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PREFACE 

 

 
With the increasing rate of depletion of fossil fuels, the development of new renewable 

energy sources has become a major demand for sustainable development. Fuel cells and 

triboelectric nanogenerators are considered efficient energy conversion devices that can 

operate in an environment-friendly approach 
[6,

 
7]

. Additionally, the rapid growth of 

industrialization and the associated discharge of untreated organic waste have also 

adversely affected the environment. Advanced Oxidation Process (AOP) employing 

persulfate activation is perceived as an effective approach for the removal of organic 

contaminants due to their non-selective degradation 
[8]

. However, developing sustainable 

materials that can effectively address these problems is still a challenge. Porous carbon 

materials are considered as potential candidates for energy conversion devices and 

mitigation of pollutants from different sources due to their variable structures, 

economically viable preparation strategies, and higher stability. However, the chemical 

inertness and low electrical conductivity are some of the limitations of these traditional 

carbon materials that limit their applications. Heteroatom doping is considered as one of 

the efficient approaches for tuning the properties of carbon since it can alter the spin, and 

electronic states of the carbon leading to the generation of activated regions 
[9]

. The 

preparation of heteroatom-doped carbon using Metal-organic frameworks (MOFs) 

precursors has attracted attention due to the easy synthesis strategy, tunable morphology 

and heteroatom doping. Hence in this regard, N-doped carbon and transition metal- 

incorporated carbon exploiting different MOFs are prepared and their efficiency is 

evaluated for energy conversion devices and organic pollutant degradation. 

The thesis comprises of six chapters. Chapter 1 gives an introduction to heteroatom- 

doped carbon, Metal-organic frameworks, Fuel cells, Advanced oxidation processes 

(AOPs), and triboelectric nanogenerators. A detailed review of the literature regarding the 

application of MOF derivatives for the mentioned applications is carried out for the 

definition of the problems mentioned. 

Chapter 2 deals with the design of Heteroatom doped porous carbon electrocatalyst with 

enhanced oxygen reduction reaction (ORR) performance in an alkaline medium. High- 

temperature treatment of Ni-incorporated ZIF-8 frameworks of varying Ni/Zn molar ratio 

and its composite with g-C3N4 as a template led to the formation of porous carbon with 



xiv  

tuned morphology and porosity. The template-aided synthetic strategy using g-C3N4 

helped in the controlled decomposition of composites leading to heterosporous sheet-like 

architectures with increased nitrogen content. The Ni/Zn ZIF-8 sample on heat treatment 

in the 800-1000 °C temperature range, led to the formation of Ni, N co-doped porous 

carbon (Ni-NPC) with Ni-C active sites. The defective sites induced by nickel carbide 

along with the distributed N atoms on the carbon surface enabled active O2 adsorption 

sites. The high surface area, high degree of graphitization as well as the defects created by 

the well-dispersed N and Ni on the porous carbon matrices favored the charge separation 

leading to higher electrochemical ORR activity. The Ni, N co-doped carbon catalyst in an 

alkaline medium exhibited a limiting current density of 5.2 mAcm
-2

 with a half-wave 

potential of 0.76 V Vs RHE in 0.1 M KOH. The catalyst also showed improved methanol 

tolerance and better stability compared to the standard Pt/C catalyst. 

Chapter 3 demonstrates the synthesis of a Co, N co-doped carbon by blending ZIF-67 

derived Co-doped carbon with a high surface area microporous carbon prepared from a 

lotus seed shell. The combination of the two catalysts led to enhanced electrochemical 

ORR activity in an alkaline electrolyte medium. The optimized carbon catalyst ZL 

600(3:1) exhibited a half-wave potential of 0.79 V vs. RHE and a current density of -4.38 

mA/cm
2
 in 0.1 M KOH solution. The catalyst also showed higher stability as well as 

methanol tolerance. The high micro-mesoporosity, pyridinic –pyrrolic nitrogen contents, 

as well as enriched Co active centers surrounded by carbon sheets, favorably contributed 

to the efficient ORR mechanism. 

In Chapter 4, we utilized different MOF materials, such as ZIF-8, ZIF-67, MIL-100, 

and HKUST-1 to tune the triboelectric properties of polyacrylonitrile (PAN) fiber by 

incorporating them during the electrospinning process. Based on the concentration, 

particle size, central metal, and ligand, the triboelectric behavior of the PAN material 

changed, and even a reversal of the triboelectric polarity was achieved. A triboelectric 

device was fabricated with ZIF-8 and the carbonized C ZIF-8 incorporated PAN fibres as 

opposite triboelectric layers. The device generated an output of 80 V and 0.8 μA. This 

shows that adding MOF material is an efficient method to enhance and tune the 

triboelectric properties of polymer materials such as PAN. This can be utilized for self- 

powered tactile sensing or powering small electronic gadgets 
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Chapter 5 deals with the fabrication of Fe, Fe3C encapsulated porous carbon by the high- 

temperature carbonization of the MIL-100 (Fe) metal-organic framework. The catalytic 

activity of the obtained carbon was tested towards the degradation of the targeted 

contaminant Rhodamine (B). 100 % degradation was realized within the initial 35 

minutes with minimum catalyst loading of 100 mg/L in 30 mg/L contaminant solution. 

Also, the catalyst retained ~ 90 % of the removal rate even after 5 cycles of operation. 

The carbon exhibited high degradation activity towards various other organic compounds 

like Methylene blue, Benzoic acid, Nitro benzene, Phenol, 4-Chlorophenol, and 

antibiotics Tetracycline, Linezolid, Hydroxychloroquine, and Cefpodoxime Proxetil. The 

homogeneous dispersion of Fe
0
, and Fe3C species as well as the porous, morphology 

features obtained on carbonization of MOF has led to better adsorption of reactive species 

leading ultimately to efficient degradation. 

The major findings of the research are summarized in the concluding chapter 6 of the 

thesis. 
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1.1. Porous carbon  

  The exploration of carbon materials has created a breakthrough in the global energy and 

environment sectors. Unique features such as low cost, high surface area, electrical 

conductivity, thermal and chemical stability, and flexibility for modification enable carbon 

to be a non-replaceable candidate in many areas. 
1, 2 

The adaptability of the carbon to form 

covalent bonds with other carbon atoms in varying hybridization states(catenation) has 

resulted in the existence of different allotropic forms in nature (Figure 1.1). The allotropic 

forms of carbon mainly include Graphene, Diamond, graphite, carbon nanotubes, fullerenes, 

etc. The physical and structural properties of carbon differ depending upon the allotropic 

forms and enable a multitude of applications in various fields, including electronics and 

catalysis.
3
 

 

Figure 1.1. Different allotropic forms of carbon 
4
 

  Among them, porous carbon materials with 1D to 3D networks are proven to be efficient 

candidates for energy storage devices, wastewater treatment, gas storage, and separation. As 

shown in Figure 1.2, porous carbon is usually characterized by connected channels 

extending throughout the carbon framework. Based on the types of pores present on this 

carbon, the carbon materials can be divided into; 1) microporous (pores < 2 nm), 2) 

mesoporous (2-50 nm ), and 3) macroporous ( pores > 50 nm) materials. Depending on the 

types of pores, the functional properties of the carbon materials are also varied. Microporous 
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materials possess a high surface area and are widely applied for adsorption applications. The 

mesoporous surfaces help promote mass transfer and diffusive transfer and are utilized for 

conversion reactions like CO2 catalytic conversion, oxygen reduction reaction, pollutants 

degradation, etc. 
5,
 

6 
 Newly designed porous carbon materials with controlled micro/meso 

porosity are demonstrated to perform exceptionally well in many fields, including 

heterogeneous catalysis and energy devices.
7 
 

 

Figure 1.2. Adsorption on porous carbon channels 
8
 

1.2. Heteroatom-doped carbon 

  Traditional carbon materials face difficulty in their practical employment due to their 

chemical inertness and low electrical conductivity. In order to improve the properties, many 

attempts are made to modify the carbon structure. Heteroatom functionalization is 

considered one of the efficient approaches to impart better conductivity and for the creation 

of active centers on carbon. Doping of carbon with heteroatoms such as N, P, B, S, etc., is 

found to tune the physical as well as chemical properties of the carbon (Figure 1.3.). These 

heteroatoms usually possess differences in valence electrons and electronic states than 

carbon, and when doped in a carbon matrix, can hence modify the chemical and electronic 

states. Doping heteroatoms into the carbon can change their symmetry, ultimately changing 

their properties. It creates an activation region on the carbon that enhances the catalytic 

property of the carbon. Heteroatom-doped carbon is widely applied in energy storage 

devices and heterogeneous catalysis. 
9, 10
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Figure 1.3. Representation of heteroatom-doped carbon 
11

 

1.2.1. N-doped carbon 

  Among the heteroatom-doped carbon materials, N-doped carbon found attention due to the 

added advantage of carbon upon N-atom incorporation. Since N has almost a similar radius 

to carbon, it can be easily incorporated into carbon without any changes in the lattice, which 

may efficiently improve the surface energy, electrical conductivity, and reactivity of the 

carbon materials. The introduction of N into the sp
2
 stated carbon lead to many types of 

bonding configuration, which are categorized into; 1) pyridinic, 2) pyrrolic, 3) Graphitic 

(Quarternary-N), and 4) Pyridinic N-O, shown in Figure 1.4. Pyridinic nitrogen is a type of 

nitrogen that form bonds with two carbon atoms in a hexagon ring. Pyrrolic nitrogen is 

bonded to two carbon in a pentagon. Graphitic nitrogen substitutes the carbon in a graphene 

layer by forming bonds with three sp2 carbon atoms. The presence of each N can affect the 

electronic states of the carbon differently. The N incorporation can create an n-type 

semiconductor effect on the carbon hence are, widely applied in electronic applications.
12, 13

  

 

Figure 1.4. Different types of nitrogen doping on carbon 
12
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1.2.2. Transition metal incorporated carbon 

   Transition metals, due to their partially occupied d orbitals, found applications in many 

areas, including catalysis in the form of their alloys, oxides, hydroxides, chalcogenides, etc. 

14, 15
 (Figure 1.5). However, these transition metal catalysts often possess low surface area, 

making it difficult to access the active sites. Also, the limited electrical conductivity and the 

tendency to form aggregates affect the stability and efficiency. It is found that when 

transition metals are incorporated into the carbon matrix, they enable an efficient electron 

transfer mechanism due to more exposed transition metal-based active sites that, in turn, 

enhance the catalytic properties of the carbon.    Also, these metal active sites are often 

protected by the surrounding carbon, improving the stability of the material. 
16, 17

To date, 

different types of transition metal/carbon hybrid with varying morphology, like hollow 

spheres, nanotubes, core shells, yolk-shell structures, and nanosheets, are synthesized using 

diverse methods and are widely applied as heterogeneous catalysts with higher catalytic 

activity and stability.
18 

 

 

Figure 1.5. Different types of transition metal incorporation into the carbon 

1.3. Heteroatom doping strategies 

  Besides the surface area and morphology, heteroatom doping level is also a significant 

factor affecting the properties of the porous carbon. Different approaches are used to prepare 

heteroatom doped carbon, which can be mainly categorized into two methods; 1) In situ 

method and 2) Post-treatment method 
 
(Table1).

 
 

Fe Co 

Mn 

Ni Cu 

Cr 

V 

 Metal carbides 

 Metal phosphides 

 Metal selenides 

 Metal sulfides 

 Metal (0) 

 Metal nitrides 

 Metal oxides 
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Table 1. Heteroatom doping strategies 
19, 20

 

 In situ methods Post-synthesis methods 

Synthesis Direct carbonization of 

 precursors or compounds 

 containing carbon and 

 heteroatoms 

introduction of heteroatoms 

into the synthesized carbon 

materials using precursors 

Synthesis methods High-temperature 

carbonization, 

templated methods, and 

 chemical vapour deposition.  

Thermal treatment of 

carbon with heteroatom 

source, plasma treatment, 

arc discharge method etc. 

Heteroatom doping Heteroatom doping throughout 

the carbon matrix 

Heteroatom doping on the 

surface only 

Uniformity of 

 heteroatom doping 

Uniform heteroatom doping Non-uniform heteroatom 

 doping 

Cost Cost-effective and simple 

 procedures 

High production costs and 

complex experimental 

 procedures 

Precursors Biomass, polymer, organic 

 templates, MOFs 

Organic, inorganic volatile 

 compounds 

 

1.4. Metal-Organic Frameworks 

  Metal-organic frameworks (MOFs) are a class of compounds formed by metal ions or 

clusters coordinated to organic ligands to form two or three-dimensional structures. MOFs 

have received remarkable attention due to their unusual properties, such as high surface area 

and good thermal and chemical stability. They are remarked as versatile materials in gas 

storage and separation, liquid separation and purification, electrochemical energy storage, 

and drug delivery applications.  
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Figure 1.8. Schematic representation of the formation of Metal-organic framework 

 

  The MOFs consist of two components: A central metal ion or metal ion clusters and the 

organic molecules linked to it (Figure 1.8.). The organic ligands are usually mono, di, tri, or 

tetravalent molecules that act as a linker between the positively charged metal ions forming 

cage-like structures, thereby creating potential voids. Hence, MOFs usually possess very 

high internal surface area and stability. Due to the periodic arrangements of atoms, MOFs 

are usually found as crystalline structures. The stability of the MOFs will depend upon the 

strength of the metal-ligand bonds. The choice of metal ions and the linkers can adapt the 

linkage to a particular orientation and can exist in variable structural geometry, shape, and 

porosity.
 21 

MOFs can be categorized into subclasses depending on the coordinated metals 

and ligands. Zeolitic imidazolate frameworks (ZIFs) belong to a subclass of metal-organic 

frameworks formed by the tetrahedral coordination of metal ions with the imidazolate 

ligands. Materials Institute Lavoisier frameworks (MILs) are formed by coordinating 

trivalent metal ions (Fe, Al, and Cr) with carboxylic acid-based ligands. HKUST-1(Hong 

Kong University of Science and Technology) is another class of MOFs formed by 

coordinating copper with 1,3,5-benzene tricarboxylic acid struts between them. MOFs are 

usually formed by high valent metals, including 3d transition metals such as Cr, Mn, Fe, Co, 

etc., with highly Lewis base ligands. However, a few stable metal-organic frameworks with 

low valent metals nodes(e.g., Cu
I
, Ag

I
, Au

I
, Ni

0
, etc.) are also reported. 

22, 23 

   Prof. Omar M Yaghi pioneered the art of creating this new class of organic-inorganic 

MOFs in the late 1990s. In 1999, Prof.Mohamed Eddaoudi, O.M. Yaghi, and their group 

reported MOF-5, a metal-organic framework formed by the coordination of f 1,4-benzene 

dicarboxylate (BDC) with Zn
2+

 ions with high porosity and a Langmuir surface area of 2,900 
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m
2
 g

-1
 

24
, followed by that, a chain of inventions have happened. Later, Twelve zeolitic 

imidazolate frameworks(ZIFs) formed by the coordination of either Zn(II) (ZIF-1 to -4, -6 to 

-8, and -10 to -11) or Co(II) (ZIF-9 and -12) with imidazolate-type links was reported, and 

some of their gas adsorption capacity was also measured. Since the coordination behavior 

and geometry of the metal and ligands are different, diverse varieties of MOFs are possible. 

To date, around 20,000 MOFs have been created, and their applications are studied in 

various fields. Some of the important MOFs and their applications are summarized in Table 

2. So far, most of the reported MOFs are stable up to 300-400 °C enabling their applications 

in different fields. 
25-27

 

  

Table .2. Some important metal-organic frameworks and their applications 
28, 29

 

MOF structure Metal 

 ion 

Organic ligand Year applications 

ZIF-7 Zn(PhIM)
2
 Zn benzimidazole 2006 gas adsorption 

 and separation 

ZIF-8 Zn(MeIM)
2
 Zn 2-methylimidazolate 2006 Gas adsorption 

ZIF-9 Co(PhIM)
2
 Co benzimidazole 2006 Adsorption 

Catalysts in 

 Organic reactions 

ZIF-11 Zn(PhIM)
2
 Zn benzimidazole 2006 Gas adsorption 

ZIF-68 Zn(bIM)(nIM) Zn benzimidazole  

2-nitroimidazole  

2008  gas adsorption 

 and separation 

ZIF-69 Zn(cbIM)(nIM) Zn 5chlorobenzimidazole 

2-nitroimidazole  

2008 gas adsorption 

 and separation 

ZIF-70 Zn(Im)1.13(nIM)0.87 Zn imidazole 

2-nitroimidazole 

2008 gas adsorption 

 and separation 

ZIF-67 Co(mIM)2  Co 2-methylimidazole 2008 Gas adsorption, 

 separation,  

electrocatalysis 

 and catalysis 
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ZIF-100 Zn20(cbIM)39(OH) Zn 5chlorobenzimidazole 2008 Gas adsorption 

 and storage 

MIL-100 Fe3O(H2O)2OH(B

TC)2 

Fe Benzene‐1,3,5‐

tricarboxylate 

 Gas adsorption 

Drug delivery 

Catalysts for 

 organic reactions 

MIL-101 Cr3O(OH,F,H2O)3

(1,4‐bdc)3 

Cr 1,4-

benzenedicarboxylate 

2006 Drug delivery 

HKUST-1 Cu2(H2O)2(CO2)4 Cu Benzene‐1,3,5‐

tricarboxylate 

2006 Adsorption 

and storage 

Anti-bacterial 

MOF-5 Zn4(1,4‐bdc)3 Zn 1,4‐

benzenedicarboxylate 

2002 Methane 

Storage 

MOF-74 Zn2(C8H2O6) Zn 2,5‐

dihydroxybenzene‐

1,4‐dicarboxylic acid 

2006 Adsorption 

and storage 

 

1.4.1. Heteroatom doped carbon preparation from metal-organic frameworks 

  Metal-organic frameworks, formed by metal ions and the organic ligands rich in carbon and 

other heteroatoms such as nitrogen, oxygen, sulfur, etc., can leave behind heteroatom-doped 

porous carbon structures when treated in an inert atmosphere (under N2 / Ar). The metal-

ligand coordination can be rearranged on high-temperature carbonization to form 

heteroatom-doped carbon assisted by the volatilization of small volatile molecules. Due to 

the low boiling point of Zn ion, varieties of metal-organic frameworks containing zinc as 

central metal atoms are widely exploited to prepare metal-free heteroatom-doped carbon. It 

is reported that, unlike Zn, the other transition metals, such as Fe, Co, Ni, etc., cannot be 

vaporized during carbonization due to their high boiling point. Hence they serve as a 

metallic dopant in forming metal-doped carbon with porosity and tuned morphology. 
30 

Upon carbonization at a higher temperature, the metal elements in the MOFs frameworks 

may transform into metal, metal carbides, nitrides, oxides, sulfides, etc., dispersed or 

embedded on a carbon matrix derived from the surrounding ligands. 
31

 Compared to other 

conventional methods of preparation of heteroatom-doped carbon, MOF-derived 

heteroatom-doped carbon hybrid can inherit the porous features of the carbon, which will be 

beneficial for the exposure of active sites. It has been demonstrated that the structural and 
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morphological features of the heteroatom-doped carbon can be tuned by incorporating some 

changes in the precursor chemistry and reaction conditions. Due to these attractive features, 

MOF-derived carbon is widely applied in various sectors 
32,33

 (Figure 1.9.) 

 

 

Figure 1.9. MOF-derived carbon structures and their applications  
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1.5. Fuel cell electrocatalysis 

  The worldwide concern on increasing energy consumption and depletion of fossil fuels has 

raised an urge for advanced energy storage and conversion devices based on renewable 

energy sources. However, the current renewable systems rooted in hydroelectricity, solar, 

and wind energy sources have been found to possess low efficacy due to their dependence on 

the climate. This necessitates alternate energy devices that can provide a continuous energy 

supply. Fuel cells are devices that provides a continuous supply of energy as long as the 

fuels are provided. The ability of the fuel cells to perform at higher efficiencies with lower 

emissions compared to current combustion-based systems highlights its advantages. Hence, 

these devices found a wide range of applications in transportation, stationary, portable, 

backup power applications, etc.
34, 35

   

 

Figure 1.10. Schematic representation of a fuel cell 

1.5.1.   Classification of fuel cells  

  The fuel cell comprises an anode, a cathode, and an electrolyte, as represented in Figure 

1.10. Depending upon the electrolyte and the fuels used, the fuel cells can be categorized 

into many types (Table 3). However, low-temperature fuel cells are preferred over high-

temperature fuel cells due to their energy-efficient and environmentally benign operations.  
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Table 3. Classifications of fuel cells
36-38

 

 

Fuel cell type Electrolyte Operating 

temperature 

(°C) 

Charge 

carrier 

Anode material Cathode 

material 

Efficiency 

( % ) 

Applications 

Alkaline fuel cell 

 (AFC) 

Aq. KOH 60–90 OH
-

 Nickel or 

precious metal 

Platinum (Pt) 

Lithiated  NiO 

60 Military 

Space 

Proton exchange 

 membrane fuel cell 

(PEMFC) 

Sulphonated organic 

 polymer 

70–100 H
+

 Platinum Platinum 40–45 Backup power 

Portable power 

Distributed generation 

Transportation 

Specialty vehicles 

Solid oxide fuel cell 

 (SOFC) 

Yttria-stabilized zirconia 

(YSZ) 

650–1000 O
2-

 Nickel/Yttria-

stabilized 

zirconia 

Strontium doped 

lanthanum 

manganite 

50–60 Auxiliary power 

Electric utility 

Distributed generation 

Molten carbonate 

 fuel cell (MCFC) 

Molten lithium/sodium/ 

potassium carbonate 

600–700 CO
3
 
2-

 Nickel/Chromium 

Oxide 

Nickel Oxide 

(NiO) 

50–60 Electric utility 

Distributed generation 

Phosphoric acid fuel 

cell (PAFC) 

Phosphoric acid 150–220 H
+

 Platinum Platinum 40–45 Distributed 

generation 



 Chapter 1 

 

13 
 

1.5.2. Alkaline fuel cells 

  The Alkaline fuel cells use an alkaline aqueous solution or polymer anion membrane as the 

electrolyte, which separates an anode and a cathode connected to the external circuit. The 

reaction drives the electrical energy upon providing H2 gas at the anode and O2 or air in the 

cathode, where water is obtained as the byproduct (Figure 1.11). The first alkaline fuel cell 

was invented by Francis Thomas Bacon in 1939. Due to its higher efficiency, AFCs were 

employed in American space vehicles. In the 1960s, NASA used AFC in space shuttle 

missions. They are demonstrated in space programs with 60 % efficiency. 
39, 40

  

 

Figure 1.11. Schematic representation of an alkaline fuel cell 

1.5.3. Fuel cell Mechanisms in alkaline fuel cells 

Anode:                    2H2 + 4OH
–
 → 4H2O + 4e

–                                                                             
[1.1] 

Cathode:                 O2 + 2H2O + 4e
–
 → 4OH

–                                                                         
[1.2] 

Overall reaction      2H2 + O2 → 2H2O                                                           [1.3] 

  In alkaline fuel cells, due to the less corrosive electrolyte, various catalysts, including non-

precious metal catalysts, can be used in the anode and cathode. The faster electron transfer 

kinetics in the alkaline medium often leads to higher efficiency. The use of an anion 

exchange membrane instead of an alkaline solution is a solution to mitigate the electrolyte 
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leakage problem of traditional alkaline fuel cells. Anion exchange membranes based on 

aliphatic or aromatic polymers with cationic groups, such as perfluorosulfonic acid (PFSA) 

membranes, are widely employed (Eg: Nafion)
41, 42 

1.5.4. Oxygen reduction reaction 

  The working of the fuel cell is based on the electrochemical reactions taking place at the 

electrode-electrolyte interphases that generate electricity, and water is formed as the 

byproduct. However, compared to the anodic hydrogen oxidation, the kinetics of the 

cathodic oxygen reduction reaction is slower, caused by the higher lattice enthalpy of the 

oxygen-oxygen pi bond. Hence it demands a catalyst to decline the activation energy barrier 

for the reduction reaction to reach the maximum efficiency of the fuel cells.
43, 44 

Depending 

upon the electrolyte medium, the ORR kinetics can arise through different mechanisms that 

are represented in Table 4. 

Table 4.  Mechanism of different ORR pathways 

ORR reaction condition Direct 4 e
-
 pathway: 2 e

-
 pathway : 

Acidic solutions O2+4H
+
 + 4 e

-
  → 2 H2O 

(E 0 = 1.23 V) 

O2+2H
+
 + 2 e

-
 → H2O2 

(E 0 = 0.695 V) 

H2O2+2H
+
 + 2 e

-
 → 2 H2O 

(E 0 = 1.776 V) 

Alkaline solutions O2+2 H2O + 4 e
-
  → 4 OH

-
 

(E 0 = 1.23 V) 

O2+ H2O + 2 e
-
 → H2O

-
 + OH

-
 

(E 0 = 0.695 V) 

H2O
-
 +H2O + 2 e

-
 → OH

-
 

(E 0 = 1.776 V) 

 

1.5.5. Techniques for measuring ORR activity 

  The preliminary evaluation of the ORR activity of the catalyst is done by the rotating disk 

electrode (RDE) and rotating ring-disk electrode (RRDE) techniques. As shown in Figure 

1.12, both setups consist of a three-electrode system comprising a reference electrode, a 

counter electrode, and a glassy carbon working electrode. Here the electrodes rotate at a 

constant rate to ensure the arrival of a constant flux of analyte to the electrode. The disk 

rotation is usually defined by the term angular velocity ω (Sec
-1

). In RDE, a glassy carbon 

disk attached to a PTFE insulating material is used as the working electrode, and the changes 
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in the working electrode are recorded to analyze the electrochemical activity. The RRDE 

electrodes consist of a glassy carbon electrode surrounded by a Pt ring where the products 

generated at the glassy carbon get evaluated. 
45, 46

 The ORR activity is calculated in a typical 

cathodic half-cell reaction and compared with the state-of-the-art Pt catalysts. Using a linear 

sweep voltammetry (LSV) curve, the cathodic polarization is evaluated at a known RDE or 

RRDE rotation. 

 

Figure 1.12. Schematic representation of the RDE and RRDE setup 

   A typical ORR polarization curve can be divided into three regions. The ORR kinetics 

occurs in different ways, as represented in Figure 1.13. In the kinetically controlled area, the 

ORR rate will be slow, and the current density will increase slowly as the potential 

decreases. The second region is called the mixed kinetic and diffusion-controlled zone, 

where the reaction progresses rapidly as the potential decreases, shown by a remarkable 

increase in the current density. In the third region, called the diffusion-controlled zone, the 

current density is determined by the rate of diffusion of the reactants reaching the electrode's 

surface at a particular rotation speed. The ORR activity is calculated from these three regions 

using the following terms; 
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Figure 1.13. A typical ORR polarization curve  

1.5.6. Onset (Eonset ) and Half-wave (E1/2) potential 

   Eonset is commonly defined as the potential corresponding to 5 % of the diffusion-limited 

current density. The half-wave potential is the potential at which the polarographic current 

attains half of the maximum current density (limiting current density, JL). The more positive 

the Eonset and E1/2 values, the more active the catalyst is. For laboratory analysis, the values 

are compared with the state-of-the-art Pt catalyst. 

1.5.7. Kinetic current density (Jk) 

 Kinetic current density defines the kinetics of the ORR mechanism. It can be calculated   via 

Koutecky–Levich (K-L) equation; 

1/J= 1/Jk + 1/JL                                                                                                                                              [1.4] 

 Where J is the measured current density, JK is the kinetic current density, and JL is the 

limiting current density. The kinetic current density is usually measured at a higher potential. 

Usually, the contribution from the background current should be eliminated by subtracting 

the current density values obtained in the N2 (blank) medium from the O2 medium. 

1.5.8. Electron transfer number (n) 

  The electron transfer number is calculated using the following equation; 

 

  
 

 

  
 

 

     
         ----------Eq.1 
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  Where B;       

                               JL=              (   )
 
   

 
     

     --------Eq.2  

 

  Where n is the number of electrons transferred during the reaction, F is the Faraday 

constant (96485 C/mol). CO2 is the bulk concentration of O2, Do2 is the oxygen diffusion 

coefficient in the electrolyte, 𝜐 is the kinetic viscosity of the electrolyte, and ω is the 

angular rotation rate. From the RRDE, n can be calculated using the equation; 

 

                             4 Id= n(Id+Ir/N)   ------------ Eq. 3 

 Id and Ir are the disk current and ring current collected at the ring-disk electrode, and N is 

the current collection efficiency of the Pt ring. Here the disk current is used for ORR kinetics 

evaluation, and the ring current is used for H2O2 intermediate evaluation. The maximum 

efficiency is achieved through the 4-electron kinetics, where the conversion to H2O occurs. 

The partial 2-electron mechanism may lead to the production of H2O2, which may reduce the 

fuel cell output.
47 

1.5.9. Catalysts for Oxygen reduction reaction  

    Platinum-based catalysts are widely accepted as potent catalysts for ORR applications due 

to their ability to support the four e- pathway. However, the higher cost of the Pt based 

catalyst can put the dream of economically viable fuel cells at bay.
48, 49

 The inability of such 

catalysts to withstand CO2 or methanol poisoning is also considered a major drawback. This 

prompts the demand for an alternate catalyst that can effectively compensate for the 

drawbacks of Pt-based catalysts.  

   Over the past few years, carbon-based materials have been widely studied as an alternative 

catalyst for Pt-based materials for electrocatalytic ORR in fuel cells. Enormous studies have 

emerged in designing carbon-based catalysts with desirable qualities to achieve maximum 

theoretical potential. Massive investigations are performed on different carbon materials, 

including metal-free heteroatom-doped carbon catalysts and metal/carbon hybrid catalysts 

(Figure 1.14). Studies have shown that incorporating transition metals and heteroatoms can 

effectively tune the spin states around the carbon, ultimately leading to defects-rich sites 

with activated regions on the carbon surface, which can stimulate higher electron 

conductivity and better kinetics favoring the ORR mechanism. 
50, 51
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Figure 1.14. Different types of ORR electrocatalysts 

  Metal-organic frameworks (MOFs) are an ideal precursor for synthesizing well-tuned 

porous, heteroatom-doped carbon. The ability of MOFs to be used as a sacrificial template to 

synthesize heteroatom-doped carbon with highly tuned morphology and porosity makes it an 

attractive method to prepare the electrocatalyst with higher efficiency. These heteroatom-

doped carbon materials have been widely investigated for oxygen reduction reactions and 

have exhibited excellent performance for fuel cell half-cell reactions. Studies have shown 

that the ORR activity depends upon the surface area, morphology, and heteroatom content of 

the catalysts. Over the past few years, many studies have emerged in enhancing the ORR 

catalytic activity of the MOF-derived carbon catalyst by tuning the porous features, 

heteroatom content, and morphology which can lead to highly active ORR catalysts 

comparable to commercial Pt/C catalysts. 
52, 53

  

1.5.10.    MOF-derived metal-free heteroatom doped carbon catalysts: 

 

   In the zinc-based metal-organic frameworks (MOFs), due to the highly volatile nature of 

zinc ( boiling point ≈ 907 °C), the metal can be easily removed on high-temperature 

carbonization, leaving porous structures behind. Since the Zn metal is found to possess the 

least electrocatalytic activity, the absence of Zn upon carbonization does not affect the 

catalytic property of the carbon. Zeolitic imidazolate frameworks-8 (ZIF-8), formed by 

coordinating Zn2+ with imidazole, is widely exploited to prepare metal-free, heteroatom-

doped carbon. Hence, many investigations have emerged using ZIF-8 as the template to 

prepare N-doped carbon. These N-doped carbons possessed higher electrocatalytic activity 

due to the  catalytically active centres created by the synergy between the carbon and the 

nitrogen atoms.
54, 55
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  Hong et al. reported the synthesis of N-doped porous carbon using ZIF-8 as the template. 

The obtained carbon retained the polyhedral morphology of ZIF-8 along with high nitrogen 

content, surface area, and hierarchical porosity. The samples NGPC-Tc-t was prepared by 

varying carbonization temperature Tc(Tc= 700, 800, 900, and  1000 °C) and carbonization 

time t (1, 5, and 10 h). The optimized sample NGPC-1000-10 was demonstrated to be an 

excellent catalyst for electrocatalytic ORR in an alkaline medium, as observed by its higher 

current density of 4.3 mA cm
-2

 at -0.6 V and a positively shifted onset potential of -0,2 V vs. 

Ag/AgCl. 
56

 It is reported that when external templates such as furfuryl alcohol, glucose, and 

melamine are incorporated into the ZIF-8, the carbonization leads to carbon with a large 

surface area and desired pore size distribution. 
57 

Apart from ZIF-8, other zinc-containing 

MOFs such as MOF-5, MOF-75, and bio-MOF-1 were also successfully demonstrated to be 

a template for synthesizing N-doped carbon for ORR. 

   It is found that doping carbon with multiple heteroatomic sites can enhance the 

electrocatalytic ORR activity arising from the change in the charge and spin density arising 

from the interaction of multiple heteroatomic sites with carbon contributing to better O2 

adsorption, electron transfer, and better ORR.
58

 Some of the important MOF-derived 

heteroatom doped carbon materials and their ORR activity are summarized in Table 5 

 

1.5.11.  MOF-derived transition metal, heteroatom co-doped carbon catalysts 

  Over the past decades, transition metal electrocatalysts have been widely investigated for 

electrochemical ORR applications in their different forms ( oxides, sulfides, selenides, etc.). 

The electrocatalytic activity of the transition metals was found to be in the order Fe> 

Co>Mn>Cu>Ni.
59

 However, the low surface area and less exposed catalytic sites hinder their 

ORR activity and stability. Recently, studies have proved that incorporating transition metal 

into the carbon can boost the electrocatalytic activity due to the combined synergistic effect 

of the metal and heteroatom with the carbon. Due to the high surface area of the incorporated 

carbon, more catalytically active sites will be exposed, thus boosting their electrocatalytic 

activity.
60, 61

 Recently, MOFs containing transition metals either in the form of central metal 

or as incorporated host metal are widely exploited to prepare metal, heteroatom-doped 

carbon. On carbonization, the metal sites can be incorporated into the carbon matrix as metal 

carbides, oxides, nitrides, etc., which serve as active sites for the ORR mechanism.
29 

ZIFs 

based systems are widely exploited as a precursor due to their high surface area and room 

temperature synthesis procedure. The cobalt-containing ZIF-67 frameworks have been 

widely used as a template for preparing Co-dispersed carbon catalysts. On high-temperature 
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carbonization, the ligand around the center metal cobalt decomposes into N-doped carbon 

enriched with dispersed cobalt sites. However, the higher amount of cobalt in the ZIF-67 

may lead to the aggregation of cobalt, which may hinder the efficiency of the electrocatalytic 

activity.
62 

Hence, different strategies are adopted to prevent the agglomeration of the metal 

particle and to get the finely dispersed metal particle on the carbon surface, including the 

change in the composition of the parent MOF and other template-incorporated approaches. 

Cobalt-doped ZIF-8 frameworks are usually adopted with tuned cobalt content that may lead 

to N-doped porous carbon with uniformly dispersed cobalt particles.
63

  

  One-dimensional (1D) carbon materials, such as carbon nanotubes (CNTs) and carbon fibers 

(CFs), are characterized by large surface areas, higher electrical conductivity, and stability, 

due to which they are highly desired for ORR catalysis. Transition metals such as Fe, Co, and 

Ni can catalyze the growth of carbon nanotubes.
64-66

 Hence, incorporating these less volatile 

transition metals into the ZIFs can result in a tubular, transition metal, heteroatom co-doped 

carbon. Fe-N-C hybrid structure containing carbon nanotubes was synthesized from the Zn/Fe 

bimetallic structure. Here, the Fe could also act as a source for the growth of nanotubes. The 

catalyst FeNC-20-1000 with the molar ratio of Zn/Fe= 20 and carbonization temperature of 

1000 °C exhibited higher ORR activity both in acidic and alkaline media.[67] A comparison 

of the electrocatalytic activity of some of the important MOF-derived transition metals, 

heteroatom-doped carbon, is listed in Table 6. 

