
particles being encapsulated inside the carbon structure, it is pro-
tected from acid attack. Occasionally, the Fe3C particles are seemed
to be protruding out of the tube (Fig. 2f), which will function as
additional ORR active sites. The carbon tube, (Fig. 2c) depicts
~250 nm diameter and a wall thickness of ~8 nm (Fig. 2d) while

the entrapped Fe3C particles possess an elongated morphology
with a length of ~450 nm and a width of ~110 nm (Fig. 2e). HRTEM
image of the Fe3C (Fig. 2g) shows a graphitic carbon shell with a
thickness of ~8 nm and d-spacing of 0.34 nm (Fig. 2h), thereby con-
firming the graphitic carbon structure surrounding the Fe3C
particle.

All the samples showed identical BET surface area (~205 m2/g)
and the pore size distribution curve obtained from NLDFT analysis
indicated heteroporosity. The cumulative pore volume measured
from BJH was found to be 0.54 cm3 g�1 for Fe-Gly 2 MF-C (Fig. S2).

The atomic percentages of elements present in the various sam-
ples obtained from XPS are summarized in Table S1. The deconvo-
luted N 1 s spectra (Fig. 2i) shows pyridinic N (398.6 eV) and
graphitic N (401.5 eV) species. Since the binding energy of the
Fe-N bond is reported to be close to that of pyridinic N [14], the
peak at ~ 398.6 eV is assigned to both pyridinic N and Fe-N. The
fraction of the graphitic N was found higher in all the samples
(Fig. 2j) and this may be due to the strong network structure of
the precursors resulting in stronger Fe-N interaction. The strong

Fig. 2. TEM images of (a) Fe-Gly 1 MF-C (b) Fe-Gly 3 MF-C (c-h) Fe-Gly 2 MF-C (i) XPS deconvoluted N 1 s spectra (j) atomic percentage of the different types of N species and
(k) high-resolution Fe 2p XPS spectra.
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network ultimately led to the formation of entrapped N in the car-
bon matrix (graphitic N) upon pyrolysis rather than edge N species
(pyridinic and pyrrolic N). In the high-resolution Fe 2p spectra
(Fig. 2k), for all the samples, two main peaks appeared at 711.6
and 725 eV representing the binding energies of Fe 2p3/2 and Fe
2p1/2 of Fe3+ ion, respectively [15]. Further deconvolution of the
peaks was found difficult as the percentage of Fe was very low.

The CV profiles for Fe-Gly 2 MF-C in N2 and O2 saturated 0.1 M
KOH is given in Fig. 3a. Upon oxygen saturation, there is a rapid
increase in current density in the cathodic direction owing to the
reduction of oxygen. The ORR onset potential of Fe-Gly 1 MF-C
and Fe-Gly 3 MF-C obtained from LSV curves were found to be
0.92 V whereas, for Fe-Gly 2 MF-C was 0.95 V which is only
50 mV lower than Pt/C (Fig. 3b). Also, there is only 30 mV differ-
ence in the E1/2 value of Fe-Gly 2 MF-C compared to Pt/C. In addi-
tion to the enhanced onset and E1/2, Fe-Gly 2 MF-C also possessed a
high limiting current density of �4.5 mA/cm2.

The Koutecky-Levich (K-L) plots of all the samples have
appeared to be linear indicating first order ORR kinetics (Fig. 3c).

The number of electrons transferred (n) and % H2O2 calculated
from RRDE for Fe-Gly 2 MF-C was 3.8 and 10% respectively
(Fig. 3d) with a Tafel slope of 73 mV/dec which is closer to that
of Pt/C indicating faster ORR kinetics (Fig. 3e). Fe-Gly 2 MF-C
exhibited excellent durability with a negligible shift in
E1/2(10 mV) after 5000 cycles of ADT (Fig. 3f), whereas Pt/C exhib-
ited poor durability with a 30 mV shift in E1/2 (Fig. S3). The electro-
chemical properties of samples are listed in Table S2.

4. Conclusions

The optimized Fe-N co-doped catalyst (Fe-Gly 2 MF-C), exhib-
ited excellent electrocatalytic behavior with an onset potential of
0.95 V with excellent stability during alkaline ORR. By virtue of
the micro/mesoporous architecture, pod-like morphology and the
incorporation of Fe/Fe3C in carbon nanostructure, the catalytic
activity gets enhanced. The present study thus provides an easy
synthetic method for the development of Fe, N co-doped hetero-
porous carbon with outstanding electrocatalytic properties.

Fig. 3. (a) CVs of Fe-Gly 2 MF-C in N2 and O2 saturated 0.1 M KOH (b) LSVcurves (c) K-L plots (d) number of electrons transferred & hydrogen peroxide yield obtained from the
RRDE experiment (e) Tafel plots and (f) LSVs recorded before and after the 5000 cycle ADT of Fe-Gly 2 MF-C.
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