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Abstract 

 
One of public concerns nowadays has been the decomposition of 

recalcitrant organic pollutants into harmless substances in the 

environment. Advanced oxidation processes (AOPs) are favorable 

technologies that can generate both hydroxyl and sulfate radicals for 

toxicants degradation in water. In recent years, much attention has been 

paid to producing sulfate radicals through PMS activation by transition 

metals, carbon catalysts and so on. Carbon materials are green catalysts 

with large surface area, excellent catalytic performance and good 

stability. This study presents several novel carbon materials such as 

nitrogen-doped graphene, nitrogen-doped carbon nanotubes with 

encapsulated iron carbide, nitrogen-doped mesoporous carbon 

nanostructures with different morphologies and cobalt-based 

nanospheres supported by carbon sphere with a tunable oxidation layer 

for heterogeneous activation of peroxymonosulfate (PMS). Various 

characterization techniques were utilized to investigate the structures and 

morphologies of these nanomaterials as well as their intrinsic active 

sites. The synthesized carbon materials were applied in the catalytic 

oxidation of phenol solution by activating PMS. Varying reaction 

temperature, catalyst loading, and properties of catalysts play significant 

roles in catalytic oxidation of phenol. The generation of reactive radicals 

(sulfate and hydroxyl radicals) were investigated by electronic 

paramagnetic resonance. In addition, different quenching experiments 

were carried out to probe the mechanism of phenol degradation by the 

prepared carbocatalysts. These findings in this study would open a new 

avenue for the development of green catalysts in environmental 

remediation. 
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Chapter 1 Introduction 

1.1 Background  

Water, an alternative name of life, is one of necessities to maintain 

human life.[1] An excessive growing of human society and rapid 

urbanization and industrialization have caused a range of environmental 

problems, which have exerted a heavy burden on the ecosystem, 

especially the negative impact on the safe and secured water for lives on 

the earth. Water pollution has become a public concern that requires 

ongoing evaluation and revision.[2, 3] 

 

Many challenges, regardless of old and new, are faced by our current 

water supply systems. In both developing and developed countries, 

greater impacts are imposed by human activities on the exacerbation of 

water scarcity through polluting natural water sources.[4-7] In 

developing countries such as China, more than 90% of cities are 

threatened by water and approximately 500-million people barely have 

access to safe and clean drinking water. In United Sates, it is reported 

that 45% streams, 47% lakes and 32% bays and estuaries were regarded 

as contaminated. Worldwide, ameliorative drinking water systems are 

still a luxury to some 780-million people (WHO, 2012).[2, 8, 9] 

Contaminants, diverse in nature, were released to the surface water and 

groundwater randomly by agricultural irrigation and industrial activities 

and are detrimental to both human health and ecological environment 

because the majority of them are toxic, mutagenic or carcinogenic and 

can disrupt endocrine to humans, animals and aquatic life.[10] Even at 

low concentrations, some organic substances are still toxic and fatal. 



2 
 

Furthermore, global climate change exacerbates the already uneven 

distribution of fresh water by the destabilization of the supply. 

Therefore, global efforts are imperatively required to develop robust 

technologies for contaminants removal from water to ensure life safety 

and quality of human beings and animals in the world.[2] 

 

Various contaminants, including heavy metals, inorganic pollutants, 

organic compounds as well as some other complex composites, are 

presented solely or coexist in wastewater.[10-12] Among various 

pollutants, phenolic compounds constitute a typical environmental 

hazard in both surface and ground waters due to their wide applications 

in different industries such as petroleum and petrochemical, textile 

industries, paper and pulp, pesticide, food-processing industries, 

pharmaceutical and resin manufacturing, etc.[13]  

 

Photocatalytic oxidation, adsorption/separation processing, 

bioremediation, flocculation/coagulation and chemical oxidation are 

common wastewater treatment methods to overcome water 

pollution.[14] Conventional treatment methods are usually not effective 

because some contaminants are recalcitrant to be removed. Chemical 

oxidation, due to its rapid decomposition of organics into less harmful 

substances, is thus one of the most cost-effective and environmentally 

friendly techniques.[15, 16] 