 

Table 5. ORR performance of MOF-derived metal-free carbon catalysts in 0.1 M KOH 

solution 

Sample 

name  

MOF 

source  

External 

template  

Electrocatalytic ORR activity Ref 

Onset 

potential  

Current 

density  

(mA cm
−2

)  

Electron 

transfer 

number  

Carbon-L  

Carbon-S  

ZIF-7  Glucose  0.86 V 

0.84 V 

vs. RHE 

-4.9  

-4.43 

3.6 

3.6  

68
 

GNPCSs-800 

NPC 

ZIF-8 

ZIF-8 

GO 

------ 

0.957 V 

0.914 V 

vs. RHE 

-6 

-3.12 

3.98 

3.7 

69 
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Nitrogen-

doped porous 

carbon (NPC)  

Zn-MOF-

74  

---------- 1.02 V  

vs. RHE  

−5.85  3.89  
70

 

PC-Al-1000  amino-

MIL-

53(Al)  

----------------   - 0.13 V   

vs Ag/AgCl 

- 0.1  ≈ 4  
71

 

NPS-C-

MOF-5  

MOF-5  dicyandiamide 

(DCDA) 

triarylphosph

ine (TPP)  

dimethyl 

sulfoxide 

(DMSO)   

 - 0.006 V  

vs. Ag/AgCl 

-11.6  3.6  
72

 

NPSpC  ZIF-8  sodium 

phytate 

solution 

dodecyl 

mercaptan  

0.923 V vs. 

RHE  

-4.89  3.9  
73

 

NPC-1000-4  bio-MOF-

1, 

(Zn8(Ad)4(

Bpdc)6O·2

Me2NH2 ) 

------------------

-  

-0.012 V) 

vs. Ag/AgCl 

-5.76  ~4.00  
74

 

CS-

HPCN1000-5  

Core-shell 

ZIF-

8@ZIF-8  

------------------

-  

-0.08 V vs. 

RHE 

-3.75  ~4.00  
75
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Table 6. ORR performance of different MOF-derived metal, heteroatom-doped carbon 

catalysts in 0.1 M KOH 

Sample 

name  

MOF source  External 

template  

Electrocatalytic ORR activity ref 

Onset 

potential  

Current 

density  

(mA cm
−2

)  

Electron 

transfer 

number  

HZPC  ZIF-67  Phenolic 

resin  

0.98  V vs. 

RHE 

~5  3.97  
76

 

Cu/N-C  Cu ions 

adsorbed ZIF-

8  

----------------

-  

1.029 V  

vs. RHE 

6.0  3.8  
77

 

Co 9 S 8 

@CNS T  

MIL-101-NH 

2,  

[Co(TU)4]Cl2 

compound  

-0.05 V vs. 

Ag/AgCl  

-5.6  3.9  
78

 

NC@Co-

NGC  

ZIF-8@ZIF-

67  

--------------- 0.92 V vs. 

RHE 

-5.3  ~4.00  
79

 

Mn3O4/NCP  ZIF-8  -------------- 0.92 V vs. 

RHE 

-5.24  ~4.00  
80

 

Fe3C@NC-

60-800  

Zn-Fe-ZIF  --------------- 0.987 V 

vs. RHE 

-4.4  3.63  
81

 

Fe–N–C  Zn/Fe-ZIF-7  --------------  1.04 V vs. 

RHE 

-5.6  ~4.00  
67

 

Co/NBCNTs  Zn/Co-ZIF  g-C3N4  -0.9 V vs. 

RHE 

-5.23  3.75  
82

 

(ZCP-CFs  Zn, Co-ZIF  Co
2+

/PAN 

fibres  

-0.05 V vs. 

Ag/AgCl  

-5.95  3.97  
83

 

Co@N-

CNTF  

Co-Ade-MOF  --------------  0.91 V vs. 

RHE 

~5.2  3.96  
84

 

Fe-N-S CNN  Fe-ZIF-8  -------------- 1.0 V vs. 

RHE  

~5.8  ∼4  
85

 

InFeCo@CN

S900  

InOF-24  ---------------  0.865 V  5.15  3.61  
86
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Co–Fe/NC  MIL-101/ZIF-

67  

polystyrene  ~1.0 eV  -6.5  3.8  
87

 

CoFeNi/NC  ZIF-8/ZIF-67  PVP  0.914 V  2.593   
88

 

Cu-Zn-N/C  Cu doped ZIF-

8 

---------------- 0.90 V  5.8  ~4.00  
89

 

Co-Cu@CN  Cu-

MOF@Co-

MOF  

----------------    0.936 V  6  ~4.00  
90

 

 

1.6.  Treatment of organic pollutants in water 

  The global concern about the crisis caused by water pollution can be resolved only through 

viable methods of pollutant disposal. Polluted water contains different types of 

contaminants, including pharmaceuticals, pesticides, surfactants, etc. Many of these 

pollutants are organic compounds that adversely affect human health and the environment, 

even if their presence is in trace quantities (microgram per litre). The pollutants coming 

primarily from sources like domestic wastewater, hospital effluents, agricultural sectors, etc., 

contains non-biodegradable components, and some are partially degraded during the 

wastewater treatment process.
91-94

  

 

 

Figure 1.15. Different contaminants cause water pollution. 
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1.7. Wastewater treatment methods 

  Over the past few decades, various technologies have been invented to treat wastewater. 

Conventional wastewater treatment technology includes primary, secondary, and tertiary 

treatment processes. The various procedures adopted in each treatment process are 

represented in Figure 1.16. However, most of these wastewater treatment methods based on 

physical and biological conversion methods are unsuitable for removing toxic organic 

pollutants.
95, 96

 It is, therefore, imperative to develop practically viable methods for advanced 

wastewater treatments that can convert toxic organic pollutants into less harmful byproducts. 

 

 

 

Figure 1.16.   Different wastewater treatment methods  

  Among the existing wastewater treatment methods, advanced oxidation processes (AOP) 

are considered an advanced treatment method to remove organic pollutants present in water. 

AOPs, including photocatalytic degradation, ozonation, sonolysis, electrochemical 

oxidation, etc., are mainly rooted in the degradation of targeted organic contaminants by 

generating reactive species like sulfate radical, hydroxyl radical, superoxide radical, etc. 

Since AOPs are proven to be non-selective, they can destroy almost all organic pollutants to 

harmless, simple byproducts. Depending upon the reactive species formed, AOPs can be 

categorized as ozone-based, UV-based, electrochemical, physical, and catalytic AOPs 
97, 98 

(Figure 1.17). 
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1.7.1. Ozone-based AOPs:  

 

  Ozone is an oxidant that mainly attacks the organic functional groups such as double bonds 

and aromatic rings. Since the reaction of ozone with water produces reactive OH
●
, it can be 

used to treat the organic contaminants in water. However, the initiation reaction with water 

is relatively slow and is in the range of a second-order rate constant of 70 M
-1

S
-1

. Ozonation 

at higher pH and employing O3/H2O2, O3/UV, and O3/catalysts are methods adopted to 

initiate the free radical formation reaction effectively.  

 

1.7.2. UV based AOPs 

 

  It mainly focuses on using UV light with different reactive radical generating species. The 

most commonly used are the combination with H2O2, O3, and persulfate sources. When used 

with H2O2 leads to the photolytic cleavage of H2O2 to OH
●
.In UV/O3, UV irradiation results 

in the cleavage of O3, followed by the reaction with water resulting in thermally excited 

H2O2 that further decomposes to OH
●
. UV irradiation with persulfate-generating species 

such as peroxodisulfate and peroxy mono sulfate generates sulfate radicals ( SO4
●-

). These 

free radicals then destroy organic contaminants present in wastewater. 

1.7.3. Electrochemical AOPs 

  The electrochemical advanced oxidation process utilizes electrochemical methods to 

generate reactive free radicals. In this method, the reaction at the electrodes produces OH
●
 

via O2 evolution from water. The main electrodes used are metal oxides such as SnO2, PbO2, 

RuO2, and Boron-doped diamond (BDD).  

1.7.4. Catalytic advanced oxidation processes  

  Catalytic AOPs involve using homogeneous or heterogeneous catalysts to generate reactive 

free radicals in the medium. The catalyst produces reactive species via different methods. 

Based on the types of catalysts, the catalytic AOPs can be categorized into 1) Homogeneous 

catalytic oxidation and 2) Heterogeneous catalytic oxidation 

i) Homogeneous catalytic oxidation 

 

  Homogeneous catalytic oxidation involves the use of catalysts that are in the same phase as 

the reactants. Transition metals, including Fe
2+

, Zn
2+

, Mn
2+

, Pb
2+

, Co
2+

, Ni
2+

, Ti
2+

, Cr
3+

, 

Cd
2+

, etc., are widely employed for homogeneous catalytic oxidation. Homogeneous 
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catalytic oxidation can be further divided into Fenton and Photo-Fenton-based processes. 

The Fenton process involves using Fe
2+

 catalysts to generate OH
●
. However, one of the 

limitations of this method is the formation of Fe
3+

 sludge which may slow down the reaction 

rate, and the reaction will not proceed once all the Fe
2+

 is consumed. The Photo-Fenton 

process involves the generation of OH
●
 from H2O2 using Fe

2+ 
catalysts via photocatalytic 

reaction. Here, the formed Fe
3+

 may be further reduced to Fe
2+

 via photochemical 

regeneration, and the reaction can proceed further.
99 

 

ii) Heterogeneous catalytic oxidation 

  In heterogeneous catalytic oxidation, reactive species are usually generated from 

heterogeneous catalysts, mainly solid catalysts. Here the degradation efficiency will depend 

upon the choice of catalysts. The advantages of heterogeneous catalytic oxidation include 

easy preparation of catalysts, high stability, no sludge formation, etc. The catalysts such as 

TiO2, Fe2O3, activated carbon, etc., are widely studied for AOPs. The incorporation of 

transition metals on different matrixes, including polymers, zeolites, and activated carbon, is 

also found to exhibit good degradation performance. The degradation activity of the 

heterogeneous catalysts depends upon various factors like the pH, temperature, type of 

pollutants, and the presence of inorganic ions in water. The catalysts with high surface area 

and high dispersion of active sites are found to impart better degradation activity.  

 

 

 

Figure 1.17. Various Advanced oxidation processes
100
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1.7.5. Sulfate species activated AOPs (SR-AOPs) 

 

 Recently, sulfate radical (SO4
●─

) based AOPs using Persulfate (PS) and Peroxy Mono 

Sulphate (PMS) attracted much attention due to their cost-effective and environment-

friendly operations. The features of SO4
●─

  radical, such as its comparatively high redox 

potential ( 2.5-3.1 V),  strong oxidizing ability, wide pH adaptive range (2-8), and long life 

span (30-40 µS), etc., make it a  superior alternative to other methods. It can attack aromatic 

or organic unsaturated compounds and effectively be used for organic pollutant degradation. 

SO4
●─

 radical can be generated in many ways, including heating, UV irradiation, 

ultrasonication, catalytic activation, etc.
101-103

 Catalytic activation is considered as the most 

convenient method due to its simple and energy-efficient approach. There are numerous 

approaches for activating PS and PMS using different nanomaterial catalysts such as 

transition metals, metal oxides, metal-supported composites, activated carbon materials, etc. 

The sulfate radical in the medium can be covert to other intermediate reactive species like 
●
 

OH and SO3
●─

 that can also effectively take part in the degradation process (Figure 1.18). 

 

 

 

Figure 1.18. Mechanism and intermediate reactive species involved in the sulfate radical-

mediated advanced oxidation processes.
104 

 

1.7.6. MOF derived metal-free heteroatom doped carbon for SR-AOPs 

  Recently, metal-organic frameworks derived heteroatom-doped carbon have found 

attention in the catalytic activation of sulfate radicals for advanced oxidation processes. A 

few studies have reported the use of conventional metal-organic frameworks as the precursor 

for heteroatom-doped carbon. Such carbon catalysts showed remarkable activity in 



 Chapter 1 

 

28 
 

generating active sulfate radicals and degradation of various organic pollutants.
105

 The 

kinetics and mechanism of the degradation activity will depend upon the types of active 

centers created and the surface and structural features. 

  Nitrogen-doped carbon found attention in activating persulfate towards organic 

contaminant degradation. Nitrogen can form stable bonds with carbon, and their synergy can 

lead to better stability and better degradation mechanism. The high-temperature 

carbonization of ZIF-8 can lead to N-doped porous carbon of high surface area and contain 

catalytically active centers for generating reactive species and degradation of pollutants. 

Miao et al. utilized Nitrogen-doped porous carbon (NPC) from ZIF-8 carbonized at 700 °C-

900 °C. The catalyst NPC-800 was obtained with a higher nitrogen content of 15.20 %.The 

derived carbon was tested towards the PMS-activated degradation of  Rhodamine B and 

Phenol and achieved a degradation efficiency of 85 % and 86.1 %, respectively. The radical 

quenching tests revealed the presence of OH
●
 and SO4

●-
. Here the presence of more 

graphitic nitrogen contributed to modulating the electronic structure of the carbon, hence 

acting as active catalytic centers for producing reactive free radicals.
106 

T Mao et al. 

demonstrated the application of ZIF-8-derived carbon for the degradation of P-chloroaniline, 

4-chlorophenol, and phenol degradation in a wide pH range of 3-10. The N-doped carbon 

exhibited a higher degradation rate by the mechanism involving radical and non-radical 

pathways.
107

 When the formed N-doped carbon was modified with g-C3N4, the resultant 

composite exhibited broadened optical window for light harvesting, efficient interfacial 

charge separation, and created abundant active sites for PMS activation leading to excellent 

BPA degradation rate by the generated SO4
•−

 .
108 

 

1.7.7. MOF derived Transition metal/ heteroatom incorporated carbon for SR-AOPs  

      

   Transition metals, such as Fe, Co, Ni, Mn, etc., are proven effective in the photochemical 

and photocatalytic activation of persulfate. Unlike zinc, the transition metals, by virtue of 

their high boiling points, even after carbonization at higher temperatures, will be preserved 

on the carbon leading to transition metal doped carbon. Therefore, transition metal-doped 

carbon is widely prepared from metal-organic frameworks such as ZIFs, MILs, HKUST, etc. 

Varieties of transition metal-incorporated carbon catalysts are prepared, and their activity 

towards the persulfate activation was tested for the degradation of various organic pollutants 

present in water (Table 7). Incorporating transition metals into the ZIF-8 framework is also 

considered one of the successfully adopted methods for preparing transition metal-doped 

carbon. Carbon with atomically dispersed FeNx sites was prepared from Fe-incorporated 
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ZIF-8. The catalyst showed higher activity towards organic pollutant degradation via the 
1
O2 

dominant mechanism by peroxymonosulfate activation. 
109

 

  Different MIL frameworks are widely reported to be suitable catalysts for persulfate 

activation. MIL frameworks with Fe centres have recently been used as sacrificial templates 

to prepare Fe-doped carbon. Since Fe is reported to be a suitable catalyst for persulfate 

activation, MIL frameworks, including MIL-53, MIL-88 A, MIL-100, etc., are utilized to 

prepare Fe-containing carbon. Fe-based active centres in their different phases enable 

persulfate activation against different contaminants.
110-112 

 

Table 7. Summary of the MOF-derived carbon materials for organic pollutant degradation 

based on sulfate radical activated, advanced oxidation processes  

 

Catalyst MOF 

precursor 

Reaction conditions Polluta

nts 

Time 

(min) 

Degradat

ion 

efficiency 

NPC  ZIF-8 [RhB]=100 mg/L, 

 [PMS/PS/] = 4.56 

 mmol/L, [NPC-800] 

= 0.20 g/L, 

temperature = 20 °C 

RhB 60 85 % 
104

 

N-C-900 ZIF-8 [Catalyst]=100 mg/L 

[PDS]=5 mM,  

[phenol]=0.3 mM, 

 [4-CP]= [PCA]=0.3 

 mM 

PCA  

Phenol 

4-CP 

120 96.3 % 
105

 

93.5 %  

100 %  

 

Fe-N-C Fe@ZIF-8 [Phenol]0 =20 mg/L, 

[PMS]=0.2 g/L, 

 [catalyst]= 0.15 g/L, 

 room T. 

Phenol 30 100 % 
109 

 

 Co@N-PC 

ZIF-67/  

 poplar 

sawdust 

[MB] = 30 mg/L, 

 [PMS] = 0.5 mM, 

 [Co@N-PC] =10 mg, 

[T] = 25 ◦C, [initial 

 

 MB 

30  

 100 % 
113 
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 pH] = 6.3 

3DG/Cu@C HKUST-

1/rGO 

[3DG/Cu@C] = 

25 mg/ L, [pH] = 3, 

 [Applied current] = 

 30 mA, [RhB] = 40 

 mg/ L, [Na2SO4] = 

 0.05 M. 

RhB 150 100 % 
114 

 

ZIF-67-C 

Nanoporous 

carbons (NPCs) 

Bimetallic 

ZIF-8/ZIF-67 

20 ppm, [catalyst] = 

0.1 g/L, [PMS] = 1 

0.2  g/L, T = 25 °C 

Phenol 10 100 % 
115 

 

 (PNC) Zn–Co 

Prussian blue 

 analogues 

MB= 100 mg/L;  

Catalysts, 0.1 g/ L
 
; 

 PMS, 1 g/L; T, 25 

0
C; pH, 6.3 

MB 10  100 % 
116 

(NCNTFs) ZIF-67 [BPA] = 25 mg/L, 

 [Catalyst]= 0.05 g/L, 

 [Oxone] = 0.40 g/L, 

 temperature =20 
o
C 

BPA 30 97 %
 117 

NPC (ZIF-8) 

NPC(IRMOF-3) 

 (NH2MIL53) 

PC (MOF-5) 

ZIF-8 

IRMOF-3 

NH2MIL-53 

PC(MOF-5) 

Phenol =20 mg/ L, 

 Catalysts= 0.2 g/ L; 

 PMS= 1.6 mM, T=25 

0
C 

Phenol 50  

60 

60 

60 

100 % 
118 

98 %  

90 %  

73 %  

CBs@NCCs Co-Fe PBAs MB, 100 mg/L; 

 catalyst, 0.06 g/L; 

 Oxone, 1.00 g/L; T, 

 288 K 

MB 60 100 % 
119 

 

HCNFs ZIF-

8)/polyacrylo

nitrile (PAN) 

[TC] = 50 mg/ L, 

 initial pH = 3.2, 

 [catalyst] = 0.2 g/ L, 

 [PMS] = 0.5 g L−1, 

 T = 25 °C 

TC 20 80 % 
120

 

 

FeCo@NC Fe-Co PBA [BPA] = 20 mg/ L, 

 [PMS] = 0.2 g L−1, 

BPA 4 100 % 
121 
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catalyst = 0.1 g/ L, T 

 = 298 K 

MICN MIL-88A RhB = 10 mg/ L, 

 oxidant = 300 mg/ L, 

MICN = 300 mg/ L, T 

 = 25 °C 

 RhB 100 90  % 
122 

FexMn6–xCo4–

N@C 

MnyFe1–y-

Co PBA 

[BPA] = 20 mg/ L, 

[PMS] = 0.2 g/ L, 

catalyst = 0.1 g/ L, T 

 = 298 K 

BPA 12 100 % 
123

 

 

CuNi@C Cu-BTC AO7 = 0.02 mM, 

PMS =0.675 mM, 

catalyst = 0.15g/ L 

AO7 60 100 % 
124 

MnxCo3-xS4 MnCo-ZIF SMT = 55 mg/ L, 

PMS =0.3 g/ L, 

catalyst = 80 mg/L, 

pH = 6.5 

(SMT) 8 97 % 
125 

 

 

1.8.  Nanogenerators 
   

 The dependency on natural resources to power energy devices is inadequate due to the lack 

of a continuous power supply. The miniaturization of the electronic system makes it thus 

possible to supply energy from the environment by different methods. The emerging area of 

smaller energy devices that operate with low power consumption, possibly by the energy 

harvested from the environment, is an advantage to society. It can ultimately reduce the 

environmental hazardousness caused by ample energy supplies such as batteries. 

Nanogenerators are self-powered devices mainly rooted in using nanomaterials to generate 

energy from the environment by different methods to power the micro/nanosystems. The 

attractive features of nano energy-based technology are easy availability, efficiency, and 

stability.  
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1.9. Triboelectric nanogenerators (TENGs) 

 

 
 

Figure 1.19. General schematic representation of a triboelectric nanogenerator 

  Triboelectric nanogenerators are devices that convert mechanical energy into electricity by 

the phenomenon called triboelectric effect or electrostatic induction. Here, the power is 

generated from the potential created due to charge transfer by the contact of any two 

materials of opposite tribo polarity. A schematic representation of the triboelectric 

nanogenerator is shown in Figure 19. When two surfaces of different materials come into 

contact, there will be movement of charges to make the potential equal. These charge 

transfers occur through electrons or ions, or molecules. When separated, these surfaces will 

be retained with charges, showing the tendency to move in the opposite direction. Insulators 

or less conducting materials usually show the triboelectric effect and vary with the effective 

contact area of the materials. The first triboelectric nanogenerator was demonstrated by 

Wang et al. in 2012. The triboelectric nanogenerators function by four different modes 1) 

Vertical contact-separation mode, 2) Lateral sliding mode, 3) Single electrode mode, and 4) 

Freestanding Triboelectric-layer mode (Figure 20). 
126-128 

1.9.1. Vertical contact-separation mode 

 

  When two surfaces of dissimilar charges face each other, and potential is created as a result 

of contact, it is called vertical separation mode. Here the relative motion takes place 

perpendicular to the interfaces. Physical contact between the surfaces by external forces 

creates oppositely charged surfaces.  
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1.9.2. Linear sliding mode 

 

 In linear sliding mode, the potential is created due to the relative sliding of two materials 

parallel to the surfaces. Here, lateral polarization is observed, and the repeated sliding and 

closing generate power. The sliding can occur in planar motion, cylindrical, and disc 

rotation. 

1.9.3. Single electrode mode 

 

  Here, the electrode on the bottom part will be grounded. Only the top layer will be 

connected to the electrode, while the bottom layer will serve as an electric potential 

reference. Some examples are humans walking on the ground and hand typing. The contact 

and separation of the top object from the bottom will create a local electronic charge 

distribution on the bottom surface generating a charge transfer. This can be employed by 

both contact separation mode and lateral sliding mode. 

 

1.9.4. Freestanding triboelectric layer mode 

 

  In freestanding electrode mode, a pair of symmetric electrodes will be surrounded by free-

moving objects instead of the reference electrode. An asymmetrical charge distribution is 

created when the free-moving objects come into contact and separate from an electrode. In 

order to balance the charge, electron flows between the two electrodes, and as a result, 

electrical energy is generated. In rotation mode, free rotation is possible without direct 

contact. Hence it can improve the durability of the TENG device.  

 

 

Figure 1.20. Different modes of operation of TENG 
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1.9.5. Metal-Organic frameworks based Tribo electric nanogenerators 

  Porous materials with a high surface area are reported to impart better tribo effect due to 

the better contact area and the ability of the pores to hold the charges for a long time. Metal-

Organic Frameworks (MOFs), due to their heteroatom-rich surfaces and variable 

morphologies, are reported to exhibit appreciable triboelectric effects and are utilized in 

different powering devices. Since varieties of MOFs can be synthesized by varying the metal 

and ligand, various combinations of triboelectric series are possible with desirable output. 

Since MOFs are in powder form, different methods are studied to fabricate MOF based 

triboelectric later. The MOF-based triboelectric nanogenerator was fabricated for the first 

time by Kim et al., where ZIF-8 grown on indium-doped tin oxide (ITO)-polyethylene 

terephthalate (PET) and Kapton was used as the positive and negative triboelectric layers 

respectively. The MOF–TENG was used to power a temperature/humidity sensor using a 

capacitor and for wireless charging of a lithium (Li)-ion battery. The optimized triboelectric 

layer could achieve a power output of 164 V and 7 μA.
129

 ZIF frameworks fabricated as tribo 

materials show high output owing to high surface area and porosity. TENG fabricated with 

ZIF -67 coated as a thin film on an Aluminium substrate, and PMMA could achieve a very 

high output voltage of 300 V, 47.5 µA, and a power density of 593 mW/m
2
.
130

 Metal-organic 

frameworks, besides ZIFs are also used as positive and negative elements for triboelectric 

applications. Weng et al. fabricated a high-output TENG under humidity by incorporating 

HKUST-1 into PDMS.
131

 Fluorine-modified metal-organic frameworks KAUST-8 

incorporated into PDMS was used as a pair with Al foil, which resulted in higher voltage 

power outputs.
132 

  Recently, MOF-derived transition metal doped carbon was also tested for triboelectric 

applications. The ZIF-67-derived Co-NC carbon was incorporated into PVDF by 

electrospinning to obtain Co-NC/PVDF composite. The incorporation of Co-NC could 

improve the crystalline β-phase of PVDF, which improved the electronegativity of PVDF. 

Combining the Co-NC/PVDF composite as a negative triboelectric layer with electrospun 

Nylon-11 could achieve a higher output performance. The combination was fabricated as a 

biomechanical energy harvester and a self-powered pressure sensor for monitoring various 

human motions in a smart home control system. The summary of studies on various MOFs is 

shown in Table 8. There is still scope for exploring different MOFs for various self-powered 

systems. 
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Table 8.  Summary of the use of MOF derivatives in triboelectric devices 

Positive tribo 

 electric layer 

Negative 

triboelectric 

layer 

Output performance Applications reference 

Voltage 

 

Current Power 

density  

(mW m
-2

) 

ZIF-7 

ZIF-9 

ZIF-11 

ZIF-12 

Kapton 60 V 

29 V 

27 V 

42 V 

1.9 µA 

0.36 

μA 

0.26 

μA 

0.62 

μA 

7.74  

1.5 

1.8  

3.92  

Capacitor 133 

ZIF-8 Kapton 164 V 7 μA 392  UV counterfeit 

system 

Tetracycline 

sensor 

129 

ZIF-62 Teflon 62 V 1.4 μA 9.68  Fitness 

tracking 

Capacitor 

134 

ZIF-67 PMMA 300 V 47.5 

μA 

593  Self-powered 

electronics 

130 

MIL-88A FEP 80 V 2.2 μA 16.2  Capacitor 
135 

Co/Zn BMOF 

/ FCF 

PTFE/Al 47 V 7 μA 1.1  Gas sensor 
136 

Al foil KAUST-

8/PDMS 

530 V 3.2 μA 52 µW cm
−2

 powering LCD 

and 

charging 

the capacitors 

132 

Nylon-11 Co-NC/PVDF 710 V 131 μA 19.24  self-powered 

pressure 

sensor 

137 
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1.10. Definition of the present problem 

The efficiency of the renewable energy devices such as fuel cells, triboelectric 

nanogenerators, are primarily rooted in developing highly effective materials with high 

stability, good textural features and abundance of active sites. Materials for advanced 

water treatment processes also necessitate desirable attributes such as high surface area, 

tuned morphology and high recyclability. Currently, most of these applications employ 

precious and non-precious metals and are often associated with the following difficulties 

 Less surface area, which makes the accessibility to the active centres much more 

difficult 

 High aggregation tendency, which reduces the efficiency of the materials  

 Less stability and metal leaching from the surface causing secondary pollution. 

Heteroatom-doped porous carbon materials with metal-free and transition metal-doped 

surfaces are demonstrated as effective materials for such applications. Incorporating 

heteroatoms like nitrogen, transition metals, etc., into the carbon matrix is one of the 

efficient approaches to break the chemical inertness of the carbon and improve its 

electrical conductivity. There are various methods adopted for the preparation of 

heteroatom-doped carbon. Among these, the in situ methods employing the carbonization 

of various precursors such as organic compounds, biomasses, and polymer materials are 

widely studied for the preparation of heteroatom-doped carbon. However, the following 

challenges are identified; 

 Less control of the heteroatom content on the derived carbon. The high-temperature 

carbonization can often lead to the loss of heteroatom leading to non-uniformity in 

doped surfaces. 

 Low activity on the microporous channels obtained 

 Most of the precursors often require chemical activation methods for generating 

porosity. 

Metal-organic frameworks (MOFs), formed by the coordination of transition metals and 

organic ligands containing heteroatoms, are demonstrated to be effective precursor 

templates for obtaining metal free as well as transition metal-containing heteroatom-doped 

carbon. The single-stage carbonization of MOFs can transform to uniform heteroatom-

doped carbon as the MOF’s crystalline networks are loaded with a regular arrangement of 
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heteroatoms. Moreover, the MOF-derived carbon has tunable pore characteristics, 

morphology, and heteroatom content that depend on the medium of synthesis, 

carbonization temperature, presence of metals in the frameworks, etc. This thesis explores 

the application of MOFs and MOFs derivatives for energy conversion devices and 

wastewater treatment. The main work elements of the present thesis are; 

 Synthesis of high surface area metal-organic frameworks like ZIF-8, ZIF-67, MIL-

100, HKUST-1, etc.  

 Preparation of heteroatom-doped carbon from MOFs and their compositional, 

morphological, and porosity tuning via employing different approaches such as 

transition metal incorporation and external template-aided strategies. 

 To estimate the role of different phases of heteroatoms through different 

characterization techniques, such as XPS, SEM, TEM, etc., in enhancing the 

activity of the materials for the mentioned applications.  

 Application of MOFs and MOF derivatives to diverse areas such as fuel cell 

electrocatalysis, advanced oxidation processes based wastewater treatment, and 

triboelectric nanogenerators 
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Abstract  

Heteroatom-doped porous carbon electrocatalyst with enhanced oxygen reduction 

reaction (ORR) performance in an alkaline medium was obtained by the high-temperature 

treatment of Ni-incorporated ZIF-8 frameworks and its composite with g-C3N4 as a 

supporting matrix template. The morphology and porosity of this heteroatom-doped 

carbon were tuned by varying the Ni: Zn molar ratio in the Ni/Zn ZIF-8 and the Ni/Zn 

ZIF-8@g-C3N4 compositions. The template-aided synthetic strategy using g-C3N4 helped 

in the controlled decomposition of composites leading to heteroporous sheet-like 

architectures with increased nitrogen content. The Ni/Zn ZIF-8 sample on heat treatment 

in the 800-1000 °C temperature range led to the formation of Ni, N co-doped porous 

carbon (Ni-NPC) with Ni-C active sites. The defective sites induced by nickel carbide, 

along with the distributed N atoms on the carbon surface, enabled active O2 adsorption 

sites. The high surface area, high degree of graphitization, and the defects created by the 

well-dispersed N and Ni on the porous carbon matrices favoured the charge separation 

leading to higher electrochemical ORR activity. The Ni, N co-doped carbon catalyst, 

NiZC(1:2) 1000 in an alkaline medium exhibited a limiting current density of 5.2 mAcm
-2 

with a half-wave potential of 0.76 V vs. RHE in 0.1 M KOH. The catalyst also showed 

improved methanol tolerance and better stability compared to the standard Pt/C catalyst. 
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2.1.  Introduction 

The undesirable climatic variations induced by global warming could be ascribed 

primarily to the uncontrolled emission of greenhouse gases as fossil fuel 

consumption is increased manifold. This prompted a genuine demand for greener 

energy storage /conversion technologies. A Fuel cell is perceived to be an 

electrochemical energy conversion device that promises reliability and 

environmentally benign operating conditions.
1-3 

The efficiency of fuel cells is 

rooted in the electrochemical redox reaction kinetics occurring at the membrane 

electrode assembly (MEA). The sluggish kinetics of oxygen reduction reaction 

(ORR) occurring at the cathode of the electrochemical cell necessitates the use of a 

catalyst for the appreciable performance of fuel cells.
4-6 

However, the use of 

platinum-based metal catalysts increases the fuel cell cost and hinders its 

widespread commercial applications.
7,8 

Among low-temperature fuel cell 

technologies, alkaline fuel cells (AFC) are preferred over proton exchange 

membrane fuel cells (PEMFCs) owing to the advantages of relatively faster ORR 

kinetics in an alkaline medium and the less corrosive environment. AFCs thus offer 

higher efficiency and the possibility of employing non-noble metal catalysts.
9-11

 

This could lead to a viable strategy of making the fuel cell cost-effective by 

replacing the precious noble metal-based catalysts with high surface area porous 

carbon catalysts.
12-14

 However, the application of porous carbon requires further 

improvements to combat the poor conductivity and catalytic properties. It is well 

accepted that doping heteroatom into the porous carbon is an effective method to 

impart better catalytic activity by altering the spin density and charge separation of 

the carbon matrix.
15,16

 Consequently, carbon-based catalysts incorporating 

heteroatoms like B, N, S, P, and transition metals are currently being explored as 

ORR electrocatalysts.
17-23  

Studies show that co-doping transition metal with N can 

boost the electrocatalytic performance of the carbon owing to the better 

conductivity and high active surface area imparted by synergistic effects.
24,25

 
 
Over 

the past few years, nickel being a metal occupying the same group as that of 

platinum, has got considerable attention due to its higher electrical conductivity, 

corrosion resistance properties, and larger abundance, enabling it to be a  

promising electrocatalyst for Oxygen Reduction Reaction (ORR), Oxygen 

Evolution Reaction (OER) and Hydrogen Evolution Reaction (HER). 
26

 Nickel 
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dispersed on carbon matrix has been recently investigated for electrochemical 

applications. B. Devi et al. have made a notable contribution by synthesizing N-

doped graphitized carbon encapsulated with Ni nanoparticles from Ni(II)-dimeric 

complex with pyridine derivatives for trifunctional (ORR, OER, and HER) 

applications.
27

 Tyagi et al. have reported ORR studies on atomically dispersed 

nickel (Ni)/nickel sulfide (NixSy) on heteroatom doped hierarchical porous 

carbonaceous sheets from nickel nitrate and guanidine thiocyanate.
28

 

 

 Metal-Organic Frameworks (MOFs), by virtue of their high surface area and 

designed morphology, are widely used as precursor materials to synthesize 

heteroatom-doped porous carbons. Moreover, the precursor chemistry could easily 

be tuned to incorporate the dopant elements of choice, and its direct conversion by 

pyrolysis could yield heteroatom-doped carbons with high surface area and 

favourable pore characteristics.
29-31

 Among MOFs, Zeolitic Imidazolate 

Frameworks (ZIFs) are considered as promising materials with a multitude of 

applications due to their exceptional chemical and temperature stability. ZIFs are 

transition metal coordinated imidazolate frameworks with the 3-D sodalite 

topology. The structural resemblances to zeolites enable them to be promising 

materials for adsorption and separation applications.
32-35

 One of the featured 

applications of ZIFs is to utilize them as precursors for synthesizing high surface 

area porous carbon. These materials have potential electrochemical applications as 

electrode materials for fuel cell systems and other energy storage devices.
36-38

  

 

 An efficient method to synthesize transition metal, N co-doped carbon with tuned 

morphology, is by incorporating less volatile transition metals into the parent ZIF 

frameworks. The incorporated metal centres of cobalt, iron, and nickel could 

contribute as catalytically active centres for the growth of various morphologies of 

carbon.
39-43

 Based on these, notable contributions have emerged in the 

development of highly graphitized porous carbon surfaces doped with nickel from 

bimetallic Ni/Zn ZIF-8 frameworks, prepared by chemical vapour deposition 

(CVD) and hydrothermal techniques 
44,45

 The resultant porous carbons displayed 

improved electrocatalytic activity for HER, OER, and ORR in alkaline medium. 

Nevertheless, the ZIF-derived carbon has limitations in its application due to the 

less efficient adsorption-diffusion pathways around the microporous sites during 
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electrocatalysis. Template-assisted carbonization was thus employed as an efficient 

method to modulate the pore characteristics and to improve the catalytic activity. 

Consequently, studies are reported that the incorporation of templates like rGO,
46,47 

melamine sponge,
48 

carbohydrates
49, 

etc.,  can effectively improve the porosity 

distribution and perform as self-sacrificing templates. Recently, Wang et al. 

obtained highly efficient ORR catalysts of Co, N co-doped porous carbon with 

bamboo-like carbon nanotubes by using g-C3N4 as the sacrificial template with 

bimetallic Co/Zn ZIF frameworks. The g-C3N4 served as a medium for the growth 

of ZIF particles by attracting the metal precursors of ZIF to its electron-rich sites, 

and the catalyst exhibited remarkable ORR activity and stability.
50

  

 

 Herein, we have made an attempt to synthesize Ni, N co-doped porous carbon 

with nickel carbide active centres by the high-temperature treatment of g-C3N4 

incorporated Ni-containing ZIF-8 frameworks. The added g-C3N4 aided easy 

decomposition of the ZIF frameworks that led to sheet-like hetero-porous carbon 

and compensated for the severe nitrogen loss upon high-temperature carbonization. 

Since the self-sacrificing g-C3N4 template was finally converted to the N-doped 

porous carbon upon carbonization, no complex etching procedure was required for 

the removal of an external template on the final catalyst, highlighting the 

advantage of g-C3N4 as the template in N doped carbon systems. As the rate of 

coordination of Ni
2+

 is slower than Zn
2+

, attempts were made to study the effect of 

nickel concentration and carbonization temperature on the formed frameworks. 

The surface area, porosity, morphological features, and the electrochemical oxygen 

reduction activity of the resulting carbon catalysts were influenced by the Ni/Zn 

molar ratio of the precursor of ZIF and the carbonization temperature. The catalyst 

exhibited good ORR activity, stability, and methanol tolerance in an alkaline 

medium by virtue of its high surface area and nitrogen content.   

 

2.2. Experimental 

2.2.1. Materials 

Analytical grade Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, Merck, India), Nickel 

nitrate hexahydrate (Ni(NO3)2.6H2O, Merck, India), 2-methylimidazole (2-MeIm, 

C4H6N2,98%, Sigma Aldrich), Methanol (CH3OH, ≥99.8%, Merck, India) and 
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Urea (NH2CONH2, Merck, India) . All the reagents were used 'as received' without 

any further purification.  

2.2.2. Preparation of ZIF-8 (Z) 

The preparation of ZIF-8 in methanol was analogous to a previously reported 

procedure. 
36

 In a typical synthesis, 1.466 g of Zn(NO3)2.6H2O dissolved in 200 

mL methanol was added to a solution containing 3.325 g of 2-MeIm in 200 mL 

methanol (the molar ratio of Zn:2-MeIm: Methanol was 1:8:700). The precursor 

solution was then kept under stirring for 15 h at room temperature. The white 

precipitate formed was collected after washing with methanol by centrifugation. 

The sample was further dried overnight at 60 °C in an air oven.    

2.2.3. Preparation of Ni /Zn ZIF-8 (NiZ):  

The synthesis of NiZ was similar to the synthesis of ZIF-8 with some 

modifications. Initially, a mixture of Ni(NO3)2.6H2O and Zn(NO3)2.6H2O with 

specific molar ratio of Ni
2+

/Zn
2+

 was prepared in methanol as follows:  

The desired concentration of Ni
2+

/Zn
2+

 was prepared by adding Ni(NO3)2.6H2O 

salt into a solution of 1.466 g of Zn(NO3)2.6H2O in 200 mL methanol. This 

mixture was then added to a solution containing 3.325 g of 2-MeIm in 200 mL 

methanol and stirred for 15 h. The procedure was repeated by changing the 

concentration of Ni(NO3)2.6H2O to get the molar concentration of Ni
2+

:Zn
2+

 as 1:2 

and 1:1 while keeping the molar ratio of Zn:2-MeIm: Methanol constant (1:8:700). 

The pale blue precipitate formed was collected by centrifugation after washing 

with methanol and then dried at 60 °C. The obtained samples were named NiZ(X: 

Y), where X and Y stand for the molar ratios of Ni and Zn, respectively. 

2.2.4. Preparation of Ni /Zn ZIF-8-C3N4 composite (NiZC):  

g-C3N4 was prepared by the heat treatment of urea at 550 °C for 4 h in a muffle 

furnace.
51

 A dilute suspension of g-C3N4 was made by dispersing 1 g of g-C3N4 in 

150 mL methanol by ultrasonication for 1 h. Similar to the synthesis of NiZ, a 

mixture of Zn(NO3)2.6H2O and Ni(NO3)2.6H2O with specific Ni
2+

/Zn
2+

 molar 

ratios (molar ratio of Ni
2+

:Zn
2+

 as 1:2 and 1:1) was prepared in 50 mL methanol. 

The above solution was added to g-C3N4 dispersion and ultrasonicated for 2 h. This 

mixture was added to 3.325 g of 2-MeIm in 200 mL methanol, followed by stirring 

for 15 h. The formed precipitate was collected by centrifugation after washing with 
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excess methanol and dried at 60 °C. The amount of g-C3N4 added to the reaction 

mixture was constant for all the samples. The samples prepared with varying 

Ni
2+

/Zn
2+

 molar ratios were named NiZC(X: Y), where the additional letter C 

indicates the presence of g-C3N4. 

2.2.5. Preparation of N-doped carbon from ZIF-8 (Z T) 

The ZIF-8 powder was carbonized in the temperature range of 800-1000 °C for 2 h 

under a nitrogen atmosphere at a heating rate of 3 °C/min in a quartz tube and 

cooled to obtain the N- doped porous carbon. The resulting carbon was then acid 

leached by overnight soaking in 3 M H2SO4 at room temperature, followed by 

washing multiple times with deionized water to remove unreactive species from 

the surface of the porous carbon, which may otherwise decrease the activity of the 

catalyst by clogging the pores.
52

 The samples were named "Z T," where Z 

represents ZIF-8 and T denotes the temperature at which the samples were 

carbonized (Z 800, Z 900 & Z 1000).    

2.2.6. Preparation of Ni, N co-doped porous carbon from NiZ and NiZC (NiZ T& 

 NiZC T)  

The prepared NiZ and NiZC samples were subjected to high-temperature 

carbonization in the temperature range of 800-1000 °C, followed by acid washing 

as described above. The resulting samples were denoted as NiZ(X:Y) T and  

NiZC(X:Y) T, where X:Y represents the Ni
2+

:Zn
2+

 ratio of the precursor and T, the 

carbonization temperature.   

2.2.7. Material characterization 

The phase purity and crystalline phase of the samples were analyzed by powder X-

ray diffraction (PXRD) analysis (PW1710 Philips, The Netherlands) using Cu Kα 

radiation. The infrared spectrum of the samples was analyzed using Fourier 

Transform-Infrared spectroscopy (Perkin Elmer, FT-IR, Spectrum Two). The 

morphological features of the samples were observed through a Scanning Electron 

Microscopy (JEOL, JSM-35) operating at 15 kV and by a high-resolution 

Transmission Electron Microscope (HRTEM, TecnaiG2, FEI, The Netherlands) 

operating at 300 KV. The elemental mapping and quantification of the samples 

were carried out by Energy Dispersive Spectroscopy (EDS). Raman spectra were 

recorded utilizing an alpha 300 R confocal Raman microscope (WI Tec, Germany) 
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using a laser beam of excitation wavelength 633 nm. The surface chemistry & 

elemental composition of the samples were analyzed using X-ray Photoelectron 

Spectroscopy (ULVAC-PHI Inc., USA) equipped with a monochromatic Al-Kα X-

Ray source (hν= 1486.6 eV) having micro-focused beam (200 μm, 15 KV). Survey 

scans were recorded using an X-ray source power of 50 W and pass energy of 

187.85 eV. A pass energy of 46.95 eV was used to record the high-resolution 

spectra of the elements. The surface area and porous characteristics of the samples 

were analyzed using N2 adsorption-desorption measurement technique (Tristar II, 

Micrometrics, USA). The total pore volume and micropore volume were calculated 

from the isotherm at a P/P0 value of 0.990 and 0.035, respectively, for easier 

comparison of the values and the porous structures. However, micropore volume 

values may have been influenced by monolayer adsorption in some cases. Thermo 

Gravimetric Analysis (TGA) was conducted (Perkin Elmer STA6000 TGA) at a 

heating rate of 3 °C min
-1

 in N2 atmosphere. 

2.2.8. Electrochemical characterization 

All the electrochemical measurements were performed in a Bio-Logic 

electrochemical workstation. A three-electrode rotating disk setup was used to 

analyze the activity of the catalyst for the electrochemical oxygen reduction 

reaction in which Hg/HgO was used as the reference electrode, and a graphitic rod 

was used as the counter electrode. The working electrode was prepared according 

to the following procedure: Catalyst slurry was prepared by adding a mixture of 1 

mL of isopropyl alcohol-water (1:3) and 40 µL of Nafion solution into 5 mg of the 

catalyst, followed by sonication for 1 h. The electrode was prepared by coating 10 

µL of the prepared catalyst slurry on a glassy carbon electrode (surface area 0.196 

cm
2
), followed by drying at room temperature. All the ORR measurements were 

conducted in 0.1 M KOH solution, and the analysis was carried out by saturating 

with N2 and O2 gases. For comparison of the electrocatalytic activity of the 

samples, the state-of-the-art electrocatalyst with 40 wt.% Pt/C (Johnson Matthey) 

was used under the same procedure. The rotating ring disk electrode (RRDE) 

experiments were performed under the same conditions with the catalyst coated on 

a glassy carbon (surface area 0.2826 cm
2
) electrode having a platinum ring around 

the surface as the working electrode. The stability of the catalyst was analyzed by 

accelerated durability test (ADT) and by performing linear sweep voltammetry 
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(LSV) before and after 5000 cycles of CV performed in the potential range of 0.57 

V to 0.97 V at a scan rate of 100 mV s
-1

 in 0.1 M KOH. 

 

2.3.  Results and Discussion 

 

Figure 1. Scheme showing the formation of N-doped carbon and Ni, N co-doped carbon. 

Figure 1 depicts the schematic diagram of the synthesis of ZIF-8, NiZ, and NiZC 

samples in methanol medium by chemical precipitation method at room 

temperature. The ZIF-8 was synthesized according to the reported procedure in 

methanol medium, and the high-temperature carbonization resulted in N-doped 

carbon (Scheme 1). In the second stage, ZIF-8 was modified by incorporating Ni 

in the matrix with varying Ni
2+

/Zn
2+

 in the precursor medium (Scheme 2). As a 

subsequent stage, the influence of the supporting template on the formation of 

porous carbon was studied by preparing Ni-incorporated ZIF-8 (NiZ) samples on 

the surfaces of g-C3N4 sheets by introducing a dispersion of g-C3N4 in methanol in 

the reaction medium containing Zn
2+

, Ni
2+

 and 2-MeIm (Scheme 3). The 

carbonization of NiZ(X: Y) and NiZC(X: Y) samples in the N2 atmosphere in the 

temperature range of 800-1000°C resulted in Ni, N co-doped porous carbon 

matrices. 
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2.3.1. Phase analysis 

The powder X-ray diffraction (PXRD) patterns recorded for all the samples 

indicated the formation of pure ZIF-8 (JCPDS 00-062-1030),
53

, with sodalite 

topology. XRD pattern of the NiZ sample confirmed the absence of any other 

phase than ZIF-8. The XRD pattern of g-C3N4 contained the characteristic peaks at 

around 13.1° of (100) plane and at 27.4° of (002) plane (JCPDS 87-1526) 

corresponding to the packing of the in-plane structural motif of the graphite-like 

structure and hexagonal tri-s-triazine units of graphitic carbon nitride respectively. 

54 
The XRD patterns of composites exhibited all the peaks of ZIF-8 and g-C3N4, 

indicating the growth of ZIF-8 phase on the g-C3N4 matrices. The peaks 

corresponding to nickel phases were not observed, probably due to the very small 

amount incorporated. However, a modification in the (011) plane of the ZIF phase 

was observed in the nickel-incorporated samples as evidenced by the shift of 2θ 

value from 7.3° to 7.2° in NiZ(1:2) & NiZC(1:2) samples and 7.1° in NiZ(1:1) & 

NiZC(1:1) samples. The shift was more visible with increasing nickel content and 

could indicate nickel species present in the frameworks (Figure 2a & 2b). 

 

 

Figure 2. PXRD patterns of a) ZIF-8 and NiZ samples and b) g-C3N4 and NiZC 

composites  

The XRD patterns of the reaction product obtained after the reaction of Ni salt (with no 

Zn addition) with 2-MeIm were also recorded, and the results indicated the absence of 

any zeolitic imidazolate type of framework (Figure 3). The XRD peaks of the reaction 

product between Ni and 2-MeIm could be attributed to the square planar or distorted 

octahedral Ni complexes with imidazolate in the reaction medium, which is the preferred 

geometry of Ni complexes or Ni-MOFs.
55

 It is clear that Ni imidazolate frameworks, 
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analogous to ZIF-8, were not formed in the absence of Zn
2+

 in the medium. It can be thus 

inferred that while employing the Ni/Zn mixture, some of the Ni
2+

 ions present in the 

medium are presumably incorporated into the 3D ZIF framework mimicking the 

tetrahedral geometrical alignment of Zn
2+

 with imidazolate ions.  

 

Figure 3. PXRD pattern of Ni-methylimidazolate complex 

In the high-temperature carbonization process, the Zn ion in the coordination 

sphere volatilized, due to which network structure collapsed around the metal 

atom, forming N-doped porous carbon matrices. The peaks at the 2θ values of 26° 

and 44°, corresponding respectively to the (002) plane and (100) plane, were due to 

the diffraction from the polyarene planes and confirmed the formation of 

graphitized N-doped carbon (Figure 4b & 4b).
56

  

 

 

Figure 4. PXRD patterns of carbon samples derived at 1000 °C 
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2.3.2. Fourier transform infrared (FT-IR) analysis 

The FT-IR analysis evidenced C-N, C=C, and metal-C bonds in "as-synthesized" 

metal-organic frameworks and in the carbonized samples (Figure 5a & 5b). The 

IR pattern of the NiZ sample was similar to ZIF-8, confirming the similarity in the 

bonding type of NiZ with ZIF-8 and its variation from Ni-MOF. For carbonized 

samples, the IR pattern showed characteristic peaks of unsaturated hetero atomic 

bonding of the C-N bonded carbon and M-C functional group, indicating the 

creation of heteroatomic bonding into the carbon matrix. Compared to Z 1000, the 

NiZ 1000 and NiZC 1000 samples exhibited a shift in the transmittance peak of C-

N stretching frequency to lower wave number, probably due to the weakening of 

C-N bond strength upon the electron donation by the incorporated nickel atom.
36 

  

 

Figure 5. FT-IR spectra of a) ZIF-8, NiZ, NiZC and Ni-Imidazolate complex and b) 

Carbonized ZIF-8, NiZ and NiZC at 1000 °C 

2.3.3. Thermo gravimetric analysis (TGA) 

To elucidate the carbonization pathways of the samples, thermo gravimetric 

analysis (TGA) of the composite sample was performed in a flowing N2 

atmosphere. As can be interpreted from the TG curves (Figure 6), the presence of 

less volatile nickel reduced the weight loss in the Ni/Zn ZIF-8 framework during 

carbonization. While Zn
2+

 ions get easily volatilized during the high-temperature 

carbonization, the nickel persisted in the matrix due to its high boiling temperature 

of ~2732 °C. In addition, the g-C3N4 containing NiZC(1:2) sample exhibited 

higher weight loss than pure ZIF-8. The decomposition profiles of the composites 
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were shifted to lower temperature because of the presence of an easily 

decomposing g-C3N4 template.
57 

 

 

Figure 6. TGA curves of ZIF-8, NiZ(1:2) and NiZC(1:2)  

2.3.4.  Surface area analysis 

The specific surface area and pore characteristics of the samples were evaluated 

using the N2 adsorption-desorption analysis. The ZIF-8 and NiZ samples showed 

Type I adsorption isotherm indicative of the microporous nature of the framework 

material (Figure 7a). At the same time, the rise in adsorption at large P/P0 values > 

0.9 indicated condensation of adsorbates in the interparticle voids of the samples 

constituted by secondary pores from the aggregation of the particles.
58,59 

The 

surface area values were 1246, 1260, and 1275 m
2
/g for ZIF-8, NiZ(1:2), and 

NiZ(1:1), respectively. The g-C3N4 supported NiZC samples exhibited a 

predominantly microporous nature though some larger pores were also observed, 

presumably originating from folded g-C3N4 sheets (Figure 7b). The surface area 

values of the g-C3N4 supported samples were 663 and 692 m
2
/g for NiZC(1:2) and 

NiZC(1:1), respectively, much lower compared to pure ZIF-8, g-C3N4 has 

relatively less surface area (108 m
2
/g) and its incorporation inherently reduced the 

surface area of the composite samples (Table 1). The formation of a porous 

structure was also aided by the vaporization of Zn metal from the coordination 

spheres. The decomposition of framework structures on high-temperature 

carbonization led to a decrease in surface area.  
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Figure 7. N2 adsorption-desorption isotherms of a) ZIF-8 and NiZ samples, b) g-

C3N4 and NiZC samples. 

 

Table 1. Surface areas and pore volumes of the samples before carbonization. 

 

Sample   Before carbonization 

SBET 

(m
2
/g) 

Vtotal 

(cm
3
/g) 

Vmicro 

(cm
3
/g) 

g-C3N4 108 0.42 0.01 

Z (ZIF-8) 1246 1.26 0.61 

NiZ(1:2) 1260 0.98 0.59 

NiZ(1:1) 1275 1.09 0.63 

NiZC(1:2) 663 0.51 0.30 

NiZC(1:1) 692 0.63 0.26 

 

After carbonization, the ZIF-8 and NiZ samples derived carbon retained their Type 

I adsorption behaviour, but the surface area varied with varying Ni/Zn ratio and the 

carbonization temperature (Figure 8 & 9). The high-temperature carbonization 

resulted in porous carbon with surface area values in the range of 349-1050 

m
2
/g.The surface area of the carbon derived from ZIF-8 was found to increase with 

increasing temperature above 800 °C and the sample after carbonization at 1000 °C 

exhibited the highest surface area of 1050 m
2
/g, owing to the formation of fully 

extended porous textures upon the evaporation of zinc (Table 2). ZIF and NiZ 

samples showed decreased micro-porosity and surface area on heat treatment at 

800 °C, obviously due to incomplete carbonization at this temperature. NiZ(1:2) 
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and ZIF-8 samples showed a systematic increase in micro-porosity and surface 

area on heat treatment from 800 to 1000 °C, although the evolution of micro-

porosity was slightly delayed in NiZ(1:2) sample (lower micro-porosity at 800 but 

similar at 900 and 1000 °C). This delay should be due to the increased thermal 

stability of the materials owing to the presence of Ni and Zn. The lower volatility 

of Ni should be the reason; the more Ni-containing sample NiZ(1:1), in fact, has 

shown an even further delay in the evolution of microporous carbon structure (very 

low micro-porosity at 800 and 900 but high at 1000 °C). Hence, the metal content 

seems to have a significant influence on pore structure formation. In the case of 

NiZC samples, an increase in heat treatment from 800 °C to 1000 °C only slightly 

increased their surface area, and the micro-porosity remained more or less the 

same. It could be expected that the carbonization was more or less complete by 800 

°C in these samples due to the easier decomposition of g-C3N4 present. While the 

porous carbon derived from ZIF frameworks retained its microporous structure, the 

template-assisted synthesis of porous carbon using g-C3N4 facilitated the formation 

of the hetero-porous architecture of the derived carbon, as clearly indicated by the 

Type IV isotherms with H3 hysteresis. At higher temperatures, the pore volume of 

NiZC(X: Y) T samples was found to be higher, aided by the hybrid structure 

formed by the micro-mesoporous architectures of the NiZ-C3N4 combination. This 

extended micro-meso porosity of the catalysts, upon using g-C3N4 as the 

supporting matrix, might be beneficial for the easier diffusion of the O2 molecules 

toward the catalytic sites. All the samples had macro porosity due to the presence 

of secondary aggregates.  

 

 Figure 8. N2 adsorption-desorption isotherms of carbon samples obtained at a) 800 °C 

and b) 900 °C  
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Figure 9. N2 adsorption-desorption isotherms of carbon samples obtained at 1000 °C 

Table 2. Surface areas and pore volumes of samples carbonized at 800 °C, 900 °C and 

1000 °C 

Sample After carbonization 

800 °C 900 °C 1000 °C 

  SBET 

 (m
2

/g) 

Vtotal 

(cm
3

/g) 

Vmicro 

(cm
3

/g) 

SBET 

 (m
2

/g) 

Vtotal 

(cm
3

/g) 

Vmicro 

(cm
3

/g) 

SBET 

 (m
2

/g) 

Vtotal 

(cm
3

/g) 

Vmicro 

(cm
3

/g) 

Z (ZIF-8) 453 0.35 0.20 751 0.82 0.27 1050 1.08 0.39 

NiZ(1:2) 252 0.23 0.11 644 1.06 0.26 933 1.63 0.39 

NiZ(1:1) 339 3.2 0.1 449 0.45 0.09 672 0.73 0.28 

NiZC(1:2) 338 0.75 0.12 337 2.29 0.1 426 1.93 0.13 

NiZC(1:1) 271 1.18 0.08 314 1.74 0.1 349 1.31 0.10 

 

The NLDFT curves were drawn for the carbons derived from ZIF-8, NiZ(1:2), and 

NiZC(1:2) samples at 1000 °C to understand the pore size distribution. The cavity 

created by the tetrahedral coordination of Zn
2+

 ions to 2-MeIm led to 3-D 

frameworks with many channels and open pores in the microporous size range of < 

2 nm. As can be seen from the NLDFT curves, the NiZ-derived carbon at 1000 °C 

exhibited the same amount of microporosity compared to the ZIF-8 derived ones. 

However, the carbon derived from NiZC samples exhibited a well-defined micro-

mesoporous architecture evidencing the ability of the g-C3N4 to tune the pore 

characteristics of the matrix (Figure 10). Thus, the templating strategy with g-

C3N4 resulted in hetero-porous architecture for the carbonized catalyst, which can 
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facilitate better transport of O2 molecules across the porous channels in the 

catalytically active surface, thus enhancing ORR efficiency. 

 

 

Figure 10. NLDFT pore size distribution curves of the samples carbonized at 1000 °C. 

2.3.5. Electrochemical Analysis 

The electrocatalytic ORR activity of the samples was investigated by analyzing the 

cathodic cyclic voltammetry (CV) profiles obtained in N2/O2 saturated 0.1 M KOH 

solution. The CV profiles were initially analyzed in N2 saturated solution followed 

by O2 saturated solution. The CV curves showed a characteristic shift in current at 

a potential of around 0.80 V compared to that in the N2 saturated solution 

indicating the reductive nature of the catalysts in the presence of O2 (Figure 11). 

 

 

Figure 11. Cyclic voltammograms recorded in N2 and O2 saturated 0.1M KOH 

solution of Z 1000, NiZ(1:2) 1000, and NiZC(1:2) 1000 samples 
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The ORR activity of the carbon samples was further confirmed by evaluating the 

linear sweep voltammetry (LSV) curves in 0.1 M KOH solution saturated with O2 

gas at 1600 rpm. To study the influence of the carbonization temperature on the 

electrocatalytic activity, a comparison of the LSV curves was made for the ZIF-8 

derived Z 800, Z 900, and Z 1000 samples. The activity was found to increase from 

800 to 1000 °C, and the carbon derived at 1000 °C exhibited the maximum 

catalytic activity (Figure 12a). The activity was then evaluated further on all the 

samples prepared at the optimized temperature of 1000 °C, and a variation in the 

order ZT < NiZ(X: Y) T < NiZC(X: Y) T was observed (Figure 12b). The sample 

NiZC(1:2) 1000 exhibited maximum ORR activity, with a limiting current density 

of 5.2 mA/cm
2
 and a half-wave potential of ~0.76 V vs RHE. The current density 

exceeded over 40% Pt/C catalysts and is higher than other reported nickel-

containing carbon materials in the literature (Table 7). The sample NiZC(1:2) 1000 

exhibited better ORR performance compared to NiZC(1:1) 1000. The high metal 

content in NiZC(1:1) 1000 may have created the aggregation of particles on the 

surface, leading to the reduction in the surface area and, thereby, active catalytic 

surface, as evident from the BET isotherm curves. This subsequently led to a 

reduction in the electrocatalytic ORR activity.  

 

Figure 12. a) LSV curves of ZIF-8 derived carbon samples obtained after carbonization 

at different temperatures b) Compared LSV curves of carbon samples obtained at 1000 °C 

with Pt/C in O2 saturated 0.1 M KOH solution under 1600 rpm.             

2.3.6. Morphology and Microstructure Analysis 

In order to get further insights into the correlation between the electrocatalytic activity of 

the samples with their microstructural features, the morphological analysis of the samples 
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was carried out. The microstructure evaluations of the ZIF-8, NiZ(1:2), and 

NiZC(1:2) samples were carried out by TEM analysis. Figure 13a shows ZIF-8 as 

dodecahedral particles with an average diameter of around 80 nm. Figure 13b 

shows the NiZ(1:2) particles with similar morphology as that of ZIF-8. Even 

though the addition of Ni has no influence on particle shape, the size of the 

particles was found to be reduced (≈ 50 nm) compared to pure ZIF-8 particles. This 

may be primarily due to the higher number of cationic sites due to the presence of 

extra Ni
2+

 ions together with the Zn
2+

 ions in the synthesis medium. After the 

addition of g-C3N4, the composites appeared with mixed morphology, as shown in 

Figure 13c, where the dodecahedral particles of Ni incorporated ZIF-8 of 50 nm 

size were found grown on the sheet-like structures of g-C3N4. On high-temperature 

treatment, the 3-D frameworks composed of the C-N, C-C, and Zn-N linkage were 

ruptured, leading to Ni, N co-doped porous carbon. As discussed previously, the 

microporosity mainly arose from the volatilization of Zn from the framework. As 

can be interpreted from the TEM pictures, the substitution of nickel in the Zn-

imidazolate frameworks and the presence of g-C3N4 helped in tuning the 

morphology of the resulting carbon. The samples Z 1000 and NiZ(1:2) 1000 

exhibited distorted hexagonal morphology of parent ZIF structures. The 

decomposition aided by g-C3N4 helped in the formation of sheet-like morphology 

in NiZC(1:2) 1000, as shown in Figure 13(d-f). 

 

Figure 13. TEM images of a) ZIF-8, b) NiZ(1:2), c) NiZC(1:2), and (d-f) corresponding 

carbon samples obtained after carbonization at 1000  °C. 
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Figure 14. TEM images of ; a) NiZC(1:2) 800, b) NiZC(1:2) 900, c) NiZC(1:2) 1000, d) 

NiZC(1:1) 800, e) NiZC(1:1) 900 f) NiZC(1:1) 1000 and g) NiZ(1:1) 800 with various 

morphologies . 

Distorted hexagonal structures, tubes, and sheets were formed, influenced by the 

carbonization temperature, the supporting template, and the molar ratio of nickel ions 

(Figure 14). The incorporation of nickel helped in catalyzing the growth of tube-like 

morphology, while g-C3N4 as a template influenced the formation of sheet-like structures 

in the derived carbon. 

The SEM image of the NiZC(1:2) composite again confirmed the growth of 

spherical NiZ particles on the sheet-like g-C3N4 template (Figure 15a & 15b).  
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Figure 15. a) SEM images of NiZ(1:2) and b) NiZC(1:2)  

The SEM-EDS analysis of the samples detected the presence of C, N, and Ni 

elements. The distribution ratio of the various elements is summarized in Table 3. 

The presence of nickel, identified in trace amounts (0.01 - 0.3 at. %), indicated that 

the incorporation of nickel was only minimal. It is to be noted that the competing 

effect of the Ni
2+

 to form a zeolitic type framework during the room temperature 

synthesis condition is very limited as Ni
2+

 favours the yellowish brown square 

planar complexes (Figure 16). Since the reaction rate of Zn
2+

 ions with imidazolate 

ligand is higher, the ZIF-8 structure is formed with only a few metal centres 

occupied by Ni
2+

 ions. The remaining unreacted Ni
2+

 ion, along with Zn, gets 

leached away during the washing of the precipitate with excess methanol and 

water. The surface atomic percentage of the nitrogen content was identified as 

32.85% for the NiZ(1:2) and 58.11% for the NiZC(1:2) composites. The excess 

nitrogen is contributed by the g-C3N4 in the composite. The g-C3N4 is a polymer 

formed by tri-s-triazine units of carbon and nitrogen and contains a remarkably 

higher amount of nitrogen. As a result, the composite of ZIF frameworks with g-

C3N4 improved the total nitrogen content because of the contribution from both the 

ZIF and g-C3N4 components.  
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Table 3. Distribution of various elements in samples obtained from SEM-EDS data 

 

Sample name Elemental distribution (Atomic %) 

C N Ni Zn 

NiZ(1:2) 62.02 32.85 0.04 5.09 

NiZC(1:2) 40.63 58.11 0.01 1.25 

Z 1000 79.01 20.26 ------- ------- 

NiZ(1:2) 1000 80.07 19.71 0.22 ------- 

NiZC(1:2) 1000 71.89 27.90 0.21 ------- 

 

 

Figure 16. Photographs of a) ZIF-8, b) NiZ, c) NiZC, and d) Ni-methyl imidazolate 

complex powder samples 

The SEM-EDS analysis of the carbonized samples shows that the atomic 

percentage of nitrogen reduced from 20.26 % to 19.71 % for the Z 1000 and 

NiZ(1:2) 1000 samples. The loss of nitrogen was more evident for NiZ samples, 

probably due to distortion in the size and topology of ZIF-8 upon incorporation of 

Ni atoms. The existence of double metallic centres with different atomic radii and 

the associated electronic characteristics might have caused some distortion in the 

ZIF frameworks, facilitating easy volatilization of the nitrogen atoms at high 

temperatures. The atomic percentage of nitrogen was found to increase to 27.9 % 

in NIZC(1:2) 1000 due to the presence of g-C3N4 (Figure 17). As we increased the 

carbonization temperature from 800 to 1000 °C, the presence of nitrogen was 

reduced from 48.24% to 27.9% (Table 4), indicating severe loss of nitrogen at 

higher temperatures as volatile N2 gas.  
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Figure 17. SEM-EDS analysis of NiZC(1:2) 1000 along with elemental composition. 

Table 4. Distribution of various elements in NiZC(1:2) T samples  obtained from 

SEM-EDS data 

Sample name Elemental distribution (Atomic %) 

C N Ni 

NiZC(1:2) 800 51.50 48.24 0.26 

NiZC(1:2) 900 67.77 31.85 0.38 

NiZC(1:2) 1000 71.89 27.90 0.21 

 

The elemental mapping of the sample NiZC(1:2) 1000 further revealed the 

distribution pattern of C, N, and Ni elements on the porous carbon surfaces 

(Figure 18). The well-dispersed dopants might create active regions for the O2 

adsorption and subsequent reduction reaction. 

 

Figure 18. SEM image of NiZC (1:2) 1000 and the corresponding elemental distribution 
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2.3.7. X-ray photoelectron spectroscopy (XPS) analysis  

The presence of elements in the carbonized samples was further confirmed and 

quantified by XPS analysis. The XPS survey spectrum showed the presence of 

carbon, nitrogen, and oxygen in Z 1000, NiZ(1:2) 1000, and NiZC(1:2) 1000 

samples (Figure 19). Due to the insignificant quantity in the carbon matrix, the 

binding energy peaks corresponding to the nickel species were absent in the survey 

spectrum. The atomic percentage of C, N, O, and Ni in samples Z 1000, NiZ(1:2) 

1000, and NiZC(1:2) 1000 are presented in Table 5. Nitrogen content in ZIF-8 

derived carbon (Z 1000) was 8 at. % and upon Ni incorporation, the atomic 

percentage of nitrogen was decreased to 5.9 % in NiZ(1:2) 1000 sample. This 

nitrogen loss was primarily due to the decomposition of the frameworks induced 

by the defect formation upon nickel incorporation in the ZIF-8 frameworks.
60

 The 

template-mediated synthesis of porous carbon with g-C3N4 resulted in an overall 

increase of total N content (9.2 at. %), highlighting the contribution of g-C3N4 in 

the composites. At high temperatures, the g-C3N4 transformed completely into N-

doped carbon along with the ZIF-8 frameworks and compensated for the N loss by 

providing its own N atoms to the carbon matrix.
 61  

 

 

Figure 19. XPS Survey spectra of the samples derived at 1000 °C 
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Table 5. Distribution of various elements on the carbon samples in atomic % obtained 

from XPS. 

Sample name Elemental distribution (Atomic %) 

C N O Ni 

Z 1000 85 8 7 ------ 

NiZ(1:2) 1000 87.3 5.9 6.1 0.7 

NiZC(1:2) 1000 85.8 9.2 4.7 0.3 

 

The deconvoluted C1s spectrum was particularly resolved into five types of carbon 

binding. It included a high intense sp
2 

graphitic C-C bond of carbon (284.6 eV), C-

N (285.2 eV), C-O (≈286.0 eV), and O-C=O (288 eV) bonds (Figure 20 (a-c)). A 

satellite peak corresponding to the π-π* transition in the aromatic carbon rings 

contributed by the graphitic type of carbon (291.0 eV) indicated the conducting 

nature of carbon surfaces. In addition to these, the resolved spectra of NiZ(1:2) 

1000 and NiZC(1:2) 1000 contained an additional peak at around 283.6 eV arising 

from the  C-Ni bonding and confirmed the incorporation of nickel as nickel carbide 

in the carbon matrix 
62-65

 (Figure 20 b&c). The modification of the density of 

states (DOS) of the valence band of the parent nickel atom, caused by the 

electronic interaction between the nickel and the carbon atom in the nickel carbide 

66
, can provide suitable binding energy for the O2 molecule in the medium.

 

Moreover, the higher synergistic effect of transition metal carbide and the 

sufficient amount of nitrogen distributed in the porous carbon surface could have 

led to higher affinity for oxygen adsorption, conduction, and reduction in alkaline 

solution.  

 

Figure 20. XPS deconvoluted C 1s spectra of a) Z 1000, b) NiZ(1:2) 1000 , and  c) 

NiZC(1:2) 1000  
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The resolved Ni2p spectra of NiZ (1:2) 1000 and  NiZC(1:2) 1000 could be 

divided into mainly two regions (Figure 21). The peaks at the low binding energy 

region (852-860 eV) indicated the 2p3/2 states of Ni
2+

, and the region corresponding 

to high binding energy (860-875 eV) indicated the 2p1/2 states of Ni
2+ 

confirming 

the Ni-C binding states.
 67 

Even though the XPS analysis detected the Ni-C bonded 

phase in the carbonized materials, the corresponding XRD peaks were absent for 

the carbonized samples. This is possibly due to the overlapping of high intense 

(113) peak of Ni3C, which is present in low amounts with the broad (100) plane of 

graphitic carbon.   