 

In the past few decades, advanced oxidation processes (AOPs) have 

gained extensive attention for the removal of a wide range of organic 

pollutants from wastewater. Particularly, AOPs that employ a 

combination of oxidants, UV radiation, catalysts, and ultrasound were 

recently received greater attention.[17, 18] In a typical AOPs system, 
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reactive oxygen species, including hydroxyl radical (∙OH), sulfate radical 

(SO4
•−) or superoxide radical (O2

•−) are generated by hydrogen peroxide 

(H2O2), peroxymonosulfate (PMS) or persulfate (PS, also known as 

peroxydisulfate or PDS) and ozone (O3) to attack the target compounds. 

Nowadays, the investigations of many AOPs have focused on the 

catalytic oxidation of phenol in aqueous solution, such as typical 

Fenton’s reagents, Fenton-like reactions, ozonation, photodegradation, 

photo-Fenton, and heterogeneous photocatalysis.[19] 

 

However, expensive chemical precursors, unstable agents, parasite 

reactions, rigid operation conditions (pH~3), generation of sludge to 

separate and/or moderate mineralization efficiency lead to a great 

increase in storage, transportation, reaction and post-treatment, thus 

limiting most of the AOPs, especially the traditional Fenton reactions 

based on hydroxyl radicals.[20] Recently, sulfate radical-based AOPs 

(SR-AOPs) have attracted much more attentions for wastewater 

treatment because they can overcome the shortages brought by hydroxyl 

radical-based systems through activation of PMS and PS. Normally, 

sulfate radicals have a stronger oxidative capacity, a better selectivity to 

target organics, a relatively short lifespan but unique reaction mechanism 

different from that of hydroxyl radicals. For instance, a facile oxidation 

of ammonia nitrogen in wastewater can be performed by SR-AOPs, 

which is barely decomposed by hydroxyl radical-based AOPs. 

Generally, PMS and PS can be activated by many methods to produce 

sulfate radicals for contaminants removal, such as homogeneous 

transition metals, heterogeneous transition metals and metal oxides, 

metal-free carbon catalysts, ozonation, ultraviolet irradiation, etc.[21] 

Reportedly, metal-free carbon catalysts are promising alternatives to 

transition metals because they have better stability and can avoid metal 
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leaching to prevent secondary contamination and therefore are widely 

applied in heterogeneous activation of PMS to produce sulfate radicals to 

decompose recalcitrant organics in wastewater.[22] 

 

Due to their nanoscale dimensions, nanomaterials possess unique 

properties and multiple applications in water treatment, energy 

production, and contaminant sensing.[23] Graphene, a two-dimensional 

layer of carbon atoms arranged in a hexagonal crystalline structure, 

possesses unique physicochemical properties, notably the exceptionally 

high surface area, electron and thermal mobility, and mechanical 

strength.[24] Carbon nanotubes (CNTs), discovered several years earlier 

than graphene, is a term to describe a range of tubular nanostructures 

with similar structures and shapes.[25] Different synthesis methods have 

been developed to obtain graphene and CNTs. Recently, graphene and 

CNTs have been discovered to be able to effectively activate PMS to 

produce free radicals in green remediation technologies, completely 

avoiding the problem of metal ion leaching. Meanwhile, doping with 

heteroatoms can further enhance the catalytic performance of these 

nanomaterials.[26-30] 

 

1.2 Objectives 

 

The research is mainly aiming to synthesize several types of highly 

efficient and robust metal-free nitrogen-doped graphene and carbon 

nanotubes. Meanwhile, some carbon materials encapsulated with metal 

compounds are also discussed. These novel nanomaterials will be 

employed as heterogeneous catalysts for peroxymonosulfate (PMS) 

activation to produce reactive species for oxidative degradation of 

phenol in aqueous solution. In addition, perspectives about the intrinsic 
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mechanism of PMS activation as well as radical and non-radical 

mechanisms were investigated in this study. 