 

 

Figure 21. XPS deconvoluted  Ni 2p spectra of a) NiZ (1:2) 1000, and b) NiZC(1:2) 1000 

 The high-resolution spectrum of N1s detected the presence of pyridinic (398.7 

eV), pyrrolic (399.9 eV), graphitic (401.2 eV), and surface pyridinic N-O species 

(402.4 eV) in NiZ(1:2) 1000 and NiZC(1:2) 1000 (Figure 22). The presence of 

pyridinic and graphitic nitrogen can generate an accumulated polarity on the 

carbon surface and can easily attract other electronegative elements like oxygen, 

contributing towards a better catalytic effect during the oxygen reduction reaction. 

The atomic percentage of the different types of N present in the samples is 

compared (Figure 23 & Table 6). The atomic percentages of pyridinic and 

pyridinic N-O were 4.74 % and 1.45 % for NiZC(1:2) 1000. These pyridinic active 

sites presumably offer a better ORR kinetic pathway during electrocatalysis.
68 
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Figure 22. XPS deconvoluted N 1s spectra of a) Z 1000, b) NiZ(1:2) 1000 and  c) 

NiZC(1:2) 1000 

 

Figure 23. Distribution of various types of nitrogen in the Z 1000, NiZ(1:2) 1000, and 

NiZC(1:2) 1000 samples. 

Table 6.  Distribution of various types of nitrogen in Z 1000, NiZ(1:2) 1000 and 

NiZC(1:2) 1000 samples obtained from XPS deconvoluted spectrum 

Sample name 

 
 N content (At %) 

Pyridinic Pyrrolic Graphitic Pyridinic N-O -NO2 

Z 1000 6.431 0.286 1.281 ------- ------- 

NiZ(1:2) 1000 1.946 0.771 1.546 1.161 0.473 

NiZC(1:2) 1000 4.743 0.43 2.571 1.454 ------ 
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2.3.8. Raman spectroscopy analysis 

In order to get an idea of the extent of graphitization, as well as the defect 

formation on the electrocatalytic activity, Raman analysis was performed. The two 

distinct peaks observed around 1350 cm
-1

 and 1580 cm
-1

 corresponded to the 

defective or diamond-like band (D band) and graphitic band (G band), respectively 

(Figure 24). The D band was generated from the sp
3
 bonded states on the graphitic 

carbon lattice caused by imperfections or defects. The G band at the higher 

frequency region was due to the vibrations of the sp
2
 bonded states of the perfect 

graphitic plane.
69,70

 The calculated ID/IG ratios were 1.08, 1.43, and 0.51 for the 

samples Z 1000, NiZ(1:2) 1000, and NiZC(1:2) 1000, respectively. It is inferred 

that the carbonization of Ni-incorporated ZIF-8 presumably created more defects 

due to the incorporation of nickel atoms along with nitrogen in the carbon matrix. 

While in the case of NiZC(1:2) 1000, the extent of graphitization was increased 

along with the concurrent defective nature of the heteroatom-doped surfaces. The 

extra carbon and nitrogen atoms contributed by the g-C3N4 sheets might have 

helped the formation of the hybridized surface of the graphitic structure with a 

certain amount of defects. While the defects created adsorption sites for O2, the 

graphitic structure helped to create an efficient conductive pathway for the 

electrons during the electrochemical oxygen reduction reaction. 

 

 

Figure 24. Raman spectra of the samples carbonized at 1000 °C. 
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2.3.9. Analysis of ORR kinetics 

To further look into the electron transfer mechanism during ORR, RDE 

experiments at different rotation rates were conducted (Figure 25 (a-c)). As 

evident from the figures, with the increase in rotation rate, the number of electrons 

transferred also increased, contributing to the increase in high current density. The 

kinetic parameters were investigated by calculations according to the Koutecky- 

Levich plot (K-L plot) from equations [1] & [2]: 

 

 

 
 

 

  
 

 

     
         

 

Where, J is the obtained current density, JK is the kinetic current density, and ω is 

the angular rotation rate. The constant B can be calculated from the equation: 

 

        (   
)

 
    

    
     [2] 

 

Where n is the number of transferred electrons during oxygen reduction reaction, F 

is the Faraday's constant indicating the charge associated with the electron transfer, 

Do2 is the diffusion coefficient of O2 gas molecules in 0.1 M KOH solution 

(1.9x10
-5

 cm
2 

s
-1

), 𝜐 is the kinematic viscosity of the used electrolyte (0.01 cm
2 

s
-1

) 

and CO2 is the concentration of O2 (1.2 x 10 
-3

 mol L
-1

). 

 

The K-L plots obtained by plotting 1/J against ω
-1/2 

drawn for Z 1000, NiZ(1:2) 

1000, and NiZC(1:2) 1000 at 0.6 V (Figure 25d), showed an increase in electron 

transfer number in the order NiZC(1:2) 1000> NiZ(1:2) 1000> Z 1000. 
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Figure 25. a) LSV curves of a) Z 1000, b) NiZ(1:2) 1000, and c) NiZC(1:2) 1000 

under different rotation rates, and d) K-L plots of samples at 0.6 V in O2 saturated 

0.1 M KOH solution 

 

The RRDE experiments were conducted to analyze the intermediate product H2O2   

produced due to the partial 2 e
-
 mechanism. The average amount of H2O2 produced 

during the electrochemical oxygen reduction was around 26%, 16%, and 13% for 

the Z 1000, NiZ(1:2) 1000, and NiZC(1:2) 1000 samples, respectively (Figure 26 

a). The corresponding number of electron transfer was found to be around 3.5-3.6 

for Z 1000, 3.6-3.7 for NiZ(1:2) 1000, and increased to 3.8 for NiZC(1:2) 1000 

(Figure 26 b), which confirmed that the incorporation of nickel ion as well as g-

C3N4 into the supporting matrix have favourably contributed for the easy transport 

of the O2 molecule as well as the efficient electron transport mechanism on the 

porous carbons derived at high temperature,  thereby increasing the overall ORR 

activity. 
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Figure 26. % H2O2 yield and d) number of f electron transferred for Z 1000, 

NiZ(1:2), and NiZC(1:2) 1000 from the RRDE experiment in 0.1 M KOH. 

 

In addition to the high ORR activity, the stability and methanol tolerance of the 

catalysts are also important parameters that decide the applicability of the catalysts. 

In order to understand the sensitivity of the electrocatalyst in the presence of 

methanol, the chronoamperometry test was carried out for the best-performing 

electrocatalyst and was compared to the commercial Pt/C catalyst. The 

chronoamperometry test was carried out in O2 saturated 0.1 M KOH solution under 

a rotation rate of 1600 rpm for 1800 s under an applied potential of 0.60 V. 3 M 

MeOH solution was added into the above O2 saturated KOH solution at the time 

period of 300 s, and the variation in current was measured. As can be observed in 

Figure 27, the NiZC(1:2) 1000 sample was almost insensitive to the addition of 

methanol. On the other hand, the current density of the Pt/C has shown a sharp 

decline as a response to methanol addition revealing its sensitivity to methanol. 

This ensures better stability of the prepared catalyst material in an alkaline medium 

towards methanol tolerance. 
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Figure 27. Methanol tolerance curves of NiZC(1:2) and Pt/C   

The stability of the best catalyst was investigated further by accelerated durability 

test (ADT) in 0.1 M KOH electrolyte solution by performing CV at a scan rate of 

100 mV s
-1

. The measurement was done under a rotation rate of 1600 rpm, and the 

recorded LSV was compared before and after 5000 cycles of the ADT test. After 

5000 cycles, the catalyst exhibited 96% retention in limiting current. The half-

wave potential of the NiZC(1:2) 1000 samples underwent a negative shift of 14 

mV while that of Pt/C was found to be 30 mV, further confirming the better 

stability of the prepared catalyst materials relative to that of Pt/C (Figure 28).  

 

 

Figure 28. Durability curves of a) NiZC(1:2) and b) commercial Pt/C.  
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Table 7. Comparison of ORR performance of Ni incorporated catalysts in 0.1 M KOH 

with recent literature 

Sample name Onset Half wave Current 

density 

(mA cm
−2

) 

Electron 

transfer 

number 

reference 

Ni@N-CNCs 0.04 V (vs. 

Ag/AgCl) 

-0.19 V(Vs 

Ag/AgCl) 

-4.8  4.0 [71] 

Ni3(HITP)2 

framework 

 

0.82 V (vs. 

RHE) 

--------- −2.5  -------- [72] 

 NCNTs/E-

NNPs 

0.96 V (vs. 

RHE) 

0.86 V (vs. 

RHE) 

-3.8  3.7 [73] 

Ni-NC700 0.86 V (vs. 

RHE 

0.75 V 

 (vs. RHE) 

-2.2   ------ [27] 

Ni/ rGO 0.80 V (vs. 

RHE) 

O.60 V 

 (vs. RHE) 

-4.6  ≈2.8 [74] 

Ni-GT-750-A 0.89 V (vs. 

RHE) 

------ -3.90 --------- [28] 

NiZC(1:2) 1000 0.86 V 

 (vs. RHE) 

0.76 V 

 (vs. RHE) 

-5.2  3.8 [Present 

work] 

 

 

Thus, it has been observed that the template-assisted synthesis of heteroatom-

doped porous carbon from Ni-incorporated ZIF-8 frameworks has resulted in Ni, N 

co-doped hetero-porous carbon with Ni-C active centers with appreciable ORR 

performance in an alkaline medium. The defective sites created by the incorporated 

heteroatoms were beneficial for creating adsorption sites for the O2 molecule, thus 

initiating the ORR mechanism. The modulation in the surface electronic properties 

facilitated by the combined synergistic effect of Ni-C along with the N atom on the 

porous carbon surface could have contributed to the high ORR activity. The 

catalysts exhibited maximum ORR at the optimum nickel concentration of the 

sample NiZC(1:2) at the higher carbonization temperature of 1000 °C. 

Furthermore, the template-assisted synthetic strategy using g-C3N4 aided in the 
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easy decomposition of the ZIF-8 framework and the formation of hetero-porous 

sheet-like architectures with well-dispersed nitrogen content. The fugitive template 

also helped to compensate for the severe nitrogen loss upon high-temperature 

carbonization of ZIF-8 by completely transforming into N-doped carbon together 

with the parent ZIF framework. The chemical, morphological and structural 

changes induced in the newly designed catalyst derived at 1000 °C enabled easier 

diffusion and conduction of O2 molecules through the catalyst surfaces, thus 

providing excellent ORR performance with higher current density.    

2.4. Conclusions 

In summary, we have successfully synthesized Ni, N co-doped porous carbon by 

the high-temperature decomposition of g-C3N4 templated Ni-doped ZIF-8 

precursors. By varying the Ni/Zn molar ratio and the carbonization temperature, 

we were able to get heteroatom-doped porous carbon with various architectures 

and pore characteristics. The nickel ion contributed towards the creation of 

defective sites through the formation of nickel carbide, and the presence of g-C3N4 

in the composite enabled the formation of micro-mesoporous architectures with 

high nitrogen content and surface area. Incorporating the guest metal atom Ni and 

the sacrificial template of g-C3N4 has contributed to the evolution of carbon 

surfaces of varying morphology with an increase in electrocatalytic activity for 

ORR in alkaline medium. The sample NiZC(1:2) 1000 exhibited higher 

electrocatalytic activity than other samples with a limiting current density of 5.2 

mAcm
-2

 and a half-wave potential of 0.76 V Vs RHE. The sample also exhibited 

higher durability and methanol tolerance in the alkaline medium compared to 

commercial Pt/C electrocatalyst. The hetero-porous carbon electrocatalysts thus 

developed can contribute towards the development of economically viable fuel 

cells. 
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Abstract 

Non-precious transition metal-based catalysts are perceived to be viable alternatives for 

high cost Pt/C catalysts for Oxygen reduction reaction (ORR) in fuel cells. Metal-organic 

frameworks are considered ideal precursors for the synthesis of transition metal, 

heteroatom doped catalysts. However, MOF-derived carbon with agglomerated metal 

sites upon carbonization may hinder the activity due to the lack of proper channels for 

molecular transport. Herein, we demonstrate the synthesis of a Co, N co-doped carbon by 

blending ZIF-67 derived Co-doped carbon with a high surface area porous carbon 

prepared from lotus seed shell. The combination of the two catalysts led to enhanced 

electrochemical ORR activity in an alkaline electrolyte medium. The optimized carbon 

catalyst ZL 600(3:1) exhibited a half-wave potential of 0.79 V vs. RHE and a current 

density of -4.38 mA cm
-2

 in 0.1 M KOH solution. The catalyst also showed higher 

stability as well as methanol tolerance. The high micro-mesoporosity, pyridinic –pyrrolic 

nitrogen contents, as well as enriched Co
 
active centres surrounded by carbon sheets 

favourably contributed to the efficient ORR mechanism. 
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3.1.  Introduction 

The incessant urge for environment-friendly energy storage and conversion devices 

caused by the increasing population and the associated urbanization has led to the 

emergence of renewable devices such as fuel cells. Fuel cells are considered greener 

energy devices where the energy is generated in the form of electricity via the conversion 

of fuels into harmless byproducts.
[1-3] 

However, the efficiency of the fuel cells is based on 

the ability of the catalyst to forward the kinetics of the rate-limiting oxygen reduction 

reaction at the cathode. Developing efficient catalysts for the trouble-free operation of 

fuel cells is thus an essential requirement for commercial needs. 
4, 5

   

Pt-based catalysts are demonstrated to be ideal candidates for fuel cell ORR applications. 

However, the low surface area and dispersity of Pt catalysts necessitate a support material 

to perform to its full potential. Currently, carbon black is considered the ideal support for 

Pt catalysts due to its high surface area and mesoporosity that enable homogeneous 

dispersion of the Pt particles and provide surface supports that act as promising 

electrocatalysts with minimum Pt loading. 
6-9

 However, such activated carbon supports 

are derived from hydrocarbons such as petroleum products and are again dependent on 

non-renewable sources. This demands focused efforts on developing alternative low-cost 

catalysts that can impart comparable electrocatalytic activity with that of Pt/C in fuel 

cells. Over the past years, diverse preparation strategies have been employed to prepare 

activated carbon with desirable features like high surface area, porosity, etc., by 

employing different sources. Biomasses, including agricultural waste, are considered a 

cheap source for the preparation of activated carbon for application in various fields, such 

as adsorption and conversion reactions. 
10-12

 However, they were found to exhibit 

significantly less activity due to the lack of proper active centres and agglomeration 

leading to poor ORR performance. Functionalization of the surface of the carbon is an 

effective strategy to improve the activities of the activated carbon.
13  

Doping the activated 

carbon with heteroatoms such as nitrogen and transition metals is proven to be an ideal 

method to impart better catalytic activity to activated carbon. 
14-17

 

Transition metals such as Co, Ni, Cu, Fe, etc., have been widely exploited for replacing Pt 

catalysts with high ORR performance as they act as efficient catalytic centres due to their 

partially filled d orbitals. 
18-21

 Metal-organic frameworks (MOFs) are widely exploited as 

a sacrificial template for preparing transition metal-doped carbon catalysts. MOFs 
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containing central metal nodes and organic ligands containing carbon and other 

heteroatoms such as nitrogen, oxygen, etc., can lead to the transition metal, heteroatom-

doped carbon upon carbonization under an inert atmosphere. This heteroatom content is 

also found to be beneficial as they can perform as active centres due to the synergy 

between the carbon and the heteroatoms. Also, compared to other preparation methods, 

MOFs as a precursor can provide better control on heteroatom doping due to the 

periodicity in the arrangement of atoms in the MOFs.
22-24 

However, pure MOF-derived 

carbon possesses limited activity due to the agglomeration of excess adjacent metal 

particles and the associated reduction in effective active centres available to initiate 

electrocatalytic activity. 
25-27 

Recent studies reported that using biomass-derived activated 

carbon as support for the metal-organic frameworks and their derived transition metal-

doped carbon can impart enhanced ORR activity due to the effective dispersion of active 

sites. The catalysts found better electrocatalytic activity in alkaline electrolytes. ZIF-67 

incorporated into Pomelo peel-derived N-doped carbon has enhanced ORR activity 

compared to ZIF-67 and N-doped carbon prepared from Pomelo peel. The abundant Co-

N4 sites in ZIF-67@NPC favourably contributed to enhanced ORR activity with a higher 

half-wave potential of 0.82 V vs. RHE and a kinetic current density of -4.97 mA cm
-2

 at 

0.80 V. 
28

 Qi et al. were able to prepare Co/Co3O4@N doped carbon catalyst from ZIF-

67/poplar flowers composite that intern exhibited better ORR performance compared to 

ZIF-67 derived Co@NC and poplar flower derived PL-bio-C.
29

 

Herein, we demonstrate a facile approach for synthesizing Co, N decorated micro-meso 

porous carbon from ZIF-67 and lotus seed shell. ZIF-67-derived carbon was incorporated 

into high surface area microporous carbon prepared from lotus seed shells with different 

weight ratios via physical mixing. Compared to ZIF-67 derived Z 600 and lotus seed shell 

derived L 600, the composite carbon samples exhibited enhanced electrocatalytic activity 

towards oxygen reduction reaction in an alkaline medium. The sample ZL 600 (3:1) 

exhibited a half-wave potential of 0.79 V and a current density of -4.38 mA cm
-2

. The 

sample also showed a lower Tafel slope of 68 mV dec
-1

, good stability, and methanol 

tolerance in the alkaline medium.  
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3.2. Experimental 

3.2.1.  Materials and methods  

 Lotus seed shells were collected from the local farm nearby. Analytical grade Co 

(NO3)2.6H2O (≥98 %, Sigma Aldrich), 2- Methylimidazole (2-MeIm, C4H6N2, 98 %, 

Sigma Aldrich), Methanol (CH3OH, ≥99.8 %, Merck, India), KOH and HCL were used 

as received. 

3.2.2.  Preparation of porous carbon from lotus seed shell (L 600) 

L 600 was prepared according to a previously reported procedure.
 30

 Lotus seed shells 

were collected, cut into small pieces, and treated with 0.5 M NaOH solution for 15 h, 

followed by washing with distilled water to remove impurities. The alkaline washing aids 

in removing any soluble impurities present and loosens the lignocellulose structure since 

the components like ester, acetyl groups are sensitive to NaOH. 
31, 32 

Then, the cleaned 

lotus shells were dried in an oven at 120 °C and ground to a fine powder in a mixer jar. 

The powder was pre-treated at 450 °C in an inert furnace in a flowing nitrogen 

atmosphere at a flow rate of 5 cm
3
/min to obtain porous properties and stable carbon 

product.
33

  The resulting pre-treated biomass was then mixed with KOH, where the 

material: KOH ratio was 1:3, followed by carbonization at 600 °C for 1h. The obtained 

powder was soaked in 1 M HCl overnight to remove the unreactive species, if any were 

present, and thoroughly washed with distilled water till the supernatant attained pH 7. The 

obtained carbon residue was dried in a vacuum oven at 150 °C. 

3.2.3.  Preparation of Co, N decorated carbon from ZIF-67 (Z 600) 

Z 600 was prepared according to the previously described procedure. Initially, ZIF-67 

was prepared in the aqueous medium according to a previous report where the Co
2+

:2-

methylimidazole: water ratio was 1:60:2228. 
34, 35

 Dried ZIF-67 powder was transferred 

into a crucible and carbonized at 600 °C for 1 h under a flowing nitrogen stream to obtain 

Co, N co-doped carbon. The obtained powder was soaked in 1 M HCl overnight and 

thoroughly washed with distilled water till the supernatant attained pH 7. The obtained 

carbon residue was dried in a vacuum oven at 150 °C. 

3.2.4.  Preparation of ZL 600 (X: Y) 

The prepared ZIF-67 derived Z 600 was ground with lotus seed shell-derived carbon L 

600 in a 1:3, 1:1, and 3:1 ratio to form ZL 600 carbon catalysts. The resulting carbon was 



Chapter 3 

 

98 
 

labelled as ZL 600 (X; Y), where X represents the weight of Z 600, and Y is the weight of 

L 600 carbon. The obtained powder was used for analyzing electrocatalytic ORR activity. 

3.2.5.  Material Characterization  

The formation of carbon was analyzed using powder X-ray diffraction technique (PXRD, 

Malvern PANalytical B.V, EMPYREAN 3). The decomposition pattern of samples in the 

N2 atmosphere was analyzed using Thermogravimetric analysis (TGA, Perkin Elmer, 

STA-6000). The surface area and porosity of the material were analyzed by N2 

adsorption-desorption analysis from BET (Tristar II, Micrometric, USA). The surface 

morphology and elemental distribution were recorded by scanning electron microscopy 

and SEM-EDS (JEOL, JSM-35). A deep understanding of the morphology was obtained 

from a High-resolution transmission electron microscope (HR-TEM, JEOL JEM- F200). 

The surface electronic binding states of the carbon sample were analyzed from XPS 

spectra (ULVAC-PHI Inc., USA). Confocal Raman microscopy (WI Tec, Germany) 

operated at 633 nm was used to analyze the structural features of carbon. 

All the electrochemical analysis was conducted on a Bio-Logic (model SP-300) rotating 

disk electrode workstation. A three-electrode system was used where Hg/HgO was used 

as the reference electrode, and graphite rod was used as the counter electrode. The 

catalyst slurry for the working electrode was prepared according to the previously done 

procedure; initially, 5 mg of the catalyst was mixed with 1 mL isopropanol: water in a 

1:3 ratio and 40 µL of Nafion solution, followed by sonication of the slurry for 1h. The 

working electrode was made by coating 10 µL of this slurry on a glassy carbon 

electrode of a surface area of 0.196 cm
2
 and dried under an IR lamp. All the 

electrochemical analyses were performed in 0.1 M KOH solution. Initially, the 

electrolyte solution was saturated with N2 gas, followed by saturating with O2. The 

electrochemical activity of the catalyst was compared with the state-of-the-art catalyst 

40 % Pt/C. The Rotating ring-disk electrode (RRDE) measurements were also 

conducted under the same conditions with ring-disk glassy carbon as a working 

electrode with a surface area of 0.2826 cm
2
 having a Pt ring surrounding the glassy 

carbon surface. 
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3.3. Results and Discussion 

3.3.1.  Phase analysis 

 

Figure 1. PXRD patterns of; a)  L 600 and b)  Z 600 and composite carbon samples 

The powder X-ray diffraction pattern of the L 600 sample exhibited peaks of carbon 

located at 26 ° corresponding to the (002) plane of graphitic carbon. In addition to that, Z 

600 exhibited characteristic peaks of Co phase at 44.2 °, 51.6 °, and 75.8 ° corresponding 

to the (111), (200), and (220) planes, respectively(JCPDS file no. 00-015-0806& 00-008-

0415), indicating that the carbonization of the ZIF-67 resulted in the successful formation 

of Co phase as reported in the literature.
36, 37 

The composite carbon ZL 600 (1:3), ZL 600 

(1:1), and ZL 600 (3:1) also exhibited all the peaks of Co and carbon with the intensity of 

Co followed an increasing order from ZL 600 (1:3) to  ZL 600 (3:1), that correlate with 

the increase in the percentage of Z 600 content (Figure 1a&1b).      

3.3.2. Thermogravimetric Analysis (TGA) 

The decomposition profile of Lotus seed shell and ZIF-67 was followed by 

Thermogravimetric analysis (TGA) conducted in an N2 atmosphere up to 700 °C at a 

heating rate of 5 °C/min. The TGA curve of the Lotus seed shell shows a gradual weight 

loss starting from 50 °C. The initial weight loss below 200 °C at the pre-pyrolysis stage 

might be due to the volatilization of moisture and other volatile gaseous impurities from 

the surface. The second stage of weight loss between 200 °C- 400 °C is presumably due 

to the decomposition of cellulose and hemicellulose in the biomass. The sample showed a 

low weight loss between 600 °C -700 °C, attributed probably to the decomposition of 

lignin present in the shell, and reached up to 42 % yield at 700 °C.
38, 39  

The activation of 

the Lotus shell was thus carried out at 600 °C since the material tends to show stability 
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after 600 °C. The TGA profile of ZIF-67 showed two stages of weight loss. The initial 

weight loss below 200 °C could be attributed to the removal of coordinated water 

molecules from the framework. The second stage weight loss after 400 °C is due to the 

decomposition of the framework and the associated rearrangements within the 

frameworks leading to Co, N- doped carbon with a yield of 20.5 % (Figure 2). 
40

  

 

 

Figure 2. TGA profile of lotus seed shell and ZIF-67 

3.3.3. Surface area analysis 

The N2 adsorption-desorption analysis was done to understand the surface area and 

porous features of the carbon samples. The L 600 carbon exhibited Type-1 adsorption 

isotherm with an exceptionally high surface area of 2694 m
2
/g with a predominant 

microporosity feature. However, the ZIF-67 derived Z 600 carbon showed micro-

mesoporous characteristics as the isotherm resembled type-II b type with H4 hysteresis 

and a surface area value of 414 m
2
/g. 

41
 Upon forming the composites, the resulting 

carbon exhibited characteristics of both L 600 and Z 600, as evidenced by the surface area 

and porous features (Figure 3a & 3b). The samples showed gradual variation in the 

micro and mesoporosity according to the percentage of Z 600 and L 600. The sample ZL 

600 (1:3) with the higher percentage composition of L 600 showed higher microporosity 

with a surface area of 995 m
2
/g and a total pore volume of 0.66 cm

3
/g. As can be 

observed from Table 1, with an increase in Z 600 content, the surface area showed a 

decreasing tendency, probably due to the incorporation of Z 600 into the pores of L 600, 

and the isotherm curve also resembled more toward Z 600. The micropore volume of 

carbon samples calculated at a P/P0 value of 0.03 also showed a decreasing tendency with 
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the increase in Z 600 percentage. The Pore size distribution further showed the same 

tendency as can be observed from the NLDFT curve (Figure 3c&3d). 

 

Figure 3. a,b) N2 adsorption-desorption isotherms of L 600, Z 600, and ZL 600 

composites c,d ) Pore size distribution curves of carbon samples 

Table 1. Surface area and pore volume of the carbon samples calculated from the BET 

isotherms  

Sample  Surface 

area  

(m
2
/g)  

Total Pore 

volume  

(cm
3
/g)  

Micropore 

volume 

(cm
3
/g) 

L 600 2,694 1.51 0.84 

Z  600 414 0.60 0.13 

ZL 600(1:3) 995 0.66 0.39 

ZL 600(1:1) 718 0.60 0.28 

ZL 600(3:1) 527 0.57 0.19 
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3.3.4. Electrochemical analysis 

The electrochemical ORR activity of the samples was initially analyzed by performing 

cyclic voltammetry (CV) profiles in N2 and O2 atmospheres, respectively, at a scan rate of 

50 mV S
-1

 in 0.1 M KOH solution. All the samples showed a shift in current density in 

the O2 medium, showing the oxygen reduction activity of the samples. Compared to L 

600 and Z 600 samples, all the ZL 600 composite samples exhibited a more positive shift 

in potential and increased current density indicating the enhanced ORR activity upon 

composite formation (Figure 4 (a-c)). 

 

Figure 4. (a-c) Cyclic voltammograms of L 600, Z 600, and ZL 600 samples 

recorded respectively in N2 and O2 saturated 0.1 M KOH electrolyte and, d) LSV 

curves of carbon catalysts recorded in O2 saturated 0.1 M KOH solution 

The electrochemical ORR performance of the prepared L 600, Z 600, and ZL 600 

samples were further analyzed using linear sweep voltammetry (LSV) curve recorded at 

1600 rpm (Figure 4d). The carbon samples L 600 and Z 600 exhibited an onset potential 

of 0.80 V and 0.88V and a limiting current density of -3.6 mA cm
-2

 and -3.48 mA cm
-2

, 
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respectively. The sample Z 600 exhibited higher ORR activity even though the surface 

area was higher for L 600. This indicates the positive impact of the presence of Co 

centres along with mesoporosity in Z 600 samples to contribute to enhanced ORR 

performance. The sample L 600 exhibited a limiting current density of -3.6 mA cm
-2

 

owing to the higher surface area and microporosity. However, the ORR activity was not 

in linear proportion to the surface area in L 600. It can be attributed to the difficulty in the 

accessibility of O2 molecules to reach the active centres inside the micropores. 
42, 43

 

Compared to pure L 600 and Z 600, the ZL 600 carbon samples exhibited enhanced ORR 

activity regarding both onset potential and current density. The catalysts exhibited a more 

positive shift in terms of onset and half-wave potential in the increasing order of ZL 

600(3:1) > ZL 600(1:1)> ZL 600(1:3)> Z  600> L 600 (Table 2). This indicates the role 

of both micropores and mesopores on the carbon surface to facilitate the ORR pathway. 

[44]
 

Table 2: Summary of ORR activity of the carbon samples obtained from the LSV curve 

Sample EOnset (V vs. 

RHE) 

J (mA cm 
-2 

) 
E1/2 (V vs. 

RHE) 

L 600 0.82 -3.6 0.66 

Z 600 0.88 -3.48 0.77 

ZL 600 (1:3) 0.90 -4.21 0.78 

ZL 600 (1:1) 0.90 -4.74 0.78 

ZL 600 (3:1) 0.91 -4.38 0.79 

Pt/C 0.98 -5.02 0.81 

 

3.3.5. Structural and Morphological studies 

The morphological features of the optimized catalysts for ORR were analyzed by 

Scanning Electron Microscopy (SEM). Porous channels extending to micrometer 

dimensions were observed on the surface of sheets in L 600 sample. In the case of Z 600 

carbon, deformed hexagonal-shaped particles of dimension ≈ 200 nm were observed. 

However, the carbon ZL 600 (3:1) exhibited mixed morphology containing both 
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hexagonal and sheets (Figure 5). Since the pores on the L 600 range in micrometer 

dimensions, Z 600 particles might be easily incorporated into the pores of the L 600 

sheets, due to which a decrease in the surface area of L 600 upon Z 600 addition was 

observed. The SEM-elemental mapping of ZL 600 (3:1) shows the uniform distribution 

pattern of C, Co, and N, which can form active centres on the carbon for efficient oxygen 

reduction reaction (Figure 6 (a-d)). 

 

Figure 5. SEM images of a) L 600, B) Z 600, and C ) ZL 600(3:1) 

 

 

Figure 6. SEM image and corresponding elemental mapping of ZL 600 (3:1)  

 The TEM image of the L 600 carbon sample exhibited sheet-like morphology after the 

decomposition of all the cellulosic and lignin components in the lotus seed shell (Figure 

7a). In Z 600, cobalt particles of size ≈20 nm decorated on carbon shells were observed. 

However, the carbonized Z 600 retained the morphology of parent ZIF-67 as separate 

deformed hexagonal particles. A tubular morphology was also tending to emerge from the 
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carbon shell, evidencing the role of Co to catalyze the nanotube formation (Figure 7b). 

Recent studies reported the ability of nanotubes to enhance the overall ORR activity due 

to better electronic conductivity. 
45, 46

 Here, the central cobalt metal was reduced to Co
0
 

upon carbonization, whereas the imidazole linkage served as a carbon matrix for 

dispersing the cobalt atoms uniformly. The morphology of Z 600 was retained in ZL 600 

(3:1) also (Figure 7c). The HRTEM image shows a d-spacing value of 0.2002 nm and is 

assigned to the (111) plane of the Co phase, further proving the doping of cobalt on 

carbon (Figure 7d). Here, instead of individual particles, a connected sheet-like 

morphology was observed dispersed with Co metal centres that may benefit the ORR 

mechanism since the porous channel has the added advantage of forming diffusion 

channels for O2 during the ORR mechanism. 
47

 

 

Figure 7. (a-c) TEM images of L 600, Z 600, and ZL 600(3:1) samples, respectively, d) 

HRTEM image of ZL 600 (3:1). 

 The surface binding state of the carbon sample was evaluated using X-ray photoelectron 

spectroscopy (XPS). The XPS survey spectrum of L 600 showed the presence of C, N, 

and O. Whereas Z 600 and the composite samples evidenced the presence of cobalt along 

with C, N, and O emerging from the parent MOF (Figure 8a). The low surface 

percentage of Co in the samples might be attributed to the surrounding carbon shells that 

may hinder the detection of cobalt (Table 3).
 48

 The deconvoluted C1s spectrum exhibited 

peaks at 284.6 eV, 285.2 eV, 286 eV, 286.8 eV, and 289.1 eV, corresponding to C=C sp
2
, 

C-C sp
3
, C-N, C-O, and C=O respectively. 

49, 50
 The C 1s spectrum exhibited a 

predominant peak of C-C sp
3
 hybridization, evidencing the creation of defects (Figure 

8b). The high-resolution Co 2p spectrum drawn for ZL 600 (3:1) exhibited 2 peaks at 

778.3 eV and 793.8, corresponding to 2p3/2 and 2p1/2 bands of the Co
0
 phase (Figure 

8c). 
51, 52
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Figure 8. XPS a) survey spectra, b,c) High-resolution C1sand Co 2p spectra of ZL 

600(3:1) 

Table 3. Elemental distribution of carbon samples obtained from XPS 

Sample name Elemental distribution 

(Atomic %) 

C 0 N Co 

L 600 91.2 7.5 1.3 ------- 

Z  600 68.7 27.8 2.8 0.7 

ZL 600 (3:1) 85.2 12.7 1.4 0.6 

 

 The deconvoluted N 1s spectrum of L 600 exhibited only one peak at 400.1 eV 

corresponding to Pyrrolic nitrogen. The deconvoluted N 1s spectrum of Z 600 was 

resolved into 2 peaks at 398 eV and 400.5 eV, corresponding to the pyridinic and pyrrolic 

nitrogen, respectively. 
53

 In ZL 600 (3:1) also, both pyridinic and pyrrolic nitrogen were 

observed (Figure 9). The distribution of different types of nitrogen is shown in Figure 

10. It is reported that pyridinic and pyrrolic nitrogen could boost oxygen reduction 

activity in an alkaline medium. Hence the presence of both nitrogen species in the carbon 

samples contributed to an increase in the half-wave potential and limiting the current 

density. 
54, 55
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Figure 9. High-resolution XPS N 1s spectra of L 600, Z 600 and ZL 600 (3:1), 

respectively 

 

Figure 10. Distribution ratios of pyridinic and pyrrolic nitrogen in the carbonized 

samples 

Raman spectroscopy was used to understand the surface structure of the carbon samples. 

The spectrum showed the presence of two bands, the D band (1350 cm
-1

) and the G band 

(1580 cm
-1

 ), attributed to defects and graphitization on the carbon surface, respectively.
56  

The ID/IG ratio was calculated to understand the extent of defect formation and 

graphitization. The ID/IG values of L 600, Z 600, and ZL 600(3:1) samples were 1.37, 

1.47, and 1.60, respectively (Figure 11). Compared to pure L 600 and Z 600 carbon 

samples, the composite ZL 600(3:1) exhibited a higher ID/IG ratio due to the higher 

amount of defect formation upon mixing. These defects on carbon sheets can contribute 

to the higher surface area and form better channels for O2 diffusion, contributing to better 

ORR activity.
 47
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Figure 11. Raman spectra of carbon samples  

3.3.6. Analysis of electrochemical kinetics 

  To understand the kinetics of the ORR, LSV curves of the ZL 600 (3:1) sample were 

compared at different rotations. Here the current density increased with an increase in 

rotation rate due to an improvement in ORR kinetics (Figure 12a). The electron 

transferred during the ORR was calculated from the K-L plot. The K-L plots obtained by 

plotting 1/J against ω
-1/2

 are shown in Figure 12b. From K-L plots, the electron transfer 

number of ≈4 was obtained, indicating a 4-electron reaction mechanism for the reduction 

of O2 with H2O as the byproduct.  

 

Figure 12. a) LSV curves of ZL 600(3:1) at different rotation rates, and b) K-L plots of 

ZL 600(3:1) at various potential ranges 

The electron transfer mechanism and the amount of H2O2 produced by the partial 2 

electron mechanisms were calculated further by conducting RRDE experiments. The ZL 

600(3:1) sample was found to show an electron transfer number of ≈ 3.7, and the amount 
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of H2O2 produced was estimated to be ≈ 15.87, indicating that the 4 electron transfer 

mechanism was dominating during the oxygen reduction reaction (Figure 13). 

 

Figure 13. a) RRDE voltammogram of ZL 600(3:1) and b) electron transfer number and 

H2O2 yield of ZL 600(3:1) calculated from RRDE 

 The oxygen reduction reaction kinetics was further evaluated from the Tafel plot. Tafel 

plot was obtained by plotting the logarithm of kinetic current density against the 

corresponding potential in the onset region of the LSV curve taken at 1600 rpm (Figure 

14). The Tafel slope value calculated for the sample ZL 600 (3:1) was the least (68 

mv/decade) compared to Z 600 (71 mv/decade) and L 600 (73 mv/decade) which was 

close to Pt/C (66 mv/decade) indicating that the optimized carbon catalyst exhibited better 

electron transfer kinetics. 

 

Figure 14. ) Tafel plot drawn from LSV curves at 1600 rpm of the samples  

The applicability of the catalyst in the methanol-based fuel cells was tested by conducting 

a methanol tolerance test. The methanol crossover effect of the sample was analyzed by 

performing a chronoamperometry test carried out in 0.1 M KOH solution for 600s 
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(Figure 15). 3 M MeOH solution was introduced into the electrolyte at a time interval of 

300 s, and the response was measured. Notably, the sample showed appreciable resistance 

to methanol, as there was no deviation in the current upon adding MeOH. The 

commercial Pt/C showed a response to methanol with a deviation in the current density as 

it was decreased by 1.4 mA cm
-2

, evidencing the limitation of conventional Pt-based ORR 

catalysts in fuel cells. 

 

Figure 15. ) methanol crossover study conducted by chronoamperometry analysis for ZL 

600(3:1) and Pt/C samples. 

 The stability of the catalyst for further application was tested by running an ADT 

experiment. LSV was recorded before and after performing 5000 cycles of CV in alkaline 

0.1 M KOH. The catalyst ZL 600 (3:1) exhibited a shift in the half-wave potential value 

by ≈ 22 mV, where the current remained at 99 % of the initial quantity proving the 

stability of the catalyst (Figure 16).  

 

Figure 16. ) LSV curves of ZL 600(3:1) and Pt/C before and after 5000 cycles 
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  Thus, the prepared ZL 600(3:1) carbon decorated with Co, N heteroatoms exhibited 

considerable ORR activity proving the scope of non-precious transition metal doped 

carbon for fuel cell catalysis. Here the prepared carbon with micro-meso porosity, well-

connected Co decorated sheet morphology, and defect creation could efficiently facilitate 

the electron transfer mechanism.  

3.4. Conclusions 

We have demonstrated the synthesis of a sustainable Co, N decorated micro-meso porous 

carbon from the ZIF-67 framework and lotus seed shell. The high surface area porous 

carbon derived from the lotus seed shell was used as a support matrix for the Co, N 

decorated carbon derived from ZIF-67. The simple addition via physical mixing of the 

two carbons in different weight ratios could tune the surface area and micro-meso 

porosity. The prepared carbon samples were tested as electrocatalysts in alkaline 0.1 M 

KOH. Compared to ZIF-67 derived Z 600 carbon and lotus seed shell derived L 600 

carbon, the composite carbon catalysts ZL 600 exhibited enhanced electrocatalytic 

activity towards oxygen reduction reaction. The optimized sample ZL 600 (3:1) exhibited 

a half-wave potential of 0.79 V and a current density of -4.38 mA cm
-2

. The low Tafel 

value of 68 mv dec
-1

 indicates the improved electron transfer kinetics upon composite 

formation. The sample also showed higher stability and tolerance towards methanol in the 

alkaline electrolyte medium. Here the synergistic effects of Co
0
 active centres, 

Pyridinic/Pyrrolic nitrogen species, micro/meso porosity, and higher surface area have 

favourably contributed to enhanced oxygen reduction activity. 
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Abstract 

Polymer materials are widely employed in triboelectric applications due to their flexibility 

and easy fabrication methods. However, their low output is still a challenge that limits their 

applications in triboelectric devices. Porous metal-organic frameworks attracted significant 

attention as a contact material for triboelectric devices due to their surface charges and 

higher output by virtue of their capability to hold charges in porous surfaces. Herein, for 

the first time, we have utilized different MOF materials, such as ZIF-8, ZIF-67, MIL-100, 

and HKUST-1, to tune the triboelectric properties of PAN fibre by incorporating them 

during the electrospinning process. Based on the nature of the ligand, the amount of the 

MOF loading, and the particle size, the triboelectric behaviour of the PAN material 

changes, and even a reversal of the triboelectric polarity is achieved. The ZIF-8 and MIL-

100 showed opposite trends, and the pair generated an open-circuit output voltage of 100 

V, short-circuit current of 1.35 μA, and a power density of 18.4 mW/m
2
, respectively. It 

can be utilized for powering small electronic gadgets as well as self-powered tactile 

sensing applications. The effect of carbonization on MOF is also evaluated, where it was 

found that the carbonization of ZIF-8 reversed the triboelectric polarity of PAN nano fibres 

by incorporating the same as compared to the pristine ZIF-8. Incorporation of MOF into 

the triboelectric contact layer thus demonstrated to be an efficient method to enhance and 

tune the triboelectric properties of polymer materials such as PAN. 
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4.1. Introduction 

The rapid revolution in portable and wearable devices has made a breakthrough in 

energy-related sectors. Triboelectric nanogenerators (TENGs), devices that convert 

mechanical energy into electricity by virtue of charge transfer by the contact of any two 

materials of opposite tribo polarity, are considered the next generation's energy 

conversion devices due to their simple design-operation mode and cost-effective 

implementation. Over the past few years, TENG devices have been widely explored in 

developing biosensors, self-powered electronics, sensors, etc. Moreover, the adaptability 

of the TENG to perform with a broad range of combinations of materials led to a rise in 

research interests in fabricating different types of materials for TENG applications.
1-3

 

 Polymer-based materials are utilized as triboelectric materials due to their flexibility, 

lightweight and easy fabrication methods.
4-7

 However, their thermal and mechanical 

stability and low output are still challenging aspects that limit their application. The 

methods commonly employed to optimize the output of the polymer-based materials, 

include tuning the morphology, functionalizing the polymer chains, doping, and adding 

inorganic fillers.
8, 9 

The addition of inorganic fillers such as 2-D materials and metallic 

oxides was found to improve the output of the TENGs as well as enhance the 

triboelectric performance of the parent polymer. 
10-12

 The fabrication methods of the 

polymer layer are another aspect that affects the triboelectric behavior of a particular 

polymer. Electrospun polymer fibres have shown prominence due to their enhanced 

surface area and surface roughness, which can impart better contact and lead to better 

triboelectric performance. It has been reported that polymers in the form of fibres can 

impart better strength and stability compared to other morphologies.
11, 13, 14

 

Polyacrylonitrile (PAN) is a dielectric polymer with low conductivity that is widely used 

in the electrospinning process in the form of composite fibres and carbon fibres.
15, 16

 The 

properties of electrospun fibres, such as thickness and morphology, can be modulated by 

the applied voltage and solution parameters. 
17-20

 

Recently, porous materials have also found attention in triboelectric devices due to the 

capability of such materials to hold charges for a long time, which in turn can improve 

triboelectric performance. Metal-organic frameworks (MOFs) are demonstrated as 

contact materials for TENG applications in self-powered electronics and sensing 

applications. 
21-23

 Metal-organic frameworks, which are the frameworks formed by the 
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coordination of metal ions surrounded by organic linkers, possess high thermal and 

mechanical stability and are highly porous by virtue of the 3-D linkage between the 

metal and the organic moieties. Due to the presence of metal and other elements in the 

framework, MOFs can create free charges on the surface and act as triboelectric 

materials.
24-26

 The high surface area and porous features of MOFs can facilitate an 

enhanced contact surface between the tribo-layers. Due to their structure tunability and 

porous features, MOF-based materials can be exploited in many ways, like 

functionalization, doping, and bimetallic MOFs are also prepared to modulate the 

triboelectric behaviour. However, it demands systematic investigation on fabricating 

such powder materials to achieve its maximum efficiency. MOFs are fabricated as 

triboelectric layers by dip coating method, film formation, etc. Even though electrospun 

MOF-polymer fibre materials have been widely used, it is not explored that much in 

triboelectric devices.
 10, 27-32

 The features of electrospun MOF-polymer fibre will depend 

upon the choice of the polymers. Hence, a systematic study is needed to understand the 

change in polymer material behaviour upon MOFs incorporation. However, developing 

sustainable MOFs is also essential for effectively utilizing such materials in wide scale 

applications. 

 In the present work, we have successfully demonstrated the tuning of triboelectric 

properties of electrospun Polyacrylonitrile fibres using different metal-organic 

frameworks and MOF-derived carbon. Herein, four metal-organic frameworks were 

prepared by facile solvothermal, hydrothermal, and precipitation methods and 

incorporated into PAN fibres during electrospinning. The changes in the triboelectric 

properties of MOFs were recorded and are positioned in the triboelectric series. The 

triboelectric nature of the electrospun PAN fibre varied with the incorporation of 

different MOFs and was found to depend upon the features of the incorporated MOFs, 

such as particle size, morphology as well as the coordinated ligand, as they can directly 

influence the charge transfer efficiency upon contact. The triboelectric output also was 

enhanced upon the  % of MOF incorporation, elucidating the inevitable role of MOFs in 

tuning the triboelectric nature of PAN polymer. 
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4.2. Experimental 

4.2.1. Materials 

 Zn(NO3)2.6 H2O(≥ 98%, Sigma-Aldrich ), Co (NO3)2. 6 H2O(≥ 98%, Sigma-Aldrich ), 

2-Methylimidazole (2-MeIm, C4H6N2, 98%, Sigma-Aldrich), Fe(NO3)3.9 H2O (≥ 98%, 

Sigma-Aldrich ), Cu(NO3)2 · 3 H2O, Trimesic acid (H3BTC, 95 %, Sigma-Aldrich), 

Polyacrylonitrile (Sigma-Aldrich, Mw: 150000 ), N, N-Dimethyl Formamide (DMF, 99 

%, HPLC. PVT.LTD) were used as received. 

4.2.2. Preparation of ZIF-8 & ZIF-67: 

ZIF-8 and ZIF-67 are frameworks formed by coordinating Zn
2+

 and Co
2+

 with the 2-

methylimidazole ligands, respectively. ZIF-8 & ZIF-67 nanoparticles were synthesized 

according to a room temperature synthesis method reported.
33, 34

 Initially, Zn (NO3)2. 6 

H2O or Co(NO3)2. 6 H2O and 2-MeIm were dissolved separately in water, where the 

molar ratio of Zn 
2+

: 2-MeIm: H2O was 1:60:2228. The solutions were then mixed and 

allowed to stir for 3 hrs. The white/purple coloured precipitate formed was collected by 

centrifugation after repeated washing with distilled water followed by methanol. The 

ZIF-8 powder was collected after drying under vacuum conditions at 6      . 

4.2.3. Synthesis of MIL-100 (Fe) 

MIL-100 (Fe) was synthesized according to a reported hydrothermal method. Fe(NO3)3.9 

H2O and Trimesic acid were taken in 1.5:1 ratio and ground in an agate mortar until the 

mixture was uniform. Then the mixture was transferred to a hydrothermal vessel and 

kept at 160 °C for 4 h. The obtained orange powder was collected after washing with 

distilled water and ethanol.
35

 

4.2.4. Synthesis of HKUST-1 

 

HKUST-1 was prepared according to a reported solvothermal method. Initially, 1.087 g 

Cu(NO3)2.3 H2O and 0.525 g Trimesic acid were dissolved in 15 mL water and 15 mL 

ethanol, respectively. Then the two solutions were mixed by stirring for 30 minutes. It 

was then placed in a hydrothermal chamber and heated at 120 °C for 12 h. The formed 

precipitate was washed thoroughly with ethanol, dried under vacuum at 60 °C, and 

collected. 
36 
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4.2.5. Synthesis of C ZIF-8 

 

The prepared ZIF-8 powder was carbonized in the temperature range of 900 °C for 

2 h under a nitrogen atmosphere at a heating rate of 5 °C/min and cooled to obtain 

the N- doped porous carbon. The resulting carbon was then soaked in 1 M HCl at 

room temperature overnight, followed by washing multiple times with deionized 

water to remove unreactive species from the surface of the carbon.
37 

 

4.2.6. Preparation  of MOF /PAN fibre composite 

 Initially, 2 g of Polyacrylonitrile was dissolved in 24 ml DMF at 40 °C. Then, 0.5 g of 

synthesized MOF was added to the solution and mixed well in a magnetic stirrer for 12 

h. The prepared mixture was placed in a syringe in an electrospinning chamber. The 

nanofibres were produced at 15 kV while maintaining a flow rate of 0.5 ml/h, and the 

distance between the syringe and the collector was 10 cm. The formed fibres were 

collected as a fibre mat on an aluminum foil.
38

 

4.2.7. Fabrication of Triboelectric Nanogenerator  

 The nanofibre mats were taken in the required dimensions of 2 cm
2
 for the positioning 

in the triboelectric series and 4 cm
2
 for device applications. For initial characterization, 

pure PAN nanofibre was paired with all the other MOF/PAN composites. Different 

MOF/PAN composites were taken as pairs for further testing. Following that, copper 

leads are attached to the double-sided conducting copper tape that has been adhered to 

one of the surfaces of these two layers to serve as the electrode material. Then these were 

attached to a mylar supporting structure to form each TENG device. 

4.2.8. Characterization Tools 

The formation of the MOF fibre was confirmed using wide-angle X-ray diffraction 

(WAXD) measurements on a XEUSS SAXS/WAXS system (Xenocs) operated at 50 kV 

and 0.60 mA in the transmission mode using  u Kα radiation of wavelength 1.54 Å. The 

functional groups of the composites were identified using Fourier transform- Infrared 

spectroscopy ((Perkin Elmer, FT-IR, Spectrum Two). The morphology of the samples 

was characterized using scanning electron microscopy (JEOL, JSM-35) operated at 15 

kV and transmission electron microscopy ((HR-TEM, JEOL JEM F-200). The surface 

area and porous features of the samples were analyzed using a BET surface area analyzer 
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(Micrometrics, Tristar II, and USA). The elemental compositions of the samples were 

carried out using SEM-EDS and X-ray photoelectron spectroscopy (ULVAC-PHI Inc., 

USA). The triboelectric performance was evaluated with the help of a custom-made 

force imparting system, a source measurement unit (Keithley 2450 SMU, Tektronix), 

and a low-noise current preamplifier (SR570, Stanford Research). 

4.3. Results and Discussion 
 

4.3.1. Wide-Angle X-ray Scattering (WAXS) 

Initially, the MOFs, ZIF-8 and ZIF-67 were synthesized by room temperature 

precipitation methods in the aqueous phase, and MIL-100 and HKUST-1 were 

synthesized by hydrothermal and solvothermal methods, respectively. These MOFs can 

be categorized into two sets according to the common ligands. The ZIF-8 and ZIF-67 

frameworks, the Zeolitic imidazolate frameworks with sodalite topology, are formed by 

the coordination of zinc and cobalt ions with 2-methylimidazole, respectively. MIL-100 

(Fe) and HKUST-1 are different classes of MOFs formed by the coordination of trimesic 

acid with the metal ions Fe and Cu, respectively. These MOFs were electrospun with 

PAN into fibre mats and tested in triboelectric devices. The 2D-Wide-angle X-ray 

scattering is recorded to confirm the formation of MOFs and fibres. The XRD peaks of 

electrospun PAN fibre showed distinguishable diffraction peaks at 17 ° and 29 ° 

corresponding to the (100) and (110) crystal planes, respectively (Figure 1).
39

 

 

Figure 1. Wide-Angle X-ray Scattering pattern of electrospun PAN fibre 

The XRD patterns of ZIF-8 and ZIF-67 resembled each other and were aligned with the 

sodalite topology of the ZIFs, as reported.[40] The XRD pattern of MIL-100 (Fe) and 
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HKUST-1 also resembled the pure phases of MOFs.
40-42

 All the MOF-incorporated PAN 

fibres exhibited the XRD peaks of pristine MOF, suggesting that the phase of MOFs is 

not changed upon fibre formation (Figure 2). The XRD peaks of PAN were not visible 

in the composite fibres except in MIL-100 PAN fibres, possibly attributed to the highly 

crystalline nature of all other MOFs, which shielded the diffraction from the planes of 

PAN. However, the (100) plane of PAN fibre was visible at 17 ° in the MIL-100 PAN 

fibres due to the absence of crystalline peaks of MIL-1   in that particular 2θ range. The 

detailed positioning of the XRD peaks of MOFs is marked in Table 1.  

 

 

Figure 2. Wide-Angle X-ray Scattering pattern of electrospun MOFs and the 

corresponding MOF incorporated PAN fibres; a) ZIF-8, b) ZIF-67, c) HKUST-1, and d) 

MIL-100  
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Table 1. XRD peak positions of synthesized metal-organic frameworks 

ZIF-8 ZIF-67 MIL-100 HKUST-1 

2θ 

( ° ) 

hkl 2θ 

( ° ) 

hkl 2θ 

( ° ) 

hkl 2θ 

( ° ) 

hkl 

7.3 (011) 7.3 (011) 3.4 (220) 6.7 (200) 

10.4 (002) 10.4 (002) 4.1 (311) 9.5 (220) 

12.8 (112) 12.8 (112) 4.8 (400) 11.7 (222) 

14.8 (022) 14.8 (022) 6.3 (333) 13.5 (400) 

16.5 (013) 16.6 (013) 10.3 (440) 17.6 (333) 

18.1 (222) 18.2 (222) 11.1 (422) 19.2 (600) 

22.2 (114) 22.3 (114) --------- -------

-- 

26.2 (731) 

24.6 (233) 24.6 (233) --------- -------

-- 

29.5 751) 

26.8 (134) 26.8 (134) --------- ------- --------- ------- 

 

4.3.2.  FT-IR analysis 

In order to understand the structural properties of the formed fibres, the FT-IR spectra of 

the MOFs, PAN fibre, and MOF fibre composites were recorded (Figure 3). The 

composite of ZIF-8 and ZIF-67 exhibited peaks of functional groups corresponding to 

the metal-imidazolate coordination. A slight shift in the peak position was observed, 

probably due to the replacement of Zn with cobalt which differs in size. The band at 420 

cm
-1

 corresponds to the Zn-N stretching vibration of ZIF-8. The bands at 690-1145 cm
-1

 

correspond to the bending of the HmIm ring and aromatic sp
2
 C-H bending, respectively. 

The peak at 1310 cm
-1

 corresponds to the entire ring stretch, and the peak at 1450 cm
-1

 is 

due to the C-H bending of the methylene group. The band at 1580 cm
-1

 corresponds to 

the C=N stretching vibrations. The peaks of ZIF-8 PAN and PAN fibres at 2240 cm
-1

 are 

due to the  ≡N stretching of PAN fibre chains. The bands at 2930 cm
-1

 and 3130 cm
-1

 

correspond to aliphatic and aromatic C-H bond stretching, respectively. 
43-45
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Figure 3. FT-IR patterns of electrospun MOFs and the corresponding MOF incorporated 

PAN fibres ; a) ZIF-8, b) ZIF-67, c) MIL-100, and d) HKUST-1  

The other MOFs, HKUST-1, MIL-100, and their fibre form exhibited all the 

characteristic peaks of the metal-trimesic acid frameworks. The MIL–100 PAN fibre 

composites exhibited bands at 465 cm
-1

, 620 cm
-1

, 708 cm
-1

, 760 cm
-1

, 1370 cm
-1

, 1445 

cm
-1

, 1626 cm
-1

, 2240 cm
-1

, 2930 cm
-1

 and 3375 cm
-1

. The peak at 465 cm
-1

 

corresponded to the Fe-O stretching vibrations. The peaks at 1370 cm
-1

, 1445 cm
-1

, and 

1626 cm
-1

 corresponded to the symmetric and asymmetric vibrations of the O-C-O bonds 

and the C=O stretching vibration of the carboxylate groups, respectively. 
46

 HKUST-1 

PAN fibre exhibited peaks at 480 cm
-1

, 724 cm
-1

, 873 cm
-1

, 1040 cm
-1

, 1360 cm
-1

, 1445 

cm
-1

, 1630 cm
-1

, 2240 cm
-1

 and 3340 cm
-1

.  The peak at 724 cm
-1

 corresponded to the 

Cu-O stretching along with the C-O and C=O vibrations at 1360 cm
-1

, 1445 cm
-1

, and 

1630 cm
-1

.
47
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4.3.3. Morphology and structure analysis 

 

 

Figure 4. SEM image of PAN fibre 

 

Figure 5. SEM images of MOF-incorporated PAN fibre a) ZIF-8 PAN, b) ZIF-67 PAN, 

c) MIL-100 PAN, and d) HKUST-1 PAN. The inset shows the TEM images of the 

corresponding MOF particles. 

The morphological features of the MOFs and fibre composites were analyzed by 

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM). 

The TEM images evidence the morphology of the MOF particles. ZIF-8 and ZIF-67 

were observed as nanometer particles with hexagonal morphology. ZIF-8 particles were 

observed as =200 nm size hexagons while ZIF-67 was ≈ 5   nm in dimension. The 

MOFs formed by the coordination with trimesic acid were seen in micrometer size. MIL-
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1   (Fe) was seen as particles of dimension ≈ 3 µm, and HKUST-1 was also seen as 

hexagonal particles with dimensions of 7 µm (Figure 5( inset)). 

The fibrous morphology of the composites was visible from the scanning electron 

microscopy. PAN fibres were~ 300 nm in diameter (Figure 4). The ZIF-8 PAN and ZIF-

67 PAN were observed as particles decorated on the fibres. However, no particles were 

seen on MIL-PAN and HKUST-PAN, probably due to the large size of these particles 

(Figure 5 (a-d)).  

The SEM-EDS was used to elucidate the surface elemental compositions of the PAN 

fibre, and MOF-incorporated PAN fibre composites. The PAN fibre contains C, N, and 

O in the 66 %, 27 %, and 6 % atomic percent ratios, respectively. The presence of 

oxygen in the electrospun fibre might be attributed to the partial adsorption of oxygen 

gas on the surface of PAN, which may give rise to surface roughness.
48

 The 

quantification of different elements in PAN fibres is listed in Figure 6.   

 

Figure 6. SEM-EDS analysis of PAN fibres along with elemental composition 

Apart from the elements of PAN, MOF-PAN composites showed the presence of metal 

ions belonging to respective metal-organic frameworks, indicating the successful 

incorporation of MOF into the PAN fibre. The presence of Zn in ZIF-8, Co in ZIF-67, Fe 

in MIL-100 (Fe), and Cu in HKUST-1 were 1.68, 1.72, 0.34, and 0.55 at %, respectively. 

The surface elemental content in MIL-100 (Fe) and HKUST-1 was less than in ZIF 

frameworks due to the large size of the individual particles, which reduces the intensity 

of available MOF particles in a particular area (Figure 7).  
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Figure 7. SEM-EDS analysis of MOF incorporated PAN fibres along with elemental 

composition; a) ZIF-8 PAN, b) ZIF-67 PAN , c) MIL-100 PAN, and d) HKUST-1 PAN. 

The SEM-elemental mapping revealed the distribution patterns of elements of MOF and 

PAN in the electrospun fibres (Figure 8). The elemental distribution of ZIF-8 PAN and 

ZIF-67 PAN showed a uniform pattern for all the elements. However, In the case of 

MIL-100 PAN and HKUST-1 PAN, some agglomerated distribution of Fe and Cu metals 

was observed, evidencing the reports that the electrospinning of large particles creates 

agglomerated droplets reducing its uniformity.
21, 49

  

 

Figure 8. SEM- elemental distributions of; a) ZIF-8 PAN, b)ZIF-67 PAN, c) MIL-100 

PAN and d) HKUST-1 PAN 
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4.3.4. Surface area analysis 

In order to understand the porous features of the samples, BET N2 adsorption-desorption 

isotherm was measured. All the MOFs exhibited a high surface area value, and the 

isotherms were predominately of microporous features (Figure 9a). The surface area 

values of ZIF-8, ZIF-67, MIL-100, and HKUST-1 were 1385, 782, 1124, and 1090 m
2
/g, 

respectively(Table 2). The electrospun PAN fibre exhibited a surface area value of ≈ 8 

m
2
/g. It is to be noted that the incorporation of MOFs could improve the surface area of 

PAN fibres drastically. The BET isotherm of the MOF-PAN fibre composite showed 

isotherm patterns of both MOF and PAN fibre (Figure 9b). Among these, the sample 

ZIF-8 PAN fibre exhibited a higher surface area value of 331 m
2
/g with predominately 

micropores. The fibre sample MIL-100 PAN exhibited the least surface area among all, 

which might be attributed to the fact that, as observed from the TEM, due to the stick-

like morphology of MIL-100, the particle might be get aligned to the PAN fibres, 

thereby reducing the surface roughness that, intern reduces the surface area. These high 

surface areas and porosity are beneficial for higher output in TENG devices owing to the 

ability of the pores to hold charges.
 23 

 

Figure 9. N2 adsorption-desorption isotherms of a) Synthesized MOF samples and b) 

PAN fibre and MOF-incorporated PAN fibres 
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 Table 2. Surface area and porosity of MOFs and electrospun fibres  

Sample Surfac

e area 

(m²/g) 

Pore 

volume 

(cm³/g) 

Sample Surfac

e area 

(m²/g) 

Pore 

volume 

(cm³/g) 

ZIF-8 1385  .12 ZIF-8 PAN  331  .21 

ZIF-67 782  . 8 ZIF-67 PAN  3 3  .24 

HKUST-1 1 9   . 4 MIL-1   

PAN  

33  .21 

MIL-1   1124  .1  HKUST-1 

PAN  

218  .2  

 

4.3.5. Output Characteristics of MOF-based TENGs  

For sustainable development, future implantable devices based on TENGs and 

biodegradable sensors may employ porous, non-toxic MOFs. In the present study, the 

distinctive structural tunability offered by MOFs on Polyacrylonitrile (PAN) was used to 

optimize the energy conversion. Initially, a contact separation (CS) mode flexible TENG 

structure 
50

 was chosen to characterize the performance of these MOF-incorporated PAN 

fibres. The working of a CS-TENG can be summarised as depicted schematically in 

Figure 10a. At first, the layers are free of charges, but when the TENG is subjected to an 

external force, they come into contact with one another, and triboelectric charges are 

produced on them. According to the contact electrification behaviour, each contact layer 

becomes positive and negative. The charge disparity is the outcome when the layers 

separate after the withdrawal of the external force, and the shared charges get trapped 

due to the barrier potential. To combat this, charges are produced on the electrodes, and 

if an external circuit links them together, a unidirectional current will flow through the 

same. The current flow ceases when maximum separation is reached, and this point 

corresponds to the maximum potential difference between the electrodes for a TENG. 

When the layers come together again under an applied force, the current will flow again 

in the opposite direction. This cycle continues till the cyclic mechanical force subsides, 

resulting in continuous alternating electrical energy generation from this cyclic 

mechanical input.  
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Figure 10. a)Schematic depiction of working of a contact separation mode TENG. b) 

Schematic and c) photograph of the fabricated MOF/PAN TENG. d) Short-circuit 

current and e) open-circuit voltage of different MOF-incorporated composite fibres 

against PAN. The individual signal symmetry in f) short-circuit current as well as (g) 

open-circuit voltage of each TENG. 

 The structure of the proposed device is shown in Figure 10b, where the photograph 

represents the original device fabricated with a 2 cm
2
 contact area (Figure 10c). Initially, 

to understand the triboelectric nature of the composite fibres, they were paired against 

pure PAN fibres, and the corresponding outputs were evaluated. The short-circuit current 

and the open-circuit voltage obtained are depicted in Figure 10d and Figure 10e, 

respectively. The higher output is obtained for ZIF-8 incorporated nanofibre, followed by 

ZIF-67, then MIL-100, and finally HKUST-1. The maximum output of ZIF-8 is 35 V 
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and 540 nA, respectively, for output voltage and current. Adding MOF particles (25 wt 

%) into nanofibre enhances the output performance. The relative triboelectric nature of 

the films involved can be identified by analyzing the obtained output current for a lower 

frequency and input force (mild finger tapping),. In the case of ZIF-8 incorporated 

nanofibre, the positive terminal of the measurement system is connected to the electrode 

on the PAN side. It is clear from the output signal that (Figure 10f) the initial current 

pulse is towards the negative side, indicating that, during the pressing stage of a CS-

TENG, the current flows from the ZIF-8 incorporated side towards the PAN side. The 

schematic representation(Figure 10a) shows that pure PAN is relatively positive 

compared to ZIF-8 PAN fibre. Thus, the incorporation of  ZIF-8 tuned the triboelectric 

nature of the PAN fibre. A similar trend is observed for ZIF-67 incorporated fibre, where 

the current signal indicates the tribopositivity of pure PAN compared to the ZIF-67 

incorporated one. However, the behaviour was completely opposite in the case of MIL-

100, and HKUST-1 incorporated PAN fibres. A similar trend is shown by these materials 

in voltage signal also (Figure 10g). This evidences that the surface triboelectric polarity 

of the PAN nanofibres can be tailored by incorporating the MOF particle such as ZIF-8, 

ZIF-67, MIL-100, and HKUST-1. 

 

Figure 11. (a) Qualitative triboelectric series of MOF incorporated PAN. (b) open circuit 

voltage and (c) short-circuit current of ZIF-8 incorporated composite film at different 

concentrations against pure PAN nanofibre, (d) Open-circuit voltage, (e) short-circuit 

current, and (f) power density of MIL-100/PAN fibre against ZIF-8/PAN fibre.  
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Based on these findings, the MOF materials can be arranged as a qualitative triboelectric 

series with respect to PAN, as shown in Figure 11a, where MIL-100 is the most 

tribopositive, and ZIF-8 showed the least. Since the central metal in all MOFs belongs to 

the same group, it could be inferred that the triboelectric behaviour changed upon 

changing the coordinating ligands. A plausible reason could be attributed to the electron-

donating and withdrawing power of the ligands attached to the metal in the composite 

fibres. The polyacrylonitrile contains nitrile functional groups with electron-deficient C 

and electron-rich N atoms.
8, 51

 In the case of ZIF-8 and ZIF-67, the ligand molecule 2-

methylimidazole is an electron-rich whereas, the C=O in carboxylate functional groups 

of the trimesic acid in MIL-100 and HKUST-1 is electron deficient. These MOFs can 

interact with the PAN in the composite through the ligands via different modes. 

Depending upon the types of interaction, the charge on the surface of the MOF-PAN 

composite fibre can be varied; hence the triboelectric nature is in opposite trends. 
52-54

 To 

further cement the fact that the addition of MOF material has an influence in tuning the 

triboelectric nature of the PAN fibres, different weight percentages (5, 25, and 50 wt %) 

of ZIF-8 incorporated PAN fibres are made. It is clear from the output performance of 

these devices (Figure 11b&c) that the open circuit voltage and short-circuit current 

increase linearly with the concentration of MOF particles. The maximum outputs of 50 V 

and 1 μA were obtained for the 5  wt % incorporation, which is the maximum weight % 

of MOF. This shows that the triboelectric nature of PAN can be precisely tuned via 

varying the MOF incorporation. Thus, incorporating MOFs is a very facile and effective 

method for enhancing triboelectric performance.  

It is worth noting that when contact pairs are identical, a similar affinity for electrons is 

experienced, leading to a weaker charge transfer compared to the pairs of different 

materials. However, despite lower output performance, employing identical contact 

pairings can streamline production and guarantee uniform material qualities across the 

device. This will be an asset in some practical applications where concerns like cost, 

reliability, or scalability are prioritized. In these scenarios, the doping of MOF material is 

very valuable. To substantiate this point, a TENG with PAN on both sides is developed 

as a sustainable energy harvesting solution. Here MIL-100 and ZIF-8 are chosen as the 

two fillers. The choice of these two materials is apparent from their positions in the 

triboelectric series. Here, device fabrication is done as before, and output performance is 

characterized. The electrical output obtained from this pair and similar conditions is  
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100 V (Figure 11d) and 1.3  (Figure 11e), respectively. Similarly, the power density of 

this device is also measured, and the peak power density of 18.37 mW/m
2
 at 1   MΩ is 

obtained(Figure 11f). This depicts the ability of the developed TENG to be a 

sustainable, green energy source that scavenges mechanical energy from the 

surroundings. 

 

Figure 12. (a) Short-circuit current as well as open-circuit voltage of C-ZIF-8 with ZIF-8 

TENG. (a) Open-circuit voltage and (c) short-circuit current of different MOF-

incorporated composite fibres against PAN, including C-ZIF-8. Similarly, (d) open-

circuit voltage and (e) short-circuit current of TENG having ZIF-8 against C-ZIF-8. (f) 

The modified triboelectric series of MOFs with C ZIF-8. 

On the other hand, the carbonization of MOF will lead to heteroatom-doped porous 

carbon. Here, the effect of carbonization of MOF material on their ability to tune the 

triboelectric property of PAN polymer is studied. For this, ZIF-8 was chosen due to its 

greater influence on the triboelectric nature of PAN fibre among the MOF materials 

evaluated. ZIF-8 convertes to N-doped carbon on carbonization, as discussed in Chapter 

2. The effect of the C-ZIF 8 on PAN was analyzed, as described in the case of MOF-

incorporated PAN. Initially, the triboelectric nature of C ZIF-8 was analyzed with 

respect to pure PAN. As shown in Figure 12a, the short circuit current profile, similar to 

that of MIL-100, was obtained, which means that the C-ZIF 8 incorporated PAN is 
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triboelectrically positive compared to its pure form. It is evident that the N-doped carbon 

(C ZIF-8) is electron rich due to the presence of N atoms on the carbon, hence donating 

electrons when these two materials come together. This establishes that the carbonization 

of ZIF-8 can totally change the polarity of the triboelectric nature of PAN nanofibres 

compared to the pristine ZIF-8. Additionally, the output for C ZIF-8 compared with other 

earlier MOFs is represented in Figure 12 b&c. The difference in the triboelectric 

behaviour of ZIF-8 and C ZIF-8 was further analyzed by measuring the output 

performance of a TENG fabricated with these two materials as opposite triboelectric 

layers. An open circuit voltage of 85 V and short-circuit current of 800 nA was 

generated. Moreover, it showed that there are many possible ways to tailor the 

triboelectric nature of PAN via the incorporation of MOFs and MOF derivatives. 