 

The specific objectives of this research include： 

a. To synthesize high-quality nitrogen-doped graphene in a large 

scale via one-pot green synthesis method. 

b. To prepare nitrogen-doped carbon nanotubes with encapsulated 

iron carbide 

c. To obtain nitrogen-doped mesoporous carbon nanostructures with 

different morphologies from graphene to carbon nanotubes  

d. To synthesize a pomegranate-like structural Co sphere @ carbon 

sphere composite materials by a one-step hydrothermal method.  

e. To utilize various characterization techniques to get a better 

understanding of the prepared catalysts 

f. To investigate the catalytic performance and stability of the 

prepared catalysts for activation of PMS to degrade organic 

contaminants - phenol. 

g. To study the reaction kinetics and activation energy of each 

catalyst. 

h. To determine the effects of reaction parameters, such as catalyst 

loading, and reaction temperature on the efficiency of degradation. 

i. To probe PMS activation mechanism during the catalytic 

degradation processes and to identify the active sites for 

degradation. 

 

1.3 Thesis Organisation 
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Seven chapters, including introduction, literature review, results and 

discussions (four chapters), conclusions and perspectives for future 

studies, are included in this thesis. 

 

Chapter 1: Introduction 

This chapter outlines current waste water issues and associated solutions 

and carbon nanomaterials to alleviate these problems. Objectives and 

thesis organization are also presented in this chapter. 

 

Chapter 2: Literature review 

This chapter exhibits a detailed introduction of a popular water 

purification technology-advanced oxidation processes based on hydroxyl 

radicals and sulfate radicals for removal of organic contaminants.  PMS 

activation methods and development of carbon nanomaterials for phenol 

removal are also discussed in this chapter.  

 

Chapter 3: One pot synthesis of N-doped graphene for metal-free 

advanced oxidation processes (Carbon, 102 (2016): 279-287) 

This chapter describes a facile one-pot pyrolysis of glucose, urea and 

ferric chloride to generate high-quality nitrogen-doped graphene in a 

large scale. The as-obtained graphene materials had be used as an 

excellent metal-free catalyst for PMS activation to catalytically degrade 

phenolic solutions, offering a promising material for environmental 

remediation. 

 

Chapter 4: Ferric carbide nanocrystals encapsulated in nitrogen-doped 

carbon nanotubes as an outstanding environmental catalyst (Environ. 

Sci.: Nano, 2017, 4, 170) 
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This chapter reports the synthesis of nitrogen-doped carbon nanotubes 

with Fe3C encapsulation by an easy one-pot strategy of iron chloride and 

melamine at different pyrolysis temperatures. Various characterization 

techniques were employed to investigate their morphologies, 

compositions, active sites and reactive mechanism of phenol 

degradation. 

 

Chapter 5: Morphological control of nitrogen-doped carbon 

nanostructures and their environmental application 

This chapter describes a one-step synchronous carbonization and 

nitridation approach of nitrogen-doped mesoporous carbon 

nanostructures with different morphologies via direct pyrolysis of a 

hybrid of precursors (glucose, melamine and iron chloride). 

Morphologies and compositions were systematically characterized. 

Quenching experiments were conducted to probe the generated reactive 

radicals to further understand the involved mechanism of catalytic 

oxidation of phenol solutions. 

 

Chapter 6: Co-based nanospheres supported on carbon sphere with a 

tunable oxidation layer in the applications of lithium ion battery and 

wastewater treatment 

This chapter describes pomegranate-like structural Co sphere @ carbon 

sphere composite materials by a one-step hydrothermal method. The 

partially oxidized sample and fully oxidized samples with different 

degrees of oxidation treatment were used in the application of water 

treatment and anode of lithium ion battery. 

 

Chapter 7: Conclusion 
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This chapter gives a summary of the research results and provides some 

perspectives for research in the future. 
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Chapter 2 Literature Review 

2.1 Introduction 

As the most essential substance for life on the earth, water is a precious 

resource for human civilization. One of the most basic humanitarian 

goals is to have reliable access to clean and affordable water, which is 

also regarded as a major global challenge for the 21st century. 