4.4. Conclusions 

This study introduces a rational strategy to tailor the triboelectric nature of PAN polymer 

by incorporating stable MOF particles into the PAN matrix. The flexibility of PAN to 

incorporate various MOFs during electrospinning was utilized to fabricate flexible 

TENG with tuneable output performance. Moreover, the incorporation of various MOFs 

enabled the triboelectric nature of the PAN fibres to be tribopositive as well as 

tribonegative. The incorporation of ZIF-8, ZIF-67, HKUST-1, and MIL-100 has tuned 

the triboelectric behaviour of PAN fibres from tribonegative to the positive end. In 

addition, the effect of carbonization of ZIF-8 frameworks on the triboelectric nature of 

PAN is also evaluated. While the ZIF-8 incorporated PAN is positioned on the negative 

side of the pure PAN in the triboelectric series, the C ZIF-8 incorporation steered it 

towards the positive side. A triboelectric device was fabricated with ZIF-8, and the 

carbonized C ZIF-8 incorporated PAN fibres as opposite triboelectric layers. The device 

generated an output of 85 V and  .8 μA. The present study thus establishes a novel 

method for tuning the triboelectric property of polymer materials by incorporating 

porous MOFs as fillers. The study can also be extended to other polymers for tuning 

their triboelectric nature. This method can be beneficial for advancing the fabrication of 

TENGs based on porous materials and polymers. 
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Abstract 

Advanced oxidation processes (AOPs) employing persulfate activation are perceived as 

an effective approach for the removal of organic contaminants due to their non-selective 

degradation coupled with high efficiency. Recently, heteroatom-doped carbon derived 

from Metal-Organic Frameworks (MOFs) has been found to impart added advantages in 

the persulfate-based advance oxidation process. Compared to other preparation strategies, 

the exploitation of MOF as a sacrificial template provides a single synthetic route for high 

surface area carbon with defect-rich sites. Moreover, heteroatom doping leads to high 

efficiency in persulfate activation leading to appreciable organic pollutant degradation. 

Herein, we have synthesized Fe/Fe3C decorated porous carbon by the high-temperature 

carbonization of the MIL-100 (Fe) metal-organic framework. The degradation activity of 

the obtained carbon was tested towards the degradation of the targeted contaminant 

Rhodamine (B). 100 % degradation was realized within 35 minutes with minimum 

catalyst loading of 100 mg/L in 30 mg/L contaminant solution. Also, the catalyst retained 

~ 90 % of the removal rate even after 5 cycles of operation. The carbon exhibited high 

degradation activity towards various other organic compounds like Methylene blue, 

Benzoic acid, Nitro benzene, Phenol, 4-Chlorophenol, and antibiotics Tetracycline, 

Linezolid, Hydroxychloroquine, and Cefpodoxime proxetil. The homogeneous dispersion 

of Fe/Fe3C species and the porous morphology features obtained on carbonization of 

MOF, has led to better adsorption of reactive species leading ultimately to efficient 

degradation. 
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5.1. Introduction 

The increase in water pollution induced due to higher concentrations of organic 

contaminants from various resources has caused harmful effects on the environment. 

Untreated effluents discharged from different sectors contain diverse organic contaminants 

such as dyes, pharmaceutical waste, pesticides, etc., and have become a major threat to the 

water bodies. Advanced oxidation processes (AOPs) are considered effective in eliminating 

organic contaminants as harmless by products. 
1-4

 Among the advanced oxidation processes, 

degradation via the activation of persulfate over the catalyst surface has been considered a 

cost-effective strategy that involves the generation of reactive intermediates on the catalyst 

surface such as SO4
-● 

or OH
● 

  as well as O2
●-

 which in turn can perform the non-selective 

degradation of organic pollutants from water bodies. Over the past few years, AOP based on 

persulfate (PS) or peroxymonosulfate (PMS) activation has been widely employed for the 

degradation of different organic pollutants. 
5-9 

Transition metals, including Fe, Co, Ni, Mn, etc., are widely employed for AOPs as they can 

effectively break the O-O bond of persulfate and generate SO4
-●, 

which initiates the 

degradation process. However, prolonged use of these catalysts can lead to leaching of 

metals, resulting in secondary toxic effects. 
10-13

 Among transition metals, Fe
2+

-based 

catalysts are widely explored due to their less toxicity and low cost. However, 

excess ferrous ions can consume reactive free radicals, which may hinder the degradation 

reaction. Furthermore, the low surface area and agglomeration of metal catalysts impede the 

performance for large-volume applications. 
14, 15

 Therefore, different approaches are 

employed to improve the activity of Fe-based catalysts. One of the proficient approaches is 

encapsulating Fe
2+

 in porous matrices, which in turn protect the metal sites, enhancing the 

overall performance. Encapsulation of transition metals in carbon can prevent the 

agglomeration of metal catalysts and helps in providing a better contact area. 12, 16-22
 Over 

the past decade, metal-organic frameworks (MOFs) have been considered ideal candidates 

for the preparation of transition metal-doped carbon catalysts. The single carbonization 

route without any activation method can result in transition metal-doped carbon with tuned 

morphologies and porosity. MOF-derived heteroatom/metal-doped carbon catalyst 

exhibits improved activity, owing to their unique features such as uniformly 

dispersed active sites, excellent stability, and tunable structural composition to 

activate persulfate (PS), enabling rapid degradation rate towards dissolved 

organic contaminants in water. Recently Fe/ carbon hybrid catalysts containing 
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different Fe moieties, such as Fe2O3, Fe, Fe3C, FeN4, etc., were also prepared from different 

Fe-based MOFs and functionalized MOFs and were proven to be effective for persulfate 

activation. 
23-29

 These magnetic Fe-based catalysts exhibited excellent activity and 

recyclability, enabling long-term application. MIL-based MOFs have been widely explored 

as a catalyst for organic contaminant degradation via different AOPs, including Fenton and 

photocatalytic activation. Recently, different MIL frameworks containing Fe centers have 

been utilized to synthesize Fe/carbon hybrid catalysts with outstanding performances. 

Compared to pristine MOFs, these derived frameworks were found to exhibit outstanding 

performance. Qi et al. studied the enhancement in the activation of PMS on Fe@N-doped 

porous carbon prepared from functionalized NH2-MIL-53(Fe) compared to Fe@porous 

carbon from pristine MIL-53(Fe) for acyclovir degradation. 
30 

Fe2O3/carbon nanorods 

prepared from MIL 88A were tested towards peroxide/persulfate activation by a Fenton-like 

reaction. 
31

 The Fe/Fe3C@N-doped porous carbon hybrid was effectively synthesized from 

MIL-88B-NH2 for 4-chlorophenol degradation by PMS activation leading to the generation 

of SO4
•-
  and OH

• 
. 

23
 The catalytic activity of these Fe / carbon hybrids primarily depends 

upon the parameters like the parent MOFs, their carbonization temperature, formed Fe 

phases, and the type of reactive species formed. However, most of the reported studies are 

limited only to particular contaminants limiting their practical application. Hence it demands 

further systematic studies exploring more environment-friendly Fe-based MOF frameworks 

towards the degradation of a broad range of organic contaminants.  

Herein, we have synthesized Fe, Fe3C dispersed porous carbon through a controlled single-

step carbonization route from the well-known MIL-100 (Fe) metal-organic framework 

formed by a green hydrothermal synthesis route. The catalytic activity of the obtained 

carbon was tested towards the targeted contaminant Rhodamine (B) by a persulfate-

activated advanced oxidation process. The Fe-containing carbon could achieve good 

degradation efficiency for RhB at room temperature with a minimum dosage of catalyst and 

persulfate. The degradation of various other organic compounds and antibiotics by the 

doped carbon was also explored. The uniform dispersion of the active sites, as well as the 

tuned porosity created due to the structural reorganization within the MOF's frameworks 

upon carbonization, enabled better mass transport of reactive species towards the 

catalytically active Fe, Fe3C sites leading ultimately to the effective degradation of 

contaminants.  
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5.2.  Experimental 

5.2.1. Materials and methods 

Iron nitrate nonahydrate ( Fe(NO3)3. 9H2O, ≥ 98%, Sigma-Aldrich ), Trimesic acid (H3BTC, 

Benzene-1,3,5- tricarboxylic acid, 95 %, Sigma-Aldrich), Rhodamine B (C28H31ClN2O3, ≈ 

80 %,S.D. Fine-Chem limited),), Potassium persulfate( K2S2O8, , ≥ 98%, Merck ),  

Methylene blue ( C16H18ClN3S, 82 %, Nice chemicals), ,Benzoic acid (C7H6O2, > 99 %, 

spectrochem) , Nitro benzene (C6H5NO2, 99 %, spectrochem) , Phenol (C6H6O,99 %, 

spectrochem), 4- Chlorophenol (C6H4ClOH , >98.%, TCI chemicals) are used as received . 

Antibiotics Tetracycline (C22H24N2O8.HCl, > 98%, TCI chemicals), Linezolid, 

Hydroxychloroquine (HCQ), and Cefpodoxime proxetil were purchased from Kerala State 

Drugs and Pharmaceuticals Ltd.(KSDPL, Alappuzha) and are used as received without further 

purification. 

5.2.1. Preparation of MIL-100 (Fe)  

MIL-100 (Fe) was synthesized by a solvent-free hydrothermal method reported elsewhere.
32 

In this method, Iron nitrate nonahydrate and trimesic acid were mixed in the molar ratio of 

1.5: 1 and blended properly at room temperature for 10 minutes. Then, the mixture was 

transferred into a Teflon-lined autoclave and kept in a hot air oven at 160 
°
C for 4 hours. 

After being cooled down to room temperature, an orange solid product was obtained. The 

obtained MIL-100 (Fe) was purified by washing it in distilled water and ethanol several 

times, dried at 150 
°
C in a vacuum oven overnight and collected. 

5.2.2. Preparation of Fe, Fe3C dispersed porous carbon from MIL-100 (Fe) 

A known amount of prepared MIL-100 (Fe) was transferred into a quartz tube and 

carbonized in a tube furnace. The carbonization process was carried out at four different 

temperatures (700 °C, 800
 
°

 
C, 900

 
°

 
C & 1000

 
°

 
C) with a heating rate of 5

 
°C/min under a 

stream of N2 gas after excluding air by flushing with  N2 for up to 3 times. The furnace was 

allowed to cool to room temperature, after which the products were collected as black 

powder. The resulting samples were named MIL-700C, MIL-800C, MIL-900C, and MIL-

1000C, where 700C, 800C, 900C, and 1000C denote the carbonization temperature. The 

resulting Fe-decorated carbon was further washed with 1 M H2SO4 to remove the residual 

unreactive species present on the carbon surface. 
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5.2.3. Fabrication of MIL 800@MS sponge  

The as-prepared MIL-800C was incorporated into a melamine sponge to test the energy-

efficient RhB treatment. The fabrication of MIL-800C@MS was done by referring to a 

previously reported procedure. 
33

 Initially, the melamine sponge (MS) was shaped into 

cubes of dimensions 2x2x2 cm and was cleaned thoroughly in ethanol and dried. A 

dispersion of approximately 0.008 g of MIL-800C in acetone was sonicated for about 30 

minutes, and the MS was added into it, ultrasonicated for 1h, and dried. The catalyst-

incorporated MS was placed in a ceramic boat and treated under nitrogen flow at 300 °C for 

1h to shrink the pore sizes of the melamine sponge, which can incorporate the MIL-800C 

carbon particles easily. 

5.2.4. Structural characterization 

The synthesized materials were analyzed using powder X-ray diffraction technique (PXRD, 

Malvern PANalytical B.V, EMPYREAN 3). The structural features of the synthesized MIL-

100 (Fe) derived carbon were analyzed using FT-IR (Perkin Elmer, FT-IR, Spectrum Two). 

The surface area and porosity of the materials were analyzed by N2 adsorption-desorption 

analysis from BET (Tristar II, Micromeritrics, USA). The total pore volume was calculated 

from the isotherm curve at a P/P0 value of 0.99. The surface morphology and elemental 

distribution were recorded by scanning electron microscopy and SEM-EDS (JEOL, JSM-

35). A deep understanding of the morphology was obtained from a high-resolution 

transmission electron microscope (HR-TEM, JEOL JEM F-200) operated at 120 kV. The 

surface electronic binding states of the carbon sample were analyzed from XPS spectra 

(ULVAC-PHI Inc., USA). Confocal Raman microscopy was used to analyze the structural 

features of carbon, which is operated at 633 nm (WI Tec, Germany) 

5.2.5. Degradation experiments  

 

The catalytic performance of an as-synthesized Fe, Fe3C dispersed carbon catalyst for the 

persulfate activation and degradation of Rhodamine B (Rh B) was evaluated by batch 

experiments. All the experiments were conducted at room temperature. The catalyst powder 

was (100 mg/L) added into 80 mL of Rhodamine B solution (30mg/L) and stirred in the 

dark in a catalytic reactor for 1 hour until adsorption-desorption equilibrium was reached. 

All the experiments were conducted indoors to avoid the photocatalytic degradation of RhB 

in the presence of sunlight. After 1h, the catalytic degradation was initiated by adding 5mM 
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of potassium peroxodisulfate (PS) into the solution. The pH of the solution was adjusted by 

0.1 M NaOH and 0.1 M HCl when required. 4 ml of the sample solution was taken out at 

regular intervals of 5 minutes, filtered, and the oxidation reaction was quenched 

immediately by adding 2 mL of methanol. The RhB degradation was characterized by 

measuring absorbance using a UV-Visible spectrophotometer at a wavelength of 543 nm.  

The rate of degradation of RhB is described as follows; 

 

Degradation rate of RhB = Ct/C0  ---------- [1] 

The rate constant of the degradation was calculated according to a pseudo-first-order 

kinetics equation;  

ln (Ct/C0)= -kt ---------- [2] 

 

Where k is the rate constant of the reaction, and C0 and Ct denote the initial and final 

concentration of RhB at time t. The degradation activity of the catalyst was extended to 

various common organic contaminants by carrying out the reaction with optimized 

concentrations of catalyst, persulfate, and contaminants. 

 All the reaction intermediates involved in the degradation process were analyzed by 

conducting experiments with free radical scavengers like Terephthalic acid (TA) and 

Luminol (3-Aminophthalhydrazide). Terephthalic acid was used as the free radical 

quenching agent for OH
● 

as it can trap OH
● 

and form 2-Hydroxy Terephthalic acid. This can 

be confirmed by the emission spectrum at the wavelength of 425 nm when excited with the 

wavelength of 315 nm. On the other hand, Luminol can trap the O2
●- 

to form 3-

aminophthalate, which will give an emission peak at around 420 nm when excited at the 

wavelength of 350 nm. Initially, 5 mM of TA and Luminol were dissolved in 2 X 10 
-3

 M 

NaOH and 0.1 M NaOH in different beakers, respectively. 
34, 35

 Degradation was initiated by 

adding 100 mg/L carbon catalyst and 5 mM persulfate into each. The samples were 

withdrawn and filtered at regular intervals of 5 m, and the photoluminescence spectrum was 

recorded immediately after collecting the samples. 
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5.3. Results and Discussion 

5.3.1. Structural and morphological studies 

 

Figure 1. PXRD patterns of; a) synthesized  MIL-100 (Fe) and b) MIL-100 (Fe) carbonized 

at different temperature 

 The PXRD pattern of MIL-100(Fe) is presented in Figure 1a. The peaks are in good 

agreement with the XRD patterns of simulated peaks of MIL 100 (Fe) as reported in the 

literature, indicating the formation of the MIL -100 (Fe) phase.
 36-38

 Thus, the one-pot 

hydrothermal synthesis has led to phase pure MIL 100 (Fe). 

After carbonization, the samples MIL-800C, MIL-900C, and MIL-1000C exhibited sharp 

and well-resolved diffraction peaks corresponding to both graphitic carbon and Fe in its 

Fe3C phases, as shown in Figure 1b. The diffraction peak at 25.9
 
° and 44.6 ° is attributed to 

the (002) and (101) plane of graphitic carbon, respectively (JCPDS file no. 00-008-0415 ). 

The three distinct peaks at 43.4 °,50.9 °, and 74.7 ° 
 
are associated with the (121), (420), and  

(321) planes of Iron carbide in Fe3C and the carbon rich Fe2.5C phases (JCPDS file no. 01-

085-0871  & 00-036-1248). Thus XRD analysis confirms the Fe3C and Fe2.5C phases in the 

in-situ formed graphitic carbon. 
39-41

 In the case of MIL 700C, only the graphitic phase was 

observable without any distinct peaks of Fe on the carbon. Hence, it could be inferred that 

the carbonization process completes at 800 °C. 

The decomposition profile of the MIL-100 (Fe) frameworks was traced using the 

thermogravimetric analysis (TGA) carried out at conditions akin to the carbonization 

process (up to 900 °C in N2 atmosphere) (Figure 2). MIL-100(Fe) underwent 

decomposition in three stages with weight loss between 50
 
°C and 900

 
°C. The initial weight 

loss of 10 %, in the range of 50-150 °C, corresponds to the volatilization of the adsorbed 
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volatile components, including the water molecules trapped on the surface pores of MIL-

100 (Fe) frameworks. The minimal weight loss at the first stage indicates that MIL-100 (Fe) 

is thermally stable at this temperature range. The second stage of thermal decomposition 

was found beyond 350 
°
C with a considerable weight loss of about 40 %, corresponding to 

the continuous decomposition of the MIL-100 frameworks accompanied by the removal of 

the coordinated water molecule and the decomposition of the carboxylate linkage. The third 

stage of decomposition ends at 900
 
°C, indicating that MIL-100(Fe) framework is fully 

decomposed and reorganizes to Fe-incorporated carbon with a 24 % yield 
42,

 
43

. However, 

the high boiling temperature of Fe (≈2861°C) leads to the persistence of Fe particles 

resulting in Fe incorporated carbon.  

 

Figure 2. TGA profile of MIL-100 (Fe) 

The morphological features of the samples were analyzed using Scanning Electron 

Microscope (SEM). The formed MIL-100 (Fe) particles are arranged as a group of stick-like 

morphology that extends to micrometer (µm) dimensions as reported (Figure 3a). 
32

 The 

MIL-800C was seen as a particle with enormous numbers of pores on the surface. The 

decomposition of MIL-100 (Fe), accompanied by the structural reorganization and 

associated volatilization of elemental components from the MOF framework, has 

contributed to the formation of highly porous carbon (Figure 3b).  
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Figure 3. SEM images of a) MIL-100 (Fe), and b) MIL-800C  

The quantified data obtained from SEM-EDS further provides the information that, around 

0.68 at. % of Fe and 9.4 at. % of oxygen is dispersed on the carbon surface, contributing to 

heteroatom-carbon sites (Figure 4b). The elemental mapping shows the uniform dispersion 

of heteroatoms on the carbon surface, thus ensuring the presence of dispersed active sites 

throughout the surface for better adsorption and degradation (Figure 4 (c-e)). 

 

Figure 4. a) SEM image, b) SEM-EDS, and (c-e ) Elemental distributions in  MIL-800C. 

The TEM image confirms the elongated stick-like morphology of hydrothermally formed 

MIL-100 (Fe) (Figure 5a), while MIL-800C indicates the presence of Fe nanoparticles 

encapsulated on the carbon sheets (Figure 5b). The HRTEM images evidence the formation 

of Fe3C facets. Thus most of the Fe was incorporated as the Fe3C phase, whereas the 

surrounding organic ligand contributed to the carbon matrix that encapsulates the Fe 
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particles. Here the surrounding carbon can protect and isolate the individual Fe3C active 

sites that may provide resistance to the oxidation of Fe sites leading to higher stability for 

the long-term application of catalysts. The Fe-based active sites can generate the reactive 

species, while the carbon sheets with porous surfaces may create channels that lead to the 

effective degradation of the targeted contaminants. 
44

 

 

Figure 5. TEM images of; a) MIL 100 (Fe) and b) MIL-800C  

The surface area and porous features are essential criteria for effective adsorption and 

subsequent generation of reactive species, ultimately leading to the degradation of the 

targeted contaminants. The surface area and porosity were calculated from the N2 

adsorption-desorption isotherms. MIL-100 (Fe) exhibited Type -1 isotherm with a high 

surface area of 1204 m
2
/g and pore volume of 0.64 cm

3
/g, respectively, implying a 

microporous structure (Figure 6a & 6b).
32

 

 

Figure 6. a)   N2 adsorption-desorption isotherm and b) Pore size distribution curve of MIL-

100 (Fe). 

a b 
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After carbonization, the isotherm changed from type 1 to H4 hysteresis, indicating a 

transformation to micro-meso porous architecture with less microporosity compared to 

parent MOF (Figure 7a).
45-47

 The drop in surface area value is expected as the 

microporosity decreases on heat treatment. Thus, micro-mesoporous channels were created 

on the surface, accompanied by the formation of Fe-incorporated carbon. The surface area 

and pore volume of the porous carbons thus formed are listed in Table 1. The surface area 

decreased from 431 m
2
/g to 289 m

2
/g upon increasing the carbonization temperature, 

probably due to the destruction of the MOF framework. The pore size analysis of MIL-700C 

obtained from NLDFT shows bimodal distribution with micropores and large inter-

aggregate pore of about 20 nm whereas, MIL-800C, MIL-900C, and MIL-1000C showed 

tri-model distribution with a third peak about 10nm (Figure 7b). In the case of MIL-700C, 

the isotherm exhibited both the characteristics of parent MIL-100 (Fe) and the mesoporous 

carbon, as we can see a higher amount of microporosity along with some mesopores owing 

to the incomplete carbonization at 700 °C. However, with increasing carbonization 

temperature, the porosity changed predominantly to mesoporous type. This evidenced the 

role of central metal Fe in MIL-100(Fe) in creating mesoporosity upon carbonization.
48,49

 

Among the carbonized samples, MIL-800C exhibited high surface area and pore volume of 

431 m
2
/g and 1.08 cm

3
/g, respectively, and was therefore used for further degradation 

studies.  

 

Figure 7. a) N2 adsorption-desorption isotherms and b) pore size distribution of Fe-

incorporated carbon samples.   

 

a b 
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Table 1. BET surface area and pore size distribution of MIL-100 (Fe) and derived carbon 

samples.  

Sample  Surface 

area  

(m
2
/g)  

Total Pore 

volume  

(cm
3
/g)  

Micropore 

volume 

(cm
3
/g) 

MIL-100 (Fe)  1204  0.64  0.37 

MIL-700 C 429  1.13  0.16 

MIL-800 C 431  1.08  0.14 

MIL -900 C  380  1.04 0.12 

MIL- 1000 C  289  1.17 0.09 

 

The XPS measurement was carried out to estimate the surface composition of the prepared 

MIL-100 (Fe) derived carbon catalysts. The XPS survey spectrum shows characteristic 

peaks at binding energies corresponding to C 1s and O 1s. The peak corresponding to Fe 2p 

was not observed in the survey scan, possibly due to the low response of the XPS, as the Fe 

is trapped inside the carbon sheets(Figure 8). The surface composition of the samples listed 

in Table 2 also evidences the low Fe content on the surface. The deconvoluted spectra 

drawn for MIL-800C samples show the existence of different binding states of the elements 

Fe, C, and O. The deconvoluted C1s spectrum exhibits peaks corresponding to the binding 

energy of C=C (284.6 eV), C-O (285.2 eV), C=O (286.2 eV) as well as Fe-C bonding 

(283.7 eV). The O1s spectrum gives signals corresponding to C-O-H (532.5 eV) and C=O 

(531.1 eV). In the Fe 2p spectrum, the peaks at 711 eV and 724.4 eV correspond to the 

Fe2p3/2 and Fe2p1/2 peaks of Fe
3+

, respectively, and the peaks at 715.2 eV and 729.9 eV 

correspond to the satellite peaks. Along with that, the Fe 2p spectrum shows two small 

signals at 706.9 eV and 720 eV corresponding to the Fe
 0

 state suggesting the presence of a 

small quantity of Fe 
0
 phase along with Fe3C encapsulated within the carbon sheets. The 

formation of Fe3C is usually accompanied by a small amount of Fe
 0

 on graphite-like 

carbon. This heteroatom doping on the carbon surface would thus enhance the creation of 

channels for adsorption and presumably aid the degradation process. 
50, 51
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Figure 8. a) XPS survey spectra of MIL-800C and corresponding b) Fe, c) C1, and d) O1 

high-resolution spectra. 

Table 2. Distribution of various elements on the MIL-100 (Fe) derived Fe doped carbon 

samples in atomic % obtained from XPS. 

Sample name Elemental distribution  

(Atomic %) 

C 0 Fe 

MIL-700C 93.4 6.5 0.1 

MIL-800C 93.2 6.3 0.5 

MIL-900C 97.2 2.8 < 0.1 

MIL-1000C 91.5 8.3 0.1 

 

The Raman spectra were used to elucidate the structural properties of MIL-100 (Fe) derived 

carbon samples. Upon carbonization, the obtained samples exhibited two significant peaks 

at around 1350 cm
-1

 and 1560 cm
-1

, which correspond to the D and G bands, respectively 

(Figure 9). The D band arises from the sp
3
 carbon and corresponds to the extent of defects 
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in its structure, whereas the G band originates from the sp
2
 bonded state corresponding to 

the graphitization of carbon. 
52, 53

 The intensity of D and G bands are used to estimate the 

extent of defect formation and graphitization. These structural defects can create more 

active sites in carbon that can adsorb and accommodate the RhB and persulfate molecules. 

The graphitization can contribute to electron delocalization, thereby initiating electron 

transfer mechanisms that generate reactive species. The ID/IG value calculated for carbon 

samples decreases from 2.1 to 0.99 for MIL-700C and MIL-800C, respectively. This 

indicates the formation of highly graphitized Fe-doped carbon upon the complete 

decomposition of the MOF framework in MIL-800C, as observed from the XRD and TGA 

profiles.  

 

Figure 9. Raman spectra of  MIL-100 (Fe) derived carbon samples 

MIL-700C exhibited a higher ID/IG ratio among the carbonized samples, though the PXRD 

pattern shows a sharp graphitic carbon phase. The plausible reason for the improvement in 

graphitization is the presence of Fe3C, Fe 
0
 phase on the carbon that occurred after 800 °C. 

Some recent reports evidence the tendency of the Fe phase to create graphitization after 715 

°C. 
54, 55

 On further increasing the carbonization temperature from 800 °C to 1000 °C, the 

ID/IG ratio also increased, presumably due to excess structural decomposition that may 

destroy the graphitized carbon structure (Table 3). Hence, for MIL-800C, the higher 

graphitization and an equal extent of defects (ID/IG ≈ 1) may contribute to a higher 

degradation rate.  

 



Chapter 5 

 

160 
 

Table 3. ID/IG ratio of MIL-100 (Fe) derived carbon samples calculated from the Raman 

spectra 

Sample ID/IG ratio 

MIL-700C 2.1 

MIL-800C 0.99 

MIL-900C 1.32 

MIL-1000C 1.37 

 

5.3.2. Dye Degradation studies 

The persulfate-activated advanced oxidation process on the prepared carbon catalysts was 

studied by taking Rhodamine B (RhB) as a targeted organic pollutant. The degradation rate 

on Fe
0
, Fe3C incorporated carbon was systematically evaluated by analyzing the rate of 

degradation of RhB determined from its characteristic absorption peak at 543nm. 

  Initially, the activity of the prepared carbon catalysts was compared by adding 100 mg/L 

catalyst into Rhodamine B solution of 30 mg/L concentration. The degradation process was 

initiated by adding 5 mM of persulfate into the catalyst-dye system after reaching 

adsorption-desorption equilibrium. The adsorption capacity of the MIL-100(Fe) derived 

samples was calculated and compared with activated carbon(AC) (Table 4). It is to be noted 

that the Fe-doped carbon samples exhibited higher adsorption capacity than AC even though 

the surface area was much higher. This is ascribed to the presence of mesopores and the 

affinity of Fe centres towards Rhodamine (B). [56,57].  

Table 4. Adsorption capacity of different carbon samples after 1h ; [RhB] = 30 mg/L, 

catalyst loading = 100 mg/L 

Sample Adsorption capacity 

Qm (mg/g) 

MIL-700C 183 

MIL-800C 191 

MIL-900C 143 

MIL-1000C 164 

AC 107 
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The degradation activity of the Fe-incorporated carbon catalysts MIL-700C, MIL-800C, 

MIL-900C, and MIL-1000C was evaluated and compared with commercially available 

activated carbon (Figure 10a&10b). It could be observed that the degradation activity of the 

catalysts followed the order MIL-800C>MIL-900C>MIL-1000C> AC> MIL-700C. The 

catalyst MIL-700C exhibited the lowest degradation activity among all the catalysts due to 

incomplete carbonization, as evident from the PXRD, due to less availability of Fe-based 

active sites to initiate the degradation. However, after increasing the carbonization 

temperature from 800 °C to 1000 °C, the degradation activity was decreased. The rate 

constant also indicated the same trend suggesting an excess collapse of the carbon structure, 

thereby the decrease of available active regions at high temperatures. The decrease in the 

surface area and the adsorption capacity of the catalyst corroborated the degradation results. 

The RhB degradation efficiency was less for activated carbon, indicating the beneficiary 

contribution of Fe
0
 and Fe3C phases as active sites in the carbon matrix. In order to check 

the persistence of adsorbed dye on the carbon surface, a desorption study was conducted for 

MIL-800C, where the volume of isopropanol: water mixture was taken in a ratio of V(P: 

W)= 5:5. 
58

 However, the presence of RhB was not detected in the solution after 4h of the 

desorption experiment, implying that the adsorbed RhB was also degraded during the PS-

activated reaction.  

 

 

Figure 10. Degradation of RhB on different carbon samples 
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Figure 11.  Persulfate activated degradation of RhB on MIL-800 C catalyst. 

5.3.3. Optimization of persulfate dosage 

Initially, the degradation activity was evaluated individually for the catalyst and persulfate 

alone in the Rhodamine solution. However, neither of them showed good performance in 

the degradation process. The catalyst MIL-800C alone removed only up to 39 % RhB by the 

adsorption on the porous carbon surface. The persulfate system could degrade only 31 % of 

RhB within 1h, indicating that the self-activation of persulfate is poor. The addition of 100 

mg/L catalyst with varying persulfate (PS) concentrations (from 1 mM to 7 mM) improved 

the degradation process at a rapid rate. When the PS dosage was increased from 1 mM to 7 

mM, faster kinetics could be achieved. At a PS dosage of 5 mM, the catalyst could degrade 

about 100 % RhB within 35 minutes and was optimized for further degradation studies 

(Figure 11&12). The improvement in the degradation mechanism with the increase in the 

persulfate concentration was attributed presumably to the generation of more reactive 

species on the surface of the catalyst, accelerating further the degradation kinetics. The rate 

constant value increased from 0.068 to 0.119 min
−1 

on increasing the persulfate dosage from 

1 mM to 7 mM. 

 

Figure 12. Degradation of RhB with varying persulfate dosage 
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5.3.4. Optimization of catalyst dosage 

The effect of catalyst dosage on the degradation of RhB was studied with an optimized 5 

mM concentration of persulfate. The degradation rate with varying catalyst concentrations 

was studied by taking the MIL-800C carbon catalyst in the range of 50 mg/L,75 mg/L,  100 

mg/L, and 125 mg/L in the solution. When the catalyst dosage was 50mg/L, about 80 % 

RhB was degraded in 60 minutes (Figure 13a&13b). The degradation rate increased with 

increasing catalyst amount from 50 mg/L to 125 mg/L with an increase in rate constant 

value from 0.038 to 0.118 min
-1

. The degradation rate of RhB significantly increased to 100 

% within 35 minutes as the catalyst dosage was 100mg/L. This gives evidence for the 

involvement of the MIL-800C catalyst in the degradation process. With the increase in 

catalyst dosage, the higher Fe
0
 and Fe3C active centres in the reaction medium accelerate the 

generation of reactive species from persulfate, hence the degradation rate. Further increase 

of catalyst dosage to 125 mg/L did not yield an appreciable increase in the degradation rate, 

probably due to the insufficient quantity of persulfate with respect to catalyst amount to 

generate SO4
●-

. This proves the inevitable role of both the catalyst and persulfate in the 

degradation process. The optimized catalyst dosage of 100 mg/L and a persulfate dosage of 

5 mM have been thus used for further optimization studies. 

 

 Figure 13. Degradation of RhB with varying MIL-800C catalyst dosage 

Table 5 provides a comparison of the present work with the reported MOF-derived 

Fe/carbon hybrid catalysts for the degradation of various organic contaminants. It can be 

noted that the prepared carbon MIL-800C catalyst could achieve faster degradation 

performance for a higher concentration of RhB with a minimum catalyst dosage of 100 

mg/L and a persulfate dosage of 5 mM. 
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5.3.5. Evaluation of degradation mechanism 

To understand the degradation mechanism, quenching experiments were conducted by 

adding radical scavengers into the solution. The effect of free radical quenching agents 

methanol (MeOH) and tertiary butyl alcohol (TBA) was analyzed by conducting 

experiments with an excess amount of TBA and MeOH (Figure 14). MeOH reacts with 

both OH 
●
 and SO4

●-,
 whereas TBA can only react with OH 

●
.
 59, 60

 The free radical 

scavenging experiments were conducted by adding 500 mM and 1000 mM of MeOH and 

TBA in separate experiments. The degradation efficiency decreased by adding MeOH and 

TBA into the system, confirming the involvement of free radicals OH 
●
 or SO4

●- 
in the 

degradation mechanism. When the system was introduced with TBA, the degradation rate 

was lower than a similar MeOH concentration. This proves that the degradation mechanism 

is more OH 
●
 oriented than SO4

●- 
radical. Also, an even higher concentration of 1000 mM of 

MeOH was not efficient in slowing down the degradation rate compared to TBA, indirectly 

evidencing the generation of O2
●-

.  

 

 

 

Figure 14. Influence of Scavengers TBA and MeOH on RhB degradation.   

 

The effect of OH
●
 was further analyzed using free radical trapping experiments with 

Terephthalic acid (TA). The formed OH
●
 can be trapped by TA to form 2-

Hydroxyterephthalic acid. The photoluminescence (PL) spectra of the samples give an 

emission peak of around 425 nm upon adding 100 mg/L of the catalyst MIL-800C and 5 

mM persulfate into 5 mM TA solution. The intensity of the emission peak increased upon 

increasing the reaction time and reached ≈ 6.4 x 10 
5 

indicating the generation of a higher 
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amount of OH
● 

during the degradation process. The generation of O2
●- 

in the system was 

analyzed by adding Luminol as the trapping agent. The characteristic PL peak of 3-

aminophthalate, formed by the reaction of O2
●-  

with Luminol (3-Aminophthalhydrazide), 

was observed with high intensity at around 420 nm upon excitation with 350 nm.
61

 

However, the intensity of OH
● 

is much higher compared to O2
●-  

(
 
3x 10

5
), proving that OH

● 

is the prominent reaction intermediate in the degradation experiment. Also, the intensity of 

O2
●- 

was found to increase up to an initial 30 min, after which the intensity decreased 

(Figure 15a&15b). This might be attributed to the interconversion of the formed O2
●- to

 

OH
●
 in the aqueous medium according to (mechanisms 6&7). 

62
 Thus, the Fe

3+
, as evident 

from the XPS, could be reduced by S2O8
2 – 

in the aqueous medium, thereby forming Fe
2 +, 

which will further react with S2O8
2- 

to form SO4
●- 

 (mechanisms [1]&[2]). Also, the 

additional Fe
 0

 present in the system can form Fe
2+

, further enhancing the formation of SO4
●- 

(mechanism 3). Therefore, these Fe3C and Fe
0
 phases effectively contribute to the overall 

degradation mechanism. 
15, 16, 62

 

Fe
2 +

 + S2O8
2 -

 → Fe
3 +

 + SO4
●- 

+ SO4
2 -    

     ---------- [1] 

Fe
3 +

 + S2O8
2 -

 → Fe
2 +

 + S2O8
●- 

  ---------- [2] 

Fe (0) + 2S2O8
2 - 

→ Fe
2 + 

+ 2SO4
2 -    

+ 2SO4
●- 

  ---------- [3] 

Fe
3 +

 + S2O8
●- 

+ 2H2O → Fe
2 +

 + 2HSO5 
− 

+ 2H
+
SO4

●- 
+ H2O → SO4

2 - 
+ OH 

● 
+ H

+  
-[4] 

Fe
2+

 + O2 → O2 
●-

 + Fe
3+

    --------- [5] 

O2 
●-

+ S2O8 
2-

 → 
1
O2 + SO4

●-
 + SO4

2-
 ----- [6] 

1/2 O2 
●-

 +H2O→2 OH 
●
    ---------------- [7] 
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Figure 15 Variation in the PL intensity as a function of time by adding a) 5mM of 

Terephthalic acid and b) 5mM of Luminol into the catalyst-PS system, respectively. 