Worldwide, water supply, exacerbated by rapid population growth, 

changeable global climate, and deteriorated water quality, struggles to 

keep up with the fast growing demand. Generally speaking, toxic 

chemicals and biological agents exceed what is naturally found in water 

body itself will be defined as water pollutants.[1] 

 

Many organic contaminants present in wastewater, surface water and 

ground water are resulted from polluted soil, agricultural runoff, 

discharge of industrial wastewater and leakage of hazardous compounds 

storage, which pose severe threats to public health due to their 

poisonousness, endocrine disruption, mutagenic or carcinogenic ability 

to humans and animals even at very low concentrations.[2]  

 

As one of common pollutants, metals can undesirably enter into aquatic 

environments and drinking water supplies through human activities, such 

as mining and industrial wastes, the corrosion of pipes, soldered joints, 

and plumbing materials. Therefore, an increasing interest has been 

aroused in the concentration control of toxic metals in water. For 

instance, in the light of the United States Environmental Protection 

Agency (EPA), the concentrations of copper (Cu) and lead (Pb) 

permitted in drinking water are 1.3 ppm and 15 ppb, respectively.[3, 4] 
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Phenol is also one of the major contaminants in surface and ground 

water. As a basic structural unit, it can be applied to synthesize a range 

of organic compounds that are widely used in various industries, such as 

chemical plants, pesticide and dye manufacturing industries, paper and 

pulp plants, resin manufacturing, coke manufacturing, tanning, textile, 

plastic, rubber, pharmaceutical plants, and petroleum industries.[5] 

Hence, wastewater discharged from these industries contains different 

types of phenols. It is an environmental hazard and toxic to human 

beings as well as aquatic fauna and flora. It is considered that phenol can 

be lethal to most of aquatic organisms when they are exposed to a 

concentration of 10-100 ppm.[6] Consequently, with respect to the wide 

prevalence of phenols in wastewaters and their poisonousness to human 

and animal life even at very low concentration, it is of high priority to 

remove them from wastewater, thus making it necessary to find efficient 

treatment methods.[7-9] 

 

In an effort to cope with water pollution, rapid and significant advances 

in wastewater treatment methods have been gained, such as 

photocatalysis, adsorption, separation processes and biodegradation. 

However, many factors, including processing efficiency, operational 

approaches, energy requirements, and economic outcomes, limit their 

applications. With respect to phenol removal, a number of methods have 

been applied, such as ozonization, hydrogen peroxide oxidation, 

bioremediation, ion exchange, membrane filtration, electrochemical 

oxidation, photocatalytic degradation, reverse osmosis, and 

adsorption.[10, 11] 

 

Adsorption, a facile operational method to effectively remove various 

organic and inorganic toxicants, has aroused great interests for 
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researchers in the past decades. It is a combination of purification and 

separation processes occurring between the adsorbent phase and target 

pollutants. When a substance is isolated from one phase on the surface of 

another substance, adsorption process thus happens, either in solid-liquid 

or solid-gas systems.[12] Adsorption process is generally derived from 

the electrostatic or non-electrostatic interactions between the adsorbent 

surface and the adsorbate. In comparison with the rest environmental 

remediation technologies, no residues are generated by adsorption and 

secondary pollution brought by harmful and toxic substances can 

therefore be prevented. Decisive factors of adsorption capabilities of 

adsorbents are pore volume, surface area, surface charge and surface 

functionalities.[13] Over the past decades, various categories of porous 

materials have been developed and their adsorption abilities have been 

investigated. Porous materials like activated carbon,[14] zeolites,[15] 

clay minerals,[16] biological materials,[17] industrial solid wastes[18] 

and some novel carbon-based materials such as graphene, graphene 

oxide and carbon nanotubes[13, 19] have been extensively applied in the 

high-efficiency adsorptive elimination of dye products, heavy metals and 

organic pollutants released from wastewater.[17] However, organic 

pollutants presented in the wastewater are only adsorbed in the 

adsorption process rather than destructed, and further treatment is still 

essential for destroy of the contaminants as well as collection and 

separation of adsorbents.[20] Accordingly, other effective treatment 

technologies are still needed for the effective decomposition of aqueous 

organic contaminants. 

 

Biological treatment, also known as biodegradation or bioremediation, is 

the prominent pathway to degrade organic pollutants in natural systems. 

Without great amounts of chemicals and energy, the biological 
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remediation processes can degrade polluted compounds into harmless 

ones effectively in a relatively mild condition. Although polycyclic 

aromatic hydrocarbons (PAHs) may experience adsorption, photolysis or 

chemical degradation in nature, biodegradation, as reported, is still 

regarded as the major pathway for PAHs removal.[21] The catabolic 

activity of microbes plays a leading role in biodegradation. Algae, 

bacteria and fungi are microorganism for bioremediation.[22] Via 

biotransformation, they can mineralize the organic compounds into 

smaller metabolites, which will subsequently be decomposed into 

inorganic substances, carbon dioxide and water (aerobic), or methane 

(anaerobic). Many factors affect its degradation efficiency, such as the 

environment (pH, temperature, oxygen supply), population of microbes, 

acclimation degree, nutrient contents, organic structure, and cellular 

transport properties.[23, 24] 

 

However, phenol is soluble and stable and its recalcitrant property makes 

it impossible to be removed by conventional physicochemical and 

biological treatment methods.[5] Therefore, advanced techniques, such 

as wet air oxidation, super critical oxidation and advanced oxidation 

processes (AOPs) are favorable to remove phenol in wastewater, either 

used individually or in combination. 

 

Advanced oxidation processes are emerged as a promising alternative 

because of its capability to degrade recalcitrant substances and less 

energy requirement. Operated in ambient temperature and pressure, AOP 

generate a large quantity of reactive species, hydroxyl radicals (•OH) to 

attack organic contaminants in wastewater. To be mentioned, •OH can be 

produced by different possible ways to comply with specific treatment 

requirements.[1] 
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Recently, sulfate radical (SO4
•−) based advanced oxidative processes 

(SR-AOPs), a promising alternative to hydroxyl radical-based AOPs, 

have gained intensive attentions. SO4
•− has a higher oxidation potential 

(2.5 - 3.1 V) than •OH (1.8 - 2.7 V) and is thus highly desirable for 

refractory products destruction. Sulfate radicals are usually generated by 

either persulfate (PS) or peroxymonosulfate (PMS), which are less 

expensive and environmentally friendly and can be activated 

homogeneously and heterogeneously by transition metals, metal oxides 

or metal-free carbon materials, minimizing secondary pollution resulted 

from metal leaching. In addition, SO4
•− presents a better selectivity to 

pollutants and can be applied in a wider range of pH.[25-27] 

 

Catalysts based on transition metals, Co, Mn and Fe, have been widely 

applied in the PMS activation to generate SO4
•−.[28-30] Nevertheless, 

transition metal-based catalysts are expensive and the associated 

problem of metal leaching can trigger secondary pollution. Of late, 

nanocarbon materials, such as graphene, graphene oxide, reduced 

graphene oxide and carbon nanotubes (CNTs) have developed into 

promising alternatives to metal-based catalysts to completely avoid the 

leaching problem of metal ions. A wide range of researches have 

demonstrated that these carbon nanomaterials enjoy the favorable 

catalytic ability for applications in energy and environmental fields 

owing to distinct electronic properties, relatively large theoretical surface 

area, superb thermal conductivity as well as sp2-hybridized carbon 

framework. To be mentioned, PMS can be effectively activated by 

fullerene, graphene oxides, graphene nanoplates, single-walled carbon 

nanotubes (SWCNTs) and multi-walled carbon nanotubes 

(MWCNTs).[31-36]  
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2.2 Advanced oxidation processes  

 

Firstly proposed in the 1980s for the treatment of potable water, 

advanced oxidation processes (AOPs) have strong and powerful 

hydroxyl or sulfate radicals to be dominant oxidizing agents. Afterwards, 

they were extensively utilized in the treatment of wastewaters containing 

a wide range of toxic, refractory and persistent organic contaminants. 