[catalyst]= 100 mg/L, [PS]= 5 mM, [RhB]= 30 mg/L, [TA]=[Luminol]= 5 mM . 

To further understand the degradation mechanism, the HR-MS of the solution was analyzed 

before and after the addition of catalysts (Figure 16). Based on the intermediate degradation 

products obtained, a possible degradation mechanism is proposed (Figure 17). The peak at 

the m/z value of 443 corresponds to unreacted Rhodamine B (Figure 16a). After the 

addition of the catalysts, the HR-MS spectrum was recorded at time intervals of 10 minutes 

and 30 minutes. The peaks at m/z values of 415 and 386 correspond to the N-deethylated 

products. Peaks at m/z 370,308, 290, and 212 can be assigned to the oxidized products. The 

peaks at 206, 173, and 122 correspond to the products after fragmentation of the 

chromophore, which may be further converted to CO2, H2O, etc. Hence, the degradation 

proceeds mainly through N-deethylation and chromophore cleavage by the OH 
●
 and O2

●-
 

generated in the medium. With the increase in reaction time, the intensity of the peak at m/z 

212 dominated, indicating that it is the main intermediate product formed during the 

degradation. 
63-66
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Figure 16. Mass spectra of the RhB solution extracted at a) 0 min, b) 10 min, and c) 30 min 

during the degradation experiment  
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Figure 17. The possible degradation pathway of Rhodamine B  

5.3.6. Study on the influence of reaction conditions 

The effect of initial pH on the degradation rate was examined to understand the adaptability 

of the catalyst toward various pH ranges. Initially, the pH of the solution was varied in the 

desired range by adding appropriate amounts of 1 M NaOH and 1 M H2SO4 into the dye 

solution. The degradation of RhB was then studied at the pH values of ≈ 3, 4, 7, and 10. The 

catalyst-persulfate system showed higher degradation activity at neutral and acidic pH 

ranges. When the initial pH was changed to an alkaline pH of ≈10, the degradation 

efficiency declined to 35 % in 30 minutes (Figure 18a&18b). The plausible reason for the 

decline of the RhB degradation at alkaline pH is the presence of excess OH
-
 ions which may 

hydroxylate the active metal centres hindering the PS molecule from being adsorbed on the 

surface of the catalyst due to the electrostatic repulsion. 
24

 

The initial temperature on the reaction medium has effects on the reaction rate due to the 

collision factors and the increase in the movement of the molecules upon the rise in kinetic 

energy. The RhB degradation was studied at varying temperatures, 35 °C, 45 °C, and 55 °C 
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with optimized catalyst-persulfate dosage and dye concentration. It is found that the initial 

reaction temperature has a positive effect on the RhB degradation mechanism as the rate 

constant showed an increase from 0.116 min
-1 

to 0.143 min
-1

. The rise in reaction 

temperature from 35 °C to 55 °C shifted the reaction kinetics faster and achieved the 

complete degradation within 25 minutes (Figure 18c & 18d). This might be due to the 

vigorous interaction of the persulfate with the catalyst and the associated generation of 

reactive species with the increase in temperature. The attack of reactive radicals on the RhB 

target was accelerated, leading to faster degradation kinetics. 

 

Figure 18. Influence of different parameters on the degradation of RhB a) Initial pH, c) 

reaction temperature, e) presence of different inorganic ions in the solution, and (b,d&f) 

corresponding degradation rate constant values. Optimized reaction conditions: [RhB] = 30 

mg/L, catalyst loading = 100 mg/L, [PS] = 5 mM and temperature = 25 ° 
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 Generally, contaminated water contains multiple inorganic species that can poison the 

catalyst and interfere with the PS activation affecting the degradation process. The effect of 

different inorganic species in the water on the degradation efficiency of the catalyst-

persulfate system is studied by incorporating 5 mM NO3
-
, CO3 

2-
, PO4 

3-
, and Cl

- 
in the RhB 

solution. It can be noted that the catalyst-PS system showed tolerance to almost all inorganic 

ions except a slight decrease in the presence of CO3 
2- 

ions (Figure 18e& 18f). This is 

attributed to the fact that the CO3 
2-

 species in the reaction medium can act as a scavenger 

for the reaction intermediate OH
● 

and O2
●- 

radicals, adversely influencing the RhB 

degradation process. 
24

 

5.3.7.  Degradation study of other organic pollutants 

  The capability of the MIL-800C catalyst to degrade other organic pollutants was also 

analyzed by extending the degradation experiments with various chemical and 

pharmaceutical contaminants. The Fe 
0
, Fe3C encapsulated carbon-persulfate system could 

degrade Methylene blue dye (100 %), 4-chlorophenol (53 %), Phenol (52 %), Nitrobenzene 

( 45 %), and benzoic acid (30 %)  as well as the pharmaceutical waste Linezolid (88 %), 

HCQ (79 %) and Cefpodoxime proxetil (55 %) within 60 min suggesting that MIL-800 C 

has a broad spectrum activity towards the persulfate based degradation of organic 

contaminants (Figure 19a& 19b).  

 

Figure 19. Degradation of other organic contaminants over MIL-800C catalyst and b) 

degradation rate constants. Reaction conditions: [PS] = 5 mM, [Organic contaminants] =   

30 mg/L, catalyst loading = 100 mg/L and temperature = 25 °C 

 

a b 
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 The poor degradation efficiency of the catalyst towards compounds such as benzoic acid, 

Nitrobenzene, phenol, 4-Chlorophenol, and cefpodoxime proxetil correlates with the 

electron-withdrawing groups present in these compounds evidencing the selective oxidation 

of organic groups containing electron-donating groups, in the presence of singlet oxygen 

generated from the catalyst as has been reported recently. 
67, 68, 69

 

The effect of a catalyst in treating real-time textile effluent was also evaluated. The change 

in the COD values was measured before and after 1h of treatment of the prepared 

Rhodamine B solution and effluent collected from the nearby textile industry (Figure 20). It 

could be observed that the COD was reduced by 65 % after 1h of treatment in the industrial 

effluent, whereas an 83 % reduction was observed for the optimized RhB solution, 

highlighting the practical application of the prepared catalyst.  

 

Figure 20. Variation in the COD values of RhB solution and the collected Industrial 

effluent before and after 1h treatment. Reaction conditions: [PS] = 5 mM, [RhB]= 30 mg/L, 

catalyst loading = 100 mg/L and temperature = 25 °C 

5.3.8. Analysis of cyclic stability of the catalyst     

The stability and recyclability of a catalyst were examined by running 5 consecutive cyclic 

tests to ascertain the utility of the catalyst for practical applications (Figure 21a). The 

catalyst was separated after each consecutive cycle by magnetic separation and used after 

drying in an oven at 100 °C. The presence of Fe species aided the easy recovery of the 

catalyst due to its high magnetization. Even after 5 consecutive cycles, the activity of the 

catalyst remained high with > 90 % degradation efficiency. TEM images taken after 5 

cycles of operation confirmed that the morphology of the catalyst remained unchanged, 

indicating appreciable stability of the catalyst (Figure 21b). PXRD of the catalyst MIL-
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800C was recorded after 5 cycles of operation, indicating that all the peaks remain the same. 

However, an extra peak at 22.1 corresponding to the (220) plane of Fe2O3 indicated partial 

oxidation of Fe particles in the presence of solvents. The reduced concentration of the Fe 

phases, as indicated by the decrease in the intensity of the Fe phases, caused a slight decline 

in the degradation activity owing to the fewer Fe-based catalytic active sites (Figure 21c). 

Here, the encapsulation of Fe phases within the carbon sheets upon the carbonization of 

MIL-100 (Fe) frameworks could shield the active sites to an extent, as evidenced by its high 

cyclic stability. 

 

Figure 21. a) Evaluation of the recyclability of MIL-800C catalyst for RhB degradation, b) 

HRTEM image, and c) PXRD patterns of MIL-800C before and after 5 consecutive cycles, 

respectively 

5.3.9. Fabrication of MIL-800@MST sponge for practical application 

The carbon catalyst in the powder form has inherent advantages like high surface area and 

easy miscibility. Nevertheless, the employment and recovery of the catalyst are difficult, 

thus raising the limitation of MIL-800C carbon powder for practical applications. Hence, we 

incorporated the MIL-800C powders into a melamine sponge (MS) of size 2 cmx2 cm x2 

cm via ultrasonication followed by heat treatment at 300 °C. The heat treatment enables the 

shrinking of pore sizes of the sponge, making it capable of holding the carbon catalyst. 
70

 

The dye degradation studies were tested by submerging the carbon sponge into the solution 

containing 30 mg/L of dye solution and 5 mM persulfate. The system was kept under 

observation, and the degradation rate was analyzed every 12 h. The catalytic degradation of 

the MIL-800@MS was compared with a melamine sponge carbonized without the catalyst 

(MST) and a bare Melamine sponge. Even though the carbonized sponge itself showed 

some extent of degradation performance, the rate was much accelerated by the incorporation 
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of MIL-800C. It could be observed that the system showed complete degradation within 24 

h, even without any stirring, indicating the possibility for large-scale application of the 

catalyst MIL-800C for water purification applications (Figure 22). To further calculate the 

mineralization efficiency of the Rhodamine B solution, the TOC removal rate was 

calculated. The removal rate reached 61.6 % within 24 h, indicating good degradation 

efficiency of the catalyst even under static conditions. 

 

 

Figure 22. a) The fabrication of MIL-800@MS sponge and b) degradation of RhB at 24 h 

with and without MIL-800@MST sponge catalyst with [RhB]= 30 mg/L and [PS] = 5 mM  

 

 

 

 

 

 

 

 

 

a b b 
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Table 5. Comparison of degradation performance of different MOF-derived Fe containing carbon catalysts  

Catalyst Parent MOF Reaction conditions Contaminants 
Time 

(min) 

Degradation 

efficiency 
Ref 

N-doped 

Fe0/Fe3C@C 

polydopamine-

coated PB micro 

cubes 

BPA (50 mg L-1) 

Catalyst (~0.2 g 

L-1),[PS] = 0.5 g L-1 

pH 7, 298 K 

BPA 150 min 85 %   [1] 

Fe@C Fe(Hbidc) 

[SMX] = 10 mg L- 1, [PS] = 0.2 mM, 

catalyst = 0.4 g L-1 1, T=30 ◦C, ambient 

pH. 

SMX 90 min 98.3 % [2] 

MICN MIL-88A 
Oxidant 300 mg L_1, MICN 300 mg L_1, 

RB 10 mg L_1, T 25 ◦C, PSF persulfate. 
Rhodamine B 100 min 90 % [3] 

Fe/Fe3C@NC MIL-88B-NH2 

catalyst (0.2 g L-1) 

PMS (2 g L-1) 

4-CP aqueous solution (20 mg L-1) 

4-chlorophenol 60 93% [4] 
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FexC 

 

FexCN 

MIL-53(Fe)  

NH2-MIL-53(Fe) 

[catalyst]=100 mg/L, [PMS]=0.65 mM, 

[ACV]=10 mg/L, room 

temperature 

ACV 

4 min 

 

30 min 

100 % 

 

100 % 

[5] 

XFeNC Fe-ZIF-8 
catalyst (0.15 g/L) phenol 100 mL (20 

mg/L),20 mg of PMS 
Phenol 30 min 100 % [6] 

N-G 

MIL-100 with 

dicyandiamide 

 

catalysts (0.1 g/L) PMS 3.25 mM 

phenol (50 ppm), SCP (20 ppm), TCP 

(50 ppm), and PHBA(20 ppm)) 

phenol (50 SCP 

(20 ppm), TCP 

(50 ppm), and 

PHBA (20 ppm) 

30 min 100 % [7] 

rGOF 
Fe-BTC MOF with 

rGO 

[PDS] = 1.0 mM, [rGOF] = 50 mg L−1, 

[PCs] = 0.1 

mM, T = 298.15 K, pH0 = 7 

BPA 30 min 100 % [8] 

Ni-Fe-C-600-

acid/GO 

Ni-Fe-MOF with 

GO 

[catalysts] = 15 mg/L, [PCA] = 0.15 

mM, [PDS] = 0.25 mM, pH = 5.0, T = 25 

◦C 

PCA 60 min 95.4 % 

 

[9] 

SAFe-x-N-C 
Iron phthalocyanine 

@ZIF-8 

[CAP] = 0.1 mM, [Catalyst] = 100 mg/L, 

[PDS] = 1.0 mM, initial pH = 7. 
CAP 8 h 95.5 % 

 

[10] 

MIL-800C MIL-100 (Fe) 
Catalyst (0.1 g/L) PMS (5 mM) RhB (30 

mg/L) 
Rhodamine B 35 min 100 % 

Prese

nt 

work 
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5.4. Conclusions 

In summary, we have synthesized highly porous Fe, Fe3C encapsulated carbon from the 

metal-organic framework MIL-100 (Fe) via a simple carbonization route. The carbon 

MIL-800C, derived at 800 °C, exhibited a high surface area value of 431 m
2
/g with a 

micro-meso porous architecture and well-dispersed Fe
0
 and Fe3C phases incorporated on 

carbon sheets. The obtained carbon was utilized for the persulfate-activated degradation 

of Rhodamine (B) dye. The catalyst showed a 100 % degradation rate for RhB within 35 

minutes at room temperature, with a catalyst loading of 100 mg/L and a 5 mM 

concentration of persulfate in a 30 mg/L dye solution. The catalyst also exhibited a higher 

degradation rate within the pH range of (3-7). The degradation process occurred via the 

free radical-mediated (OH
●
 and O2

●-
)

 
advanced oxidation processes. The catalyst showed 

higher stability and retained 90 % of the removal rate even after 5 cycles of operation. It 

also showed an appreciable degradation rate towards other organic and pharmaceutical 

contaminants, indicating a broad range of degradation activity. The prepared Fe-

incorporated carbon catalyst can be an efficient candidate for the degradation of organic 

pollutants and, thereby, can be utilized for the remediation of water contamination caused 

by organic pollutants.  
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Chapter 6 

Summary and Scope of Future Work 

 

 

 Developing cost-effective and sustainable materials are crucial for energy storage-conversion 

devices and treating environmental pollutants. Heteroatom-doped porous carbon is 

demonstrated to be a potential candidate by virtue of its tuned morphology, conductivity, 

surface area, etc. Metal-organic frameworks(MOFs) are established to be suitable templates 

for preparing transition metal, heteroatom-doped carbon, as the MOFs contain heteroatoms in 

the frameworks. The present thesis focuses on the preparation of various facile methods for 

the preparation of MOFs and MOFs derived heteroatom-doped carbon for applications in 

different energy and environment-related sectors. 

   ZIF-8 framework is formed by the coordination of Zn
2+

 ions with 2-methylimidazole 

ligands and possesses high surface area and porosity, due to which it is widely employed for 

adsorption and separation applications. ZIF-8 is also demonstrated to be an ideal precursor 

for preparing N-doped carbon and is found to possess good electrocatalytic activity for 

Oxygen reduction reaction(ORR)  due to the higher electronic conductivity caused by the N-

doping on the carbon. However, the ORR activity of the ZIF-8 derived carbon is limited due 

to its less effective adsorption-diffusion pathway around the micropores. Transition metal 
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incorporation into the ZIF-8 framework is found to be an effective method for obtaining 

transition metal-doped carbon with tuned porosity and morphology. These transition metals 

can act as active centres, enhancing their ORR activity. Template-assisted carbonization is 

also considered an efficient method to modulate the pore characteristics and improve the 

catalytic activity. Initially, we demonstrated the successful synthesis of Ni, N co-doped 

porous carbon by the high-temperature carbonization of the Ni-doped ZIF-8 precursors 

incorporated with g-C3N4 as a template. The guest metal atom Ni and the sacrificial g-C3N4 

template have contributed to the evolution of carbon surfaces of varying morphology and 

with an increase in electrocatalytic ORR activity in the alkaline medium. The optimized 

composition of NiZC(1:2) 1000 exhibited higher ORR activity than other samples with a 

limiting current density of 5.2 mA cm
-2

 and a half-wave potential of 0.76 V vs. RHE. The 

sample also exhibited higher durability and methanol tolerance in the alkaline medium 

compared to commercial Pt/C electrocatalysts.  

 The MOF, ZIF-67, is also widely used to prepare Co, N co-doped carbon for application as 

ORR electrocatalyst. However, pristine ZIF-67 derived carbon possesses limited activity due 

to the agglomeration of excess metal particles and the reduced surface area upon 

carbonization. Therefore, a biomass (lotus seed shell) derived high surface area porous 

carbon was used as a support matrix for ZIF-67 derived Co, N co-doped carbon by preparing 

composites of the two carbons. The surface area was tuned with varying compositions of the 

mixtures in the composites. The optimized catalyst ZL 600(3:1) exhibited a half-wave 

potential of 0.79 V vs. RHE and a current density of -4.38 mA cm
-2

 when applied as an 

electrocatalyst in alkaline medium. The high surface area, pyridinic–pyrrolic nitrogen 

contents, and enriched Co active centres sheathed by carbon sheets favourably contributed to 

the efficient ORR mechanism. 

 Triboelectric devices are also considered ideal energy conversion devices due to their simple 

operation mode and cost-effectiveness. Polymer-based materials are widely employed in 

triboelectric devices due to their flexibility in fabrication. However, tuning their triboelectric 

behavior is still a challenge, and the applications thus demonstrated utilize only a particular 

set of materials in triboelectric devices. The addition of inorganic materials like metals and 

carbon materials is found to be an efficient strategy to improve the triboelectric output of the 

parent polymer. Porous material, by virtue of the ability of its pores to hold the charges for 

long time, is demonstrated to be good candidates in triboelectric applications. We made an 

attempt to tune the triboelectric behavior of the Polyacrylonitrile(PAN) fibre using different 
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metal-organic frameworks(MOFs), such as ZIF-8, ZIF-67, MIL-100, and HKUST-1, by 

incorporating them during the electrospinning process. While the ZIF-8 and ZIF-67 

incorporated PAN fibre showed tribonegative nature, the trimesic acid coordinated MOFs, 

MIL-100 and HKUST-1, shifted the triboelectric behavior towards the positive side. This 

tuning of triboelectric behavior depended upon the nature of the ligand, the amount of MOF, 

and the particle size of the MOFs. The effect of carbonized ZIF-8 frameworks on the 

triboelectric nature of PAN is also evaluated. While the ZIF-8 incorporated PAN was toward 

the negative side of the pure PAN in the triboelectric series, the N-doped carbon obtained 

from ZIF-8(C ZIF-8) steered it towards the positive side. A triboelectric device was 

fabricated with ZIF-8, and the carbonized C ZIF-8 incorporated PAN fibers as opposite 

triboelectric layers. The device generated an output of 80 V and 0.8 μA. This method can be 

beneficial for advancing the fabrication of TENG based on porous materials and polymers, 

which can lead to devices with higher output when used against a suitable triboelectric layer. 

  Water pollution arising from the increased amount of organic pollutants is another challenge 

to society that demands advanced treatment methods. Advanced oxidation processes based on 

reactive free radicals from persulfate, mediated by a catalyst, are considered as an efficient 

method to remove harmful organic pollutants. Fe-based catalysts are demonstrated to be 

effective catalysts in AOPs. We synthesized Fe/Fe3C encapsulated porous carbon by the 

single-step carbonization of the MIL-100 (Fe) metal-organic frameworks. The activity of the 

prepared carbon was optimized towards the degradation of the targeted contaminant 

Rhodamine (B). 100 % degradation was realized within 35 minutes with a minimum catalyst 

loading of 100 mg/L in 30 mg/L contaminant solution. The catalyst derived at 800 °C also 

exhibited high degradation activity towards various other organic compounds like Methylene 

blue, Benzoic acid, Nitro benzene, Phenol, 4-Chlorophenol, and antibiotics like Tetracycline, 

linezolid, Hydroxychloroquine, and Cefpodoxime proxetil. Moreover, the catalyst also 

effectively reduced the COD value of effluent collected from a nearby textile industry. The 

catalyst showed high stability and retained 90 % of its activity after five cycles of operation, 

owing to the protected Fe-based active sites within the carbon matrix. 

The present study thus demonstrates that MOFs and MOF derivatives can serve as potent 

materials for different energy and environment-related applications. 
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Suggestions for Future Work: 

 Exploring new sustainable and low-cost metal-organic frameworks 

 Tailoring the morphology, porosity, and heteroatom content of MOF-derived carbon 

to reach the desired performance by employing various methods like template 

incorporation, transition metal introduction, etc. 

 Efficient utilization of MOF derivatives as catalysts for fuel cells, advanced oxidation 

process and in triboelectric nanogenerators for powering devices. 
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This thesis mainly explores the effective application of various MOFs and MOF-derived 

heteroatom-doped porous carbon in diverse areas such as energy conversion devices and 

wastewater treatment. Chapter 1 gives an introduction to heteroatom-doped carbon and its 

preparation from various MOFs using different approaches. A comprehensive literature 

review on the applications of MOFs derived carbon towards fuel cell oxygen reduction 

reaction (ORR), triboelectric nanogenerators, and advanced oxidation-based water treatment 

is also summarized. Chapter 2 deals with the application of Ni, N co-doped porous carbon 

obtained from ZIF-8 via Ni incorporation and a template-aided strategy for enhanced ORR 

performance. The compositional and morphological tuning ultimately boosted the ORR 

activity, and the composition NiZC(1:2) 1000 showed a higher current density of 5.2 mA cm
-

2 
and higher stability in alkaline medium. Chapter 3 reports the beneficial role of an external 

biomass-derived high surface area carbon in enhancing the ORR activity of ZIF-67 

framework-derived Co, N co-doped carbon by tuning the surface area and providing support 

channels for ORR. Chapter 4 deals with the role of different sustainable MOFs and MOF-

derived N-doped carbon in modulating the triboelectric behavior of electrospun 

polyacrylonitrile(PAN) fiber. Based on the nature of the ligand, the amount of the MOF 

loading, and the particle size, the triboelectric behavior of the PAN  changed, and a reversal 

of the polarity was also achieved. Chapter 5 deals with the beneficial role of Fe and Fe3C 

sites in porous carbon sheets on the persulfate-activated degradation of organic pollutants. 

The catalyst showed degradation towards a broad range of pollutants, including dyes, 

antibiotics, etc. The encapsulation of the active sites within the carbon could protect and 

impart better stability to the catalyst. 
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Template assisted synthesis of Ni,N co-doped
porous carbon from Ni incorporated ZIF-8
frameworks for electrocatalytic oxygen reduction
reaction†

Vaishna Priya K., ab Minju Thomas, ab Rajith Illathvalappil,bc Shijina K., ab

Sreekumar Kurungot, bc Balagopal N. Nair,de A. Peer Mohamed,a

Gopinathan M. Anilkumar, df Takeo Yamaguchif and U. S. Hareesh *ab

A heteroatom doped porous carbon electrocatalyst with enhanced oxygen reduction reaction (ORR)

performance in alkaline medium was obtained by high temperature treatment of Ni incorporated ZIF-8

frameworks and its composite with g-C3N4 as a supporting matrix template. The morphology and

porosity of this heteroatom containing carbon were tuned by varying the Ni : Zn molar ratio in Ni/Zn

ZIF-8 and Ni/Zn ZIF-8@g-C3N4 composites. The template aided synthetic strategy using g-C3N4 helped

in the controlled decomposition of composites leading to a heteroporous sheet like architecture with

increased nitrogen content. The Ni/Zn ZIF-8 sample on heat treatment in the 800–1000 1C temperature

range led to the formation of Ni,N co-doped porous carbon (Ni-NPC) with Ni–C active sites. The

defective sites induced by nickel carbide along with the distributed N atoms on the carbon surface

enabled active O2 adsorption sites. The high surface area, high degree of graphitisation as well as

the defects created by well dispersed N and Ni on porous carbon matrices favoured charge separation

leading to higher electrochemical ORR activity. The Ni,N co-doped carbon catalyst in alkaline medium

exhibited a limiting current density of 5.2 mA cm�2 with a half-wave potential of 0.76 V vs. RHE in

0.1 M KOH. The catalyst also showed improved methanol tolerance and better stability compared to the

standard Pt/C catalyst.

1. Introduction

The undesirable climatic variations induced by global warming
could be ascribed primarily to the uncontrolled emission of
greenhouse gases as the fossil fuel consumption has increased
manifold. This has prompted a genuine demand for greener
energy storage/conversion technologies. The fuel cell is

perceived to be an electrochemical energy conversion device
that promises reliability and environmentally benign operating
conditions.1–3 The efficiency of fuel cells is rooted in the
kinetics of the electrochemical redox reaction occurring at the
membrane electrode assembly (MEA). The sluggish kinetics of
oxygen reduction reaction (ORR) occurring at the cathode of the
electrochemical cell necessitates the use of a catalyst for
appreciable performance of fuel cells.4–6 However, the use of
platinum based metal catalysts increases the fuel cell cost and
hinders its widespread commercial applications.7,8 Among low
temperature fuel cell technologies, alkaline fuel cells (AFCs) are
preferred to proton exchange membrane fuel cells (PEMFCs)
owing to the advantages of relatively faster ORR kinetics in
alkaline medium and the less corrosive environment. AFCs
thus offer higher efficiency and the possibility of employing
non-noble metal catalysts.9–11 This could in effect lead to a
viable strategy of making the fuel cell cost effective by replacing
the precious noble metal based catalysts with high surface
area porous carbon catalysts.12–14 However, the application
of porous carbon requires further improvements in order to
combat the poor conductivity and catalytic properties. It is well

a Materials Science and Technology Division (MSTD), National Institute for

Interdisciplinary Science and Technology, Council of Scientific and Industrial

Research (CSIR-NIIST), Pappanamcode, Thiruvananthapuram, Kerala 695019,

India. E-mail: hareesh@niist.res.in
b Academy of Scientific and Innovative Research (AcSIR), Ghaziabad-201002, India
c Physical and Materials Chemistry Division, CSIR-National Chemical Laboratory,

Pune, Maharashtra, 411008, India
d R&D Centre, Noritake Company Ltd, 300 Higashiyama, Miyoshi, Aichi 470-0293,

Japan
e School of Molecular and Life Sciences (MLS), Faculty of Science and Engineering,

Curtin University, GPO Box U1987, Perth, Western Australia 6845, Australia
f Laboratory for Chemistry and Life Science, Institute of Innovative Research, Tokyo

Institute of Technology, Nagatsuta 4259, Midori-ku, Yokohama 226-8503, Japan

† Electronic supplementary information (ESI) available: HRTEM, electrochemical
analysis, TGA and additional figures. See DOI: 10.1039/d0nj01373k

Received 19th March 2020,
Accepted 24th June 2020

DOI: 10.1039/d0nj01373k

rsc.li/njc

NJC

PAPER

Pu
bl

is
he

d 
on

 2
4 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 6
/1

2/
20

23
 5

:4
1:

22
 A

M
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-8403-7139
http://orcid.org/0000-0001-8928-2857
http://orcid.org/0000-0002-2855-7412
http://orcid.org/0000-0001-5446-7923
http://orcid.org/0000-0002-8595-5636
http://orcid.org/0000-0001-6455-8220
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nj01373k&domain=pdf&date_stamp=2020-07-08
http://rsc.li/njc
https://doi.org/10.1039/d0nj01373k
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ044028


12344 | New J. Chem., 2020, 44, 12343--12354 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

accepted that, the doping of heteroatoms into porous carbon
is an effective method to impart better catalytic activity by
altering the spin density and charge separation of the carbon
matrix.15,16 Consequently, carbon based catalysts incorporating
heteroatoms like B, N, S, and P as well as transition metals are
currently being explored as ORR electrocatalysts.17–23 Studies
show that co-doping transition metals with N can boost the
electrocatalytic performance of carbon owing to the better
conductivity as well as high active surface area imparted by
synergistic effects.24,25 Over the past few years, nickel, being a
metal occupying the same group as that of platinum, has got
considerable attention due to its higher electrical conductivity,
corrosion resistance properties and larger abundance, enabling
it to be a promising electrocatalyst for Oxygen Reduction Reaction
(ORR), Oxygen Evolution Reaction (OER) and Hydrogen Evolution
Reaction (HER).26 Nickel dispersed on the carbon matrix
has been recently investigated for electrochemical applications.
B. Devi et al. have made a notable contribution in this area
by synthesising N doped graphitized carbon encapsulated
Ni nanoparticles from a Ni(II)-dimeric complex with pyridine
derivatives for trifunctional (ORR, OER, and HER) applications.27

Tyagi et al. have reported ORR studies on atomically dispersed
nickel (Ni)/nickel sulfide (NixSy) on heteroatom doped hierarch-
ical porous carbonaceous sheets from nickel nitrate and
guanidine thiocyanate.28

Metal Organic Frameworks (MOFs), by virtue of their high
surface area and designed morphology, are widely used as pre-
cursor materials to synthesise heteroatom doped porous carbons.
Moreover, the precursor chemistry could be easily tuned to
incorporate the dopant elements of choice, and its direct conver-
sion by pyrolysis could yield heteroatom doped carbons with high
surface area and favourable pore characteristics.29–31 Among
MOFs, Zeolitic Imidazolate Frameworks (ZIFs) are considered as
promising materials with a multitude of applications due to their
exceptional chemical and temperature stability. ZIFs are basically
transition metal coordinated imidazolate frameworks with 3-D
sodalite topology. The structural resemblance to zeolites enables
them to be good materials for adsorption and separation
applications.32–35 One of the featured applications of ZIFs is
to utilise them as precursors for the synthesis of high surface
area porous carbon. These materials have potential electro-
chemical applications as electrode materials for fuel cell systems
and other energy storage devices.36–38

An efficient method to synthesise transition metal, N
co-doped carbon with tuned morphology is by the incorporation
of less volatile transition metals into the parent ZIF frameworks.
The incorporated metal centres of cobalt, iron and nickel could
contribute as catalytically active centres for the growth of various
morphologies of carbon.39–43 Recently, notable contributions
have emerged in the development of highly graphitised porous
carbon surfaces doped with nickel from bimetallic Ni/Zn ZIF-8
frameworks, prepared by chemical vapour deposition (CVD)
and hydrothermal techniques44,45 The resultant porous carbons
displayed improved electrocatalytic activity for HER, OER and
ORR in alkaline medium. Nevertheless, the ZIF derived carbon
has limitations in its application due to the less efficient

adsorption–diffusion pathways around the microporous sites
during electrocatalysis. Template assisted carbonisation was
thus employed as an efficient method to modulate the pore
characteristics and to improve the catalytic activity. Consequently,
studies are reported with the incorporation of templates like
rGO,46,47 melamine sponge,48 carbohydrates,49 etc., which can
effectively improve the porosity distribution and can also perform
as self-sacrificing templates. Recently, Wang et al. obtained a
highly efficient ORR catalyst of Co,N co-doped porous bamboo
like carbon nanotubes by using g-C3N4 as the sacrificial template
with bimetallic Co/Zn ZIF frameworks. g-C3N4 served as a medium
for the growth of ZIF particles by attracting the metal precursors
of ZIF to its electron rich sites, and the catalyst exhibited remark-
able ORR activity and stability.50

Herein, we have made an attempt to synthesise Ni,N
co-doped porous carbon with nickel carbide active centres by
high temperature treatment of g-C3N4 incorporated Ni contain-
ing ZIF-8 frameworks. The added g-C3N4 aided easy decomposi-
tion of the ZIF frameworks that led to sheet like hetero-porous
carbon, and compensated the severe nitrogen loss upon high
temperature carbonisation. Since the self-sacrificing g-C3N4 tem-
plate was finally converted to N doped porous carbon upon
carbonisation, no complex etching procedure was required for
the removal of the external template on the final catalyst, high-
lighting the advantage of g-C3N4 as the template in N doped
carbon systems. As the rate of co-ordination of Ni2+ is slower
compared to that of Zn2+, attempts were made to study the effect
of nickel concentration as well as carbonisation temperature on
the formed frameworks. The surface area, porosity, morpho-
logical features and the electrochemical oxygen reduction activity
of the resulting carbon catalysts were influenced by the Ni/Zn
molar ratio of the precursor of ZIF-8 and the carbonisation
temperature. The catalyst exhibited good ORR activity, stability
and methanol tolerance in alkaline medium by virtue of its high
surface area and nitrogen content.

2. Experimental
i. Materials and methods

Analytical grade zinc nitrate hexahydrate (Zn(NO3)2�6H2O,
Merck, India), nickel nitrate hexahydrate (Ni(NO3)2�6H2O, Merck,
India), 2-methylimidazole (2-MeIm, C4H6N2, 98%, Sigma Aldrich),
methanol (CH3OH, Z99.8%, Merck, India) and urea (NH2CONH2,
Merck, India) were used ‘as-received’ without any further
purification.

ii. Preparation of catalysts

Preparation of Z (ZIF-8). Preparation of ZIF-8 in methanol
was analogous to a previously reported procedure.36 In a typical
synthesis, 1.466 g of Zn(NO3)2�6H2O dissolved in 200 mL
of methanol was added to a solution containing 3.325 g of
2-MeIm in 200 mL of methanol (the molar ratio of Zn : 2-MeIm :
methanol was 1 : 8 : 700). The precursor solution was then kept
under stirring for 15 h at room temperature and the white
precipitate formed was collected after washing with methanol
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by centrifugation. The sample was further dried overnight at
60 1C in an air oven.

Preparation of NiZ. The synthesis of NiZ was similar to the
synthesis of ZIF-8 with some modifications. Initially, a mixture
of Ni(NO3)2�6H2O and Zn(NO3)2�6H2O with a specific molar
ratio of Ni2+/Zn2+ was prepared in methanol as follows:

The desired concentration of Ni2+/Zn2+ was prepared by adding
Ni(NO3)2�6H2O salt into a solution of 1.466 g of Zn(NO3)2�6H2O in
200 mL of methanol. This mixture was then added to a solution
containing 3.325 g of 2-MeIm in 200 mL of methanol and stirred for
15 h. The procedure was repeated by changing the concentration of
Ni(NO3)2�6H2O to get the molar concentration of Ni2+ : Zn2+ as 1 : 2
and 1 : 1 while keeping the molar ratio of Zn : 2-MeIm : methanol
constant (1 : 8 : 700). The pale blue precipitate formed was collected
by centrifugation after washing with methanol and then dried at
60 1C. The obtained samples were named as NiZ(X : Y), where X and
Y stand for the molar ratios of Ni and Zn, respectively.

Preparation of NiZC. g-C3N4 was prepared by heat treatment
of urea at 550 1C for 4 h in a muffle furnace.51 A dilute
suspension of g-C3N4 was made by dispersing 1 g of g-C3N4 in
150 mL of methanol by ultrasonication for 1 h. Similar to the
synthesis of NiZ, a mixture of Zn(NO3)2�6H2O and Ni(NO3)2�6H2O
with a specific molar ratio of Ni2+/Zn2+ (the molar ratio of
Ni2+ : Zn2+ was 1 : 2 and 1 : 1) was prepared in 50 mL of methanol.
The above solution was added to the g-C3N4 dispersion and
ultrasonicated for 2 h. This mixture was then added to 3.325 g of
2-MeIm in 200 mL of methanol followed by stirring for 15 h. The
precipitate formed was collected by centrifugation after washing
with excess methanol and dried at 60 1C. The amount of g-C3N4

added to the reaction mixture was constant for all the samples.
The samples prepared with varying molar ratio of Ni2+/Zn2+ were
named as NiZC(X : Y), where the additional letter C indicates the
presence of g-C3N4.