The recalcitrant property of pollutants presented in wastewater makes 

conventional chemical and biological treatment methods not 

effective.[37, 38] Meanwhile, direct oxidation processes, though 

effective in degradation, often require special operating conditions in the 

removal of target compounds which will consequently increase operation 

cost.[39, 40] Therefore, AOPs are favorable alternative treatment 

methods to degrade refractory organic pollutants that are operated near 

ambient temperature and pressure. 

 

In wastewater treatment utilizing AOPs, sufficient strong oxidants (•OH 

or SO4
•−) are generated to easily destruct recalcitrant organic substances 

and certain inorganic pollutants and completely mineralize them into 

CO2 and water, completely distinct from common oxidants like chlorine 

and ozone that have a combined role of decontamination and 

disinfection. 

 

Different AOPs can treat different types of contaminants accordingly. 

Normally, the treatment efficiencies have a great dependence on the 

chosen AOP type, physical and chemical features of target pollutants, 

and operating conditions. Noticeably, other mechanisms, in addition to 

hydroxyl radical or sulfate radical-based oxidation processes, may 
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happen during the AOP treatment and eventually lead to the reduction of 

target contaminants.  

 

2.2.1 Hydroxyl radical-based AOPs 

 

Hydroxyl radical (•OH), with an oxidation potential of 2.8 V at pH = 0 

and 1.95 V at pH = 14), is formerly regarded as the most reactive 

oxidizing agent in water treatment. Due to its non-selectivity, •OH can 

react with a large number of organic and inorganic compounds in 

wastewaters rapidly and readily with the rate constants in the order of 

108-1010 M−1 s−1.[41] It is normally thought that the following four basic 

pathways occurred in the attack of organic contaminants by •OH, that is, 

radical addition, hydrogen abstraction, electron transfer, as well as 

radical combination. Carbon-centred radicals (R• or R•-OH) are 

generated during these processes and they are likely to be converted into 

organic peroxyl radicals (ROO•) under O2. The as-obtained radicals react 

further to produce much more active species like hydrogen peroxide 

(H2O2) and super oxide (O2
•−), which degrade and mineralize organic 

pollutants to harmless substances. Due to their very short lifetime, 

hydroxyl radicals can only be in situ produced via various approaches.  

Combined oxidizing agents (such as H2O2 and O3), irradiation (such as 

ultraviolet light or ultrasound), and catalysts (such as Fe2+) are common 

methods to produce hydroxyl radicals. Below is the summary of major 

AOPs for wastewater treatment based on the mechanisms of hydroxyl 

radical generation. 

 

2.2.2.1 Ozone-based AOPs 
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Ozone (O3) is a powerful oxidant and its oxidation potential is 2.07 

V.[42] Two possible ways of oxidation are to be considered in an 

ozonation process. The first is the direct way of the reaction occurring 

between the ozone and the dissolved compounds.  Oxidation by O3 

directly is prone to be selective in the reaction rate constants of 1.0×100-

103 M−1 s−1. During this process, O3 is more likely to react with organic 

compounds in ionized and dissociated forms than those in neutral forms. 

The second is the radical way of the reaction between the radicals, i.e. 

hydroxyl radicals, produced by the break-down of ozone and the 

dissolved substances.[43, 44] The complicated •OH generation can be 

illustrated by different mechanisms and the overall reaction 

demonstrating the generation of OH· is presented as follow:[45] 

 

3𝑂𝑂3 +  𝐻𝐻2𝑂𝑂 → 2𝑂𝑂𝐻𝐻• + 4𝑂𝑂2                                                        (Eq. 2.1) 

 

The yield of OH· can be greatly enhanced with the presence of other 

oxidants or irradiation. In the peroxone (O3 / H2O2) system, for example, 

H2O2 decompose into hydroperoxide (HO2
-), which will significantly 

stimulate O3 decomposition and improve the production of •OH .  