Preparation of N doped carbon from ZIF-8. The ZIF-8 powder
was carbonised in the temperature range of 800–1000 1C for 2 h
under a nitrogen atmosphere at a heating rate of 3 1C min�1 in
a quartz tube, and cooled to obtain N-doped porous carbon.
The resulting carbon was then acid leached by overnight
soaking in 3 M H2SO4 at room temperature followed by washing
with deionised water multiple times to remove unreactive
species from the surface of porous carbon, which may other-
wise decrease the activity of the catalyst by clogging the pores.52

The samples were named as ‘‘Z T’’, where Z represents ZIF-8
and T denotes the temperature at which the samples were
carbonised (Z 800, Z 900 and Z 1000).

Preparation of Ni,N co-doped porous carbon from NiZ and
NiZC. The prepared NiZ and NiZC samples were subjected to
high temperature carbonisation in the temperature range of
800–1000 1C followed by acid washing as described above. The
resulting samples were denoted as NiZ(X : Y) T and NiZC(X : Y) T,
where X : Y represents the Ni2+ : Zn2+ ratio of the precursor and
T the carbonisation temperature.

iii. Characterisation

The phase purity and crystalline phase of the samples
were analysed by powder X-ray diffraction (PXRD) analysis

(PW1710 Philips, The Netherlands) using Cu Ka radiation.
The infrared spectrum of the samples was analysed using Four-
ier Transform-Infrared spectroscopy (PerkinElmer, FT-IR, Spec-
trum Two). The morphological features of the samples were
observed using a Scanning Electron Microscope (JEOL, JSM-35)
operating at 15 kV and a High Resolution Transmission Elec-
tron Microscope (HRTEM, TecnaiG2, FEI, The Netherlands)
operating at 300 kV. The elemental mapping and quantification
of the samples were carried out by Energy Dispersive Spectro-
scopy (EDS). Raman spectra were recorded utilizing an alpha
300 R confocal Raman microscope (WI Tec, Germany) using a
laser beam of excitation wavelength 633 nm. The surface
chemistry and elemental composition of the samples were
analysed using an X-ray Photoelectron Spectrometer (ULVAC-PHI
Inc., USA) equipped with a monochromatic Al-Ka X-ray source
(hn = 1486.6 eV) having a micro focused beam (200 mm, 15 kV).
Survey scans were recorded using an X-ray source power of 50 W
and a pass energy of 187.85 eV. A pass energy of 46.95 eV was used
to record high-resolution spectra of the elements. The surface area
and porous characteristics of the samples were analysed using the
N2 adsorption–desorption measurement technique (Tristar II,
Micrometrics, USA). The total pore volume and micropore volume
were calculated from the isotherm at a P/P0 value of 0.990
and 0.035 respectively for easier comparison of the values and
the porous structures, although micropore volume values may
have been influenced by monolayer adsorption in some cases.
Thermogravimetric Analysis (TGA) was conducted (PerkinElmer
STA6000 TGA) at a heating rate of 3 1C min�1 in a N2

atmosphere.
All the electrochemical measurements were performed in

a Bio-Logic electrochemical work station. A three-electrode
rotating disk setup was used to analyse the activity of the
catalyst for electrochemical oxygen reduction reaction in
which Hg/HgO was used as the reference electrode and a
graphitic rod was used as the counter electrode. The working
electrode was prepared according to the following procedure:
the catalyst slurry was prepared by adding a mixture of 1 mL of
isopropyl alcohol–water (1 : 3) and 40 mL of Nafion solution
into 5 mg of catalyst followed by sonication for 1 h. The
electrode was prepared by coating 10 mL of the prepared
catalyst slurry on a glassy carbon electrode (surface area
0.196 cm2) followed by drying at room temperature. All the
ORR measurements were conducted in 0.1 M KOH solution
and the analysis was carried out by saturating with N2 and O2

gases. For comparison of the electrocatalytic activity of the
samples, the state-of-the-art electrocatalyst with 40 wt% Pt/C
(Johnson Matthey) was used following the same procedure.
The rotating ring disk electrode (RRDE) experiments were
performed under the same conditions with the catalyst coated
on a glassy carbon (surface area 0.2826 cm2) electrode having
a platinum ring around the surface as the working electrode.
The stability of the catalyst was analysed by the accelerated
durability test (ADT) and by performing linear sweep voltam-
metry (LSV) before and after 5000 cycles of CV performed
in the potential range of 0.57 V to 0.97 V at a scan rate of
100 mV s�1 in 0.1 M KOH.
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3. Results and discussion

Fig. 1 depicts the schematic diagram of the synthesis of ZIF-8,
NiZ as well as NiZC samples in methanol medium by a
chemical precipitation method at room temperature. ZIF-8
was synthesised according to the reported procedure in metha-
nol medium and the high temperature carbonisation resulted
in N doped carbon (Scheme 1). In the second stage, ZIF-8 was
modified by incorporating Ni in the matrix with varying Ni2+/
Zn2+ in the precursor medium (Scheme 2). As a next stage,
the influence of the supporting template on the formation of
porous carbon was studied by preparing Ni incorporated ZIF-8
(NiZ) samples on the surfaces of g-C3N4 sheets by introducing a
dispersion of g-C3N4 in methanol in the reaction medium
containing Zn2+, Ni2+ and 2-MeIm (Scheme 3). The carbonisa-
tion of NiZ(X : Y) and NiZC(X : Y) samples in a N2 atmosphere
in the temperature range of 800–1000 1C resulted in Ni,N
co-doped porous carbon matrices.

The powder X-ray diffraction (PXRD) patterns recorded
for all the samples indicated the formation of pure ZIF-8
(JCPDS 00-062-1030) (Fig. 2a),53 with sodalite topology. The
XRD pattern of the NiZ sample confirmed the absence of any
other phase than ZIF-8. The XRD patterns of the reaction
product obtained after the reaction of Ni salt (with no Zn
addition) with 2-MeIm were also recorded and the results
indicated the absence of any zeolitic imidazolate type of frame-
work (Fig. S1, ESI†). The XRD peaks of the reaction product
between Ni and 2-MeIm could be attributed to the square
planar or distorted octahedral Ni complexes with imidazolate
in the reaction medium which is the preferred geometry of Ni
complexes or Ni MOFs.54 It is clear that, Ni imidazolate frame-
works, analogous to ZIF-8, were not formed in the absence of
Zn2+ in the medium. It can be thus inferred that while employ-
ing the Ni/Zn mixture, some of the Ni2+ ions present in the

medium are presumably incorporated into the 3D ZIF frame-
work mimicking the tetrahedral geometrical alignment of Zn2+

with imidazolate ions. The XRD pattern of g-C3N4 contained the
characteristic peaks at around 13.11 of the (100) plane and 27.41
of the (002) plane (JCPDS 87-1526) corresponding to the pack-
ing of the in-plane structural motif of the graphite like structure
and hexagonal tri-s-triazine units of graphitic carbon nitride
respectively.55

The XRD patterns of composites exhibited all the peaks of
ZIF-8 as well as g-C3N4 indicating the growth of the ZIF-8 phase
on g-C3N4 matrices. The peaks corresponding to nickel phases
were not observed, probably due to the very small amount
incorporated. However, a modification in the (011) plane of the
ZIF phase was observed in the nickel incorporated samples as
evidenced by the shift of the 2y value from 7.31 to 7.21 in

Fig. 1 Scheme showing the formation of N-doped carbon and Ni,N co-doped carbon.

Fig. 2 PXRD patterns of (a) ZIF-8 and NiZ samples, (b) carbon samples
obtained by carbonisation of ZIF-8 and NiZ samples at 1000 1C, (c) NiZC
composites and (d) carbon samples obtained after carbonisation of NiZC
samples at 1000 1C.
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NiZ(1 : 2) and NiZC(1 : 2) samples and 7.11 in NiZ(1 : 1) and
NiZC(1 : 1) samples (Fig. 2a and c). The shift was more visible
with increasing nickel content, and could be an indication of
nickel species present in the frameworks. In the high tempera-
ture carbonisation process, the Zn ion in the coordination
sphere volatilised, due to which the network structure collapsed
around the metal atom, leading to the formation of N-doped
porous carbon matrices. The peaks at 2y values of 261 and 441,
corresponding respectively to the (002) plane and (100) plane,
were due to the diffraction from the polyarene planes and
confirmed the formation of graphitised N-doped carbon
(Fig. 2b and d).56

The FT-IR analysis clearly evidenced C–N, CQC and metal–C
bonds in ‘‘as-synthesised’’ metal organic frameworks as well as
in the carbonised samples (Fig. S2a and b, ESI†). The IR pattern
of the NiZ sample was similar to that of ZIF-8 confirming the
similarity in the bonding type of NiZ with ZIF-8 and its variation
from Ni–MOF. For carbonised samples, the IR pattern showed
characteristic peaks of unsaturated heteroatomic bonding of
the C–N bonded carbon as well as the M–C functional group,
indicating the creation of heteroatomic bonding in the carbon
matrix. Compared to Z 1000, the NiZ 1000 and NiZC 1000
samples exhibited a shift in the transmittance peak of C–N
stretching frequency to a lower wave number. This could
probably be attributed to the weakening of C–N bond strength
upon electron donation by the incorporated nickel atom.36

In order to elucidate the carbonisation pathways of the
samples, thermogravimetric analysis (TGA) of the composite
sample was performed in a flowing N2 atmosphere. As can be
interpreted from the TG curves (Fig. S3, ESI†), the presence of
less volatile nickel reduced the weight loss in the ZIF-8 frame-
work during carbonisation. While Zn2+ ions easily volatilised
during the high temperature carbonisation, nickel persisted in
the matrix due to its high boiling temperature of B2732 1C. In
addition, the g-C3N4 containing NiZC(1 : 2) sample exhibited
higher weight loss compared to pure ZIF-8. The decomposition
profiles of the composites were shifted to lower temperature
because of the presence of the easily decomposing g-C3N4

template.57

The specific surface area and pore characteristics of
the samples were evaluated using N2 adsorption–desorption
analysis (Fig. 3). The ZIF-8 and NiZ samples showed a Type I
adsorption isotherm, indicative of the microporous nature of
the framework material (Fig. 3a). At the same time, the rise in
adsorption at large P/P0 values 40.9 indicated condensation of
adsorbates in the interparticle void of the samples constituted
by secondary pores from the aggregation of the particles.58,59

The surface area values were 1246, 1260 and 1275 m2 g�1

for ZIF-8, NiZ(1 : 2) and NiZ(1 : 1) respectively. The g-C3N4

supported NiZC samples exhibited a predominantly micro-
porous nature though some larger pores were also observed,
presumably originating from folded g-C3N4 sheets (Fig. 3b). The
surface area values of the g-C3N4 supported samples were 663
and 692 m2 g�1 for NiZC(1 : 2) and NiZC(1 : 1) respectively,
much lower compared to that of pure ZIF-8 (Table 1); g-C3N4

has a relatively less surface area (108 m2 g�1) and its

incorporation inherently reduced the surface area of the com-
posite samples. The high temperature carbonisation resulted in
porous carbon with surface area values in the range of
349–1050 m2 g�1 (Table 1). The formation of a porous structure
was also aided by the vaporisation of the Zn metal from the
co-ordination spheres. The decomposition of framework struc-
tures upon high temperature carbonisation led to a decrease in
surface area. After carbonisation, the ZIF-8 and NiZ derived
carbons retained their Type I adsorption behaviour, but the
surface area varied with varying Ni/Zn ratio and the carbonisa-
tion temperature. The surface area of the carbon derived from
ZIF-8 was found to increase with increasing temperature above
800 1C and the sample after carbonisation at 1000 1C exhibited
the highest surface area of 1050 m2 g�1, owing to the formation
of fully extended porous textures upon evaporation of zinc. ZIF
and NiZ samples showed a decrease in micro-porosity and
surface area on heat treatment at 800 1C obviously owing to
incomplete carbonisation at this temperature. NiZ(1 : 2) and
ZIF-8 samples showed a systematic increase in micro-porosity
and surface area on heat treatment from 800 to 1000 1C,
although the evolution of micro-porosity was slightly delayed
in the NiZ(1 : 2) sample (lower micro-porosity at 800 1C but

Fig. 3 N2 adsorption–desorption isotherms of (a) ZIF-8 and NiZ samples,
(b) g-C3N4 and NiZC samples, (c) ZIF-8, NiZ and NiZC samples carbonised
at 1000 1C and (d) NLDFT pore size distribution curves of the samples
carbonised at 1000 1C.

Table 1 Pore volumes and surface areas of the samples before and after
carbonisation at 1000 1C

Sample

Before carbonisation After carbonisation at 1000 1C

SBET

(m2 g�1)
Vtotal

(cm3 g�1)
Vmicro

(cm3 g�1)
SBET

(m2 g�1)
Vtotal

(cm3 g�1)
Vmicro

(cm3 g�1)

g-C3N4 108 0.42 0.01 — — —
Z (ZIF-8) 1246 1.26 0.61 1050 1.08 0.39
NiZ(1 : 2) 1260 0.98 0.59 933 1.63 0.39
NiZ(1 : 1) 1275 1.09 0.63 672 0.73 0.28
NiZC(1 : 2) 663 0.51 0.30 426 1.93 0.13
NiZC(1 : 1) 692 0.63 0.26 349 1.31 0.10
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similar at 900 and 1000 1C). This delay should be due to the
increased thermal stability of the materials owing to the
presence of Ni along with Zn. The lower volatility of Ni should
be the reason; the more Ni containing sample NiZ(1 : 1) in fact
has shown an even further delay in the evolution of micro-
porous carbon structure (very low micro-porosity at 800 and
900 1C but high micro-porosity at 1000 1C). Hence, the metal
content seems to have a great influence on pore structure
formation (Fig. S4 and Table S1, ESI†).

In the case of NiZC samples, an increase in heat treatment
temperature from 800 1C to 1000 1C only slightly increased their
surface area and the micro-porosity remained more or less the
same. It could be expected that carbonisation was more or less
complete by 800 1C in these samples due to the easier decom-
position of g-C3N4 present. While the porous carbon derived
from ZIF frameworks retained its microporous structure, the
template assisted synthesis of porous carbon using g-C3N4

facilitated the formation of hetero-porous architecture of the
derived carbon, as clearly indicated by Type II isotherms with
H3 hysteresis (Fig. 3c). At higher temperatures, the pore volume
of NiZC(X : Y) T samples was found to be higher, aided by the
hybrid structure formed by the micro–meso porous architec-
ture of NiZ–C3N4 combination. This extended micro–meso
porosity of the catalysts, upon using g-C3N4 as the supporting
matrix, might be beneficial for the easier diffusion of the O2

molecules towards the catalytic sites. All the samples had
macro porosity, due to the presence of secondary aggregates.
The NLDFT curves were drawn for the carbons derived from
ZIF-8, NiZ(1 : 2) and NiZC(1 : 2) samples at 1000 1C for a better
understanding of the pore sizes (Fig. 3d). It is clear that
the cavity created by the tetrahedral coordination of Zn2+ ions
to 2-MeIm led to 3-D frameworks with many channels and open
pores in the microporous size range of o2 nm. As can be seen
from the NLDFT curves, the NiZ derived carbon at 1000 1C
exhibited the same amount of microporosity as the ZIF-8
derived ones. However, the carbon derived from NiZC samples
exhibited a well-defined micro–mesoporous architecture
evidencing the ability of g-C3N4 in tuning the pore character-
istics of the matrix. Thus, the templating strategy with g-C3N4

resulted in a hetero-porous architecture for the carbonised

catalyst, which can facilitate better transport of O2 molecules
across the porous channels in the catalytically active surface
thus enhancing ORR efficiency.

Electrochemical analysis

The electrocatalytic ORR activity of the samples was investi-
gated by analysing the cathodic cyclic voltammetry (CV) profiles
obtained in N2/O2 saturated 0.1 M KOH solution. The CV
profiles were initially analysed in N2 saturated solution fol-
lowed by O2 saturated solution. The CV curves showed a
characteristic shift in current at a potential of around 0.80 V
compared to that in N2 saturated solution indicating the
reductive nature of the catalysts in the presence of O2 (Fig. 4a).

The ORR activity of the carbon samples was further con-
firmed by evaluating the linear sweep voltammetry (LSV) curves
in 0.1 M KOH solution saturated with O2 gas, at 1600 rpm. In
order to study the influence of the carbonisation temperature
on the electrocatalytic activity, a comparison of the LSV curves
was done for the ZIF-8 derived Z 800, Z 900 and Z 1000 samples.
The activity was found to increase from 800 to 1000 1C, and the
carbon derived at 1000 1C exhibited the maximum catalytic
activity (Fig. S5a, ESI†). The activity was then evaluated further
on all the samples prepared at the optimised temperature of
1000 1C, and a variation in the order ZT o NiZ(X : Y) T o
NiZC(X : Y) T was observed (Fig. S5b, ESI†). The sample
NiZC(1 : 2) 1000 exhibited maximum ORR activity, with a limit-
ing current density of 5.2 mA cm�2 and a half-wave potential of
B0.76 V vs RHE (Fig. 4b). The current density exceeded over
40% of that of Pt/C and is also higher compared to that of other
reported nickel containing carbon materials in the literature
(Table S5, ESI†).7,28,71–74 The activity was found to be better for
NiZC(1 : 2) 1000 compared to NiZC(1 : 1) 1000. The high metal
content in NiZC(1 : 1) 1000 may have created the aggregation of
particles on the surface, leading to the reduction in the surface area
and thereby active catalytic surface, as evident from Fig. 3. This
subsequently led to reduction in the electrocatalytic ORR activity.

Structure and morphological analysis

In order to get further insights into the correlation between the
electrocatalytic activity of the samples and their microstructural

Fig. 4 (a) Cyclic voltammograms recorded in N2 and O2 saturated 0.1 M KOH solution of Z 1000, NiZ(1 : 2) 1000, and NiZC(1 : 2) 1000 and (b) comparison
of the LSV curves of Z 1000, NiZ(1 : 2) 1000, NiZC(1 : 2) 1000 and commercial 40% Pt/C in O2 saturated 0.1 M KOH solution recorded at 1600 rpm.
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features, the morphological analysis of the samples was carried
out. The microstructure evaluations of the ZIF-8, NiZ(1 : 2) and
NiZC(1 : 2) samples were carried out by TEM analysis. Fig. 5a
shows ZIF-8 as dodecahedral particles with an average diameter
of around 80 nm. Fig. 5b shows the NiZ(1 : 2) particles with a
similar morphology to that of ZIF-8. Even though the addition
of Ni has no influence on the particle shape, the size of the
particles was found to be reduced (E50 nm) compared to pure
ZIF-8 particles. This may be primarily due to the presence of a
higher number of cationic sites due to the presence of extra
Ni2+ ions together with the Zn2+ ions in the synthesis medium.
After the addition of g-C3N4, the composites appeared with
mixed morphology as shown in Fig. 5c, where the dodecahedral
particles of Ni incorporated ZIF-8 of 50 nm size were found to
be grown on the sheet like structures of g-C3N4. Upon high
temperature treatment, the 3-D frameworks composed of C–N,
C–C as well as Zn–N linkages were ruptured leading to the

formation of Ni,N co-doped porous carbon. The microporosity
mainly arose from the volatilization of Zn from the framework as
discussed previously. As can be interpreted from the TEM pic-
tures, the substitution of nickel in the Zn-imidazolate frameworks
and the presence of g-C3N4 helped in tuning the morphology of
the resulting carbon. Distorted hexagonal structures, tubes and
sheets were formed, influenced by the carbonisation temperature,
the supporting template and the molar ratio of nickel ions
(Fig. S7, ESI†). The samples Z 1000 and NiZ(1 : 2) 1000 exhibited
distorted hexagonal morphology of parent ZIF structures. The
decomposition aided by g-C3N4 helped in the formation of sheet
like morphology in NiZC(1 : 2) 1000 as shown in Fig. 5(d–f).

The incorporation of nickel helped in catalysing the growth
of tube like morphology while g-C3N4 as a template influenced
the formation of sheet like structures in the derived carbon.
The SEM image of the NiZC(1 : 2) composite confirmed the
growth of spherical NiZ particles on the sheet like g-C3N4

template (Fig. 6a and b). The SEM-EDS analysis of the sample
detected the presence of C, N and Ni elements. The distribution
ratio of the various elements is summarised in Table S2 (ESI†).
The presence of nickel, identified in trace amounts (0.01–0.3 at%),
indicated that the incorporation of nickel was only minimal. It
is to be noted that, the competing effect of Ni2+ to form a
zeolitic type framework during the room temperature synthesis
condition is very limited as Ni2+ favours yellowish brown square
planar complexes (Fig. S12, ESI†). Since the rate of reaction of
Zn2+ ions with the imidazolate ligand is higher, the ZIF-8
structure is formed having only a few of the metal centres
occupied by Ni2+ ions. The remaining unreacted Ni2+ ions along
with Zn get leached away during the washing of the precipitate
with excess methanol and water. The surface atomic percentage
of nitrogen content was identified as 32.85% for the NiZ(1 : 2)
and 58.11% for the NiZC(1 : 2) composites. The excess nitrogen
is contributed by g-C3N4 in the composite. g-C3N4 is a polymer

Fig. 6 (a and b) SEM images of NiZ(1 : 2) and NiZC(1 : 2) and (c–f) SEM images of NiZC(1 : 2) 1000 and the corresponding map of elemental distribution.

Fig. 5 TEM images of (a) ZIF-8, (b) NiZ(1 : 2), and (c) NiZC(1 : 2) and (d–f) the
corresponding carbon samples obtained after carbonisation at 1000 1C.
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formed by tri-s-triazine units of carbon and nitrogen, and
contains a remarkably higher amount of nitrogen. As a result,
the composite of ZIF frameworks with g-C3N4 improved the
total nitrogen content because of the contribution from both
ZIF and g-C3N4 components. The atomic percentage of nitrogen
reduced from 20.26% to 19.71% for the Z 1000 and NiZ(1 : 2)
1000 samples. The loss of nitrogen was more evident for NiZ
samples, probably due to distortion in the size and topology of
ZIF-8 upon incorporation of Ni atoms. The existence of double
metallic centres with different atomic radii and the associated
electronic characteristics might have caused some distortion
in the ZIF frameworks, facilitating easy volatilisation of the
nitrogen atoms at high temperatures. The atomic percentage
of nitrogen was found to be increased to 27.9% due to the
presence of g-C3N4 (Fig. 7). As we increased the carbonisation
temperature from 800 to 1000 1C, the presence of nitrogen was
reduced from 48.24% to 27.9% (Table S3, ESI†), indicating
severe loss of nitrogen at higher temperatures as volatile N2 gas.
The elemental mapping of the sample NiZC(1 : 2) 1000 further
revealed the distribution pattern of C, N and Ni elements on the
porous carbon surfaces. The well dispersed dopants might
create active regions for O2 adsorption and the subsequent
reduction reaction.

The presence of elements in the carbonised samples was
further confirmed and quantified by XPS analysis. The XPS
survey spectrum showed the presence of carbon, nitrogen, and
oxygen in Z 1000, NiZ(1 : 2) 1000 and NiZC(1 : 2) 1000 samples
(Fig. 8a). The binding energy peaks corresponding to the nickel
species were absent in the survey spectrum due to the insignif-
icant quantity in the carbon matrix. The atomic percentages of
C, N, O and Ni in samples Z 1000, NiZ(1 : 2) 1000, and
NiZC(1 : 2) 1000 are presented in Table 2. The amount of
nitrogen content in ZIF-8 derived carbon (Z 1000) was 8 at%
and upon Ni incorporation, the atomic percentage of nitrogen
was decreased to 5.9% in the NiZ(1 : 2) 1000 sample. This
nitrogen loss was primarily due to the decomposition of the
frameworks induced by defect formation upon nickel incor-
poration in the ZIF-8 frameworks.60 The template mediated
synthesis of porous carbon with g-C3N4 medium resulted in an
overall increase of total N content (9.2 at%) highlighting the
contribution of g-C3N4 in the composites. At high temperatures,
g-C3N4 transformed completely into N-doped carbon along with
the ZIF-8 frameworks and compensated for the N loss by
providing its own N atoms to the carbon matrix.61

The high resolution spectrum of N1s detected the presence
of pyridinic (398.7 eV), pyrrolic (399.9 eV), graphitic (401.2 eV)

and surface pyridinic N–O species (402.4 eV) in NiZC(1 : 2) 1000
(Fig. 8d). The presence of pyridinic and graphitic nitrogen can
generate an accumulated polarity on the carbon surface, and
can easily attract other electronegative elements like oxygen
contributing towards a better catalytic effect during oxygen
reduction reaction. The atomic percentage of the different types
of N present in the samples is compared (Fig. 9 and Table S4,
ESI†). The atomic percentages of pyridinic N and pyridinic N–O
were 4.74% and 1.45% respectively for NiZC(1 : 2) 1000 sample.

Fig. 8 (a) Survey spectra of the samples and (b–d) XPS deconvoluted
spectra of (b) Ni2p, (c) C1s, and (d) N1s of the NiZC(1 : 2) 1000 sample.

Table 2 Distribution of various elements on the carbon samples in
atomic% obtained from XPS

Sample name

Elemental distribution (atomic%)

C N O Ni

Z 1000 85 8 7 —
NiZ(1 : 2) 1000 87.3 5.9 6.1 0.7
NiZC(1 : 2) 1000 85.8 9.2 4.7 0.3

Fig. 7 SEM-EDS analysis of NiZC(1 : 2) 1000 along with elemental composition.

Fig. 9 Distribution of various types of nitrogen in the Z 1000, NiZ(1 : 2)
1000 and NiZC(1 : 2) 1000 samples.
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The presence of these pyridinic active sites presumably offers a
better ORR kinetic pathway during electrocatalysis.62

The deconvoluted C1s spectrum was particularly resolved
into five types of carbon binding and included a high intense
sp2 graphitic C–C bond of carbon (284.6 eV), C–N (285.2 eV),
C–O (E286.0 eV) and O–CQO (288 eV) bonds. A satellite peak
corresponding to p–p* transition in the aromatic carbon rings
contributed by the graphitic type of carbon (291.0 eV) indicated
the conducting nature of carbon surfaces. In addition to this,
the resolved spectra of NiZ(1 : 2) 1000 and NiZC(1 : 2) 1000
contained an additional peak at around 283.6 eV arising from
the C–Ni bonding and confirmed the incorporation of nickel as
nickel carbide in the carbon matrix63–66 (Fig. 8c and Fig. S8, S9,
ESI†). The modification of density of states (DOS) of the valence
band of the parent nickel atom, caused by the electronic
interaction between the nickel and the carbon atom in the
nickel carbide,67 can provide suitable binding energy for the O2

molecule in the medium. Moreover, the higher synergistic
effect contributed by transition metal carbide along with the
sufficient amount of nitrogen distributed in the porous carbon
surface could have led to higher affinity for oxygen adsorption,
conduction and reduction in alkaline solution.

The resolved Ni2p spectra of NiZC(1 : 2) 1000 could be
mainly divided into two regions (Fig. 8b). The peaks in the
low binding energy region (852–860 eV) indicated the 2p3/2

states of Ni2+ and the region corresponding to high binding
energy (860–875 eV) indicated the 2p1/2 states of Ni2+ 68 con-
firming the Ni–C binding states. Even though the XPS analysis
detected the Ni–C bonded phase in the carbonised materials,
the corresponding XRD peaks were absent for the carbonised
samples. This is possibly due to the overlapping of the high
intense (113) peak of Ni3C which is present in a low amount
with the broad (100) plane of graphitic carbon.

Raman spectroscopy was performed to analyse the extent of
graphitisation as well as the defect formation on the carbonised
samples. The two distinct peaks observed around 1350 cm�1 and
1580 cm�1 corresponded to the defective or diamond like band
(D band) and graphitic band (G band) respectively (Fig. 10). The
D band was generated from the sp3 bonded states on the
graphitic carbon lattice caused by imperfections or defects.
The G band in the higher frequency region was due to the

vibrations of the sp2 bonded states of the perfect graphitic
plane.69,70 The calculated ID/IG ratios were 1.08, 1.43 and 0.51
for the samples Z 1000, NiZ(1 : 2) 1000 and NiZC(1 : 2) 1000
respectively. It is inferred that the carbonisation of Ni incorpo-
rated ZIF-8 presumably created more defects due to the presence
of nickel atoms along with nitrogen in the matrix leading to
imperfect bonding or aggregation even after the treatment at
1000 1C. On the other hand, in the case of NiZC(1 : 2) 1000, the
extent of graphitisation was increased along with the concurrent
defective nature of the heteroatom doped surfaces. The extra
carbon and nitrogen atoms contributed by g-C3N4 sheets might
have helped in the formation of the hybridised surface of the
graphitic structure with a certain amount of defects. While the
defects created adsorption sites for O2, the graphitic structure
helped to create an efficient conductive pathway for the electrons
during electrochemical oxygen reduction reaction.

In order to further look into the electron transfer mecha-
nism during ORR, RRDE experiments at different rotation rates
were conducted (Fig. 11a and Fig. S10, ESI†). As evident from
the figures, with the increase in the rotation rate, the number of
electrons transferred also increased which contributed to the
increase in high current density. The kinetic parameters were
investigated by calculations according to the Koutecky–Levich
plot (K–L plot) equation:

1

J
¼ 1

JK
þ 1

Bo0:5

where J is the obtained current density, JK is the kinetic current
density and o is the angular rotation rate. The constant B can
be calculated from the equation

B ¼ 0:62nF DO2

� �2
3n�

1
6CO2

where n is the number of electrons transferred during oxygen
reduction reaction, F is Faraday’s constant indicating the

Fig. 10 Raman spectra of the samples carbonised at 1000 1C.

Fig. 11 (a) LSV curves of NiZC(1 : 2) 1000, (b) K–L plots of samples at 0.6 V,
(c) % H2O2 yield and (d) number of f electrons transferred measured by
RRDE of Z 1000, NiZ(1 : 2) and NiZC(1 : 2) 1000.
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charge associated with the electron transfer, DO2
is the diffusion

coefficient of O2 gas molecules in 0.1 M KOH solution
(1.9 � 10�5 cm2 s�1), n is the kinematic viscosity of the
electrolyte used (0.01 cm2 s�1) and CO2

is the concentration of
O2 (1.2 � 10�3 mol L�1).

The K–L plots obtained by plotting 1/J against o�1/2 drawn
for Z 1000, NiZ(1 : 2) 1000 and NiZC(1 : 2) 1000 at 0.6 V (Fig. 11b)
showed an increase in the number of electron transferred in the
order NiZC(1 : 2) 1000 4 NiZ(1 : 2) 1000 4 Z 1000. The RRDE
experiments were conducted to find out the intermediate
product H2O2 produced due to the partial 2e� mechanism.
The average amount of H2O2 produced during the electro-
chemical oxygen reduction was around 26%, 16% and 13%
for the Z 1000, NiZ(1 : 2) 1000 and NiZC(1 : 2) 1000 samples
respectively. The corresponding number of electrons trans-
ferred was found to be around 3.5–3.6 for Z 1000, 3.6–3.7
for NiZ(1 : 2) 1000 and increased to 3.8 for NiZC(1 : 2) 1000,
which confirmed that the incorporation of nickel ions as
well as g-C3N4 into the supporting matrix has favourably con-
tributed to the easy transport of the O2 molecule as well as the
electron transport mechanism on the porous carbons derived at
high temperature, thereby increasing the overall ORR activity
(Fig. 11c and d).

In addition to the high ORR activity, the stability and
methanol tolerance of the catalysts are also important para-
meters that decide the applicability of the catalysts. In order to
understand the sensitivity of the electrocatalyst in the presence
of methanol, the chronoamperometry test was carried out for
the best performing electrocatalyst and was compared with the
commercial Pt/C catalyst. The chronoamperometry test was
carried out in O2 saturated 0.1 M KOH solution under a rotation
rate of 1600 rpm for 1800 s under an applied potential of 0.60 V.
3 M MeOH solution was added into the above O2 saturated
KOH solution at the time period of 300 s and the variation in
current was measured. As can be seen from Fig. S11 (ESI†),
the NiZC(1 : 2) 1000 sample was almost insensitive to the
addition of methanol. On the other hand, the current density
of Pt/C showed a sharp decline as a response to methanol
addition revealing its sensitivity to methanol. This ensures
better methanol tolerance of the prepared catalyst material in
alkaline medium.

The stability of the best catalyst was investigated further by
the accelerated durability test (ADT) in 0.1 M KOH electrolyte
solution by performing CV at a scan rate of 100 mV s�1. The
measurement was done under a rotation rate of 1600 rpm and
the recorded LSV was compared before and after 5000 cycles of
the ADT test. After 5000 cycles, the catalyst exhibited 96%
retention in limiting current. The half-wave potential of the
NiZC(1 : 2) 1000 samples underwent a negative shift of 14 mV
while the Pt/C catalyst showed negative shift of 30 mV, further
confirming the better stability of the prepared catalyst materi-
als relative to that of Pt/C (Fig. 12a and b).

Thus, it has been observed that, the template assisted
synthesis of heteroatom doped porous carbon from Ni incor-
porated ZIF-8 frameworks has resulted in Ni,N co-doped hetero-
porous carbon with Ni–C active centres with appreciable ORR

performance in alkaline medium. The defective sites created by
the incorporated heteroatoms were found to be beneficial for
creating adsorption sites for the O2 molecule, thus initiating
the ORR mechanism. The modulation in the surface electronic
properties facilitated by the combined synergistic effect of Ni–C
along with N atoms on the porous carbon surface could have
contributed to the high ORR activity. The catalysts exhibited
maximum ORR at the optimum nickel concentration of the
sample NiZC(1 : 2) and at the higher carbonisation temperature
of 1000 1C. Furthermore, the template aided synthetic strategy
using g-C3N4 aided in the decomposition of the ZIF-8 frame-
work and the formation of a hetero-porous sheet like architec-
ture with well dispersed nitrogen content. The fugitive template
also helped in compensating the severe nitrogen loss upon high
temperature carbonisation of ZIF-8, by completely transforming
into N doped carbon together with the parent ZIF framework.
The chemical, morphological and structural changes induced in
the newly designed catalyst derived at 1000 1C enabled easier
diffusion and conduction of O2 molecules through the catalyst
surfaces, thus providing excellent ORR performance with higher
current density.

4. Conclusions

In summary, we have demonstrated the successful synthesis of
Ni,N co-doped porous carbon by high temperature decomposi-
tion of g-C3N4 templated Ni doped ZIF-8 precursors. By varying
the Ni/Zn molar ratio and the carbonisation temperature, we
were able to get heteroatom doped porous carbon with various
architectures as well as pore characteristics. The nickel ion
contributed towards the creation of defective sites through the
formation of nickel carbide and the presence of g-C3N4 in the
composite enabled the formation of a micro–meso porous
architecture with high nitrogen content and surface area. The
incorporation of the guest metal atom Ni as well as the
sacrificial template of g-C3N4 has contributed to the evolution
of carbon surfaces of varying morphology with an increase
in electrocatalytic activity for ORR in alkaline medium. The
sample NiZC(1 : 2) 1000 exhibited higher electrocatalytic activity
compared to other samples with a limiting current density
of 5.2 mA cm�2 and a half-wave potential of 0.76 V vs. RHE.
The sample also exhibited higher durability and methanol
tolerance in alkaline medium compared to the commercial
Pt/C electrocatalyst. The hetero-porous carbon electrocatalysts

Fig. 12 Durability curves of (a) NiZC(1 : 2) and (b) commercial Pt/C.
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thus developed can contribute towards the development of
economically viable fuel cells.
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