 

𝐻𝐻2𝑂𝑂2 → 𝐻𝐻𝑂𝑂2
− +  𝐻𝐻+                                                                     (Eq. 2.2) 

H𝑂𝑂2
− +  𝑂𝑂3  →  𝑂𝑂𝐻𝐻• +  𝑂𝑂2

− +  𝑂𝑂2                                                  (Eq. 2.3) 

 

By the irradiation of ultraviolet (UV), H2O2 can be produced as an extra 

oxidant mainly from the photolysis of O3 (Eq. 4). 

 

𝑂𝑂3 +  𝐻𝐻2𝑂𝑂 + ℎ𝑣𝑣 →  𝐻𝐻2𝑂𝑂2 +  𝑂𝑂2                                                  (Eq. 2.4) 
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Therefore, at least three pathways contribute to the generation of •OH: 

(1) ozonation (Eq. 2.1); (2) O3/H2O2 (Eq. 2.2 and Eq. 2.3); and (3) 

photolysis of H2O2, as shown in Eq. 2.5. 

 

𝐻𝐻2𝑂𝑂2 + ℎ𝑣𝑣 → 2𝑂𝑂𝐻𝐻•                                                                     (Eq. 2.5) 

 

2.2.2.2 UV-based AOPs 

 

With catalysts or oxidants, •OH can also be generated by photons. The 

most common catalyst used in photocatalysis tends to be titanium 

dioxide (TiO2), a RO-type semiconductor with good stability, excellent 

performance and low cost. Combined with UV irradiation, the 

interaction between catalyst (a semiconductor) and oxidizing agent 

(oxygen) produces electron-hole pairs on the surface of the 

semiconductor. Generally, TiO2 particles are initiated to generate 

positive holes in the valence band (hv+
vb) with an oxidative capacity, and 

negative electrons at the conduction band (e−
cb) with a reductive 

capacity, illustrated in Eq. 2.6.[46] 

 

Ti𝑂𝑂2 + ℎ𝑣𝑣 →  𝑒𝑒𝑐𝑐𝑐𝑐
− +  ℎ𝑣𝑣𝑣𝑣𝑐𝑐

+                                                             (Eq. 2.6) 

 

These charged points react with organic compounds and water.[47] The 

as-formed holes and electrons are able to generate •OH in the reactions 

with OH-, H2O, and O2
•− occurring at TiO2 surface. 

 

ℎ𝑣𝑣𝑣𝑣𝑐𝑐
+ +  𝑂𝑂𝐻𝐻(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠)

−  →  𝑂𝑂𝐻𝐻•                                                       (Eq. 2.7) 

ℎ𝑣𝑣𝑣𝑣𝑐𝑐
+ +  𝑂𝑂𝐻𝐻(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠)

− →  𝑂𝑂𝐻𝐻• +  𝐻𝐻+                                             (Eq. 2.8) 

𝑒𝑒𝑐𝑐𝑐𝑐
− +  𝑂𝑂2(𝑠𝑠𝑐𝑐𝑠𝑠𝑎𝑎𝑠𝑠𝑐𝑐𝑠𝑠𝑎𝑎)  →  𝑂𝑂2

•−                                                          (Eq. 2.9) 
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These reactions are vital in the oxidative degradation processes because 

of high concentrations of H2O and HO− adsorbed on the surface. 

Excess •OH is prone to be generated by UV irradiation with oxidants like 

H2O2 or O3. For instance, a H2O2 molecule is decomposed by UV 

irradiation to yield two •OH. 

  

𝐻𝐻2𝑂𝑂2 + ℎ𝑣𝑣 → 2𝑂𝑂𝐻𝐻•                                                                   (Eq. 2.10) 

Additionally, •OH is likely to be produced via H2O photolysis when the 

wavelength is less than 242 nm. 

 

𝐻𝐻2𝑂𝑂 + ℎ𝑣𝑣 →  𝑂𝑂𝐻𝐻• +  𝐻𝐻•                                                            (Eq. 2.11) 

 

The majority of researches engaged in photocatalysis emphasize the 

possible exploitation of solar spectrum wavelengths. Nevertheless, this is 

only partially true due to the rather poor overlapping between the 

absorption spectrum of TiO2 and that of the sun at ground. In spite of 

that, intensive researches are implemented globally to gain modified 

(doped) TiO2 featured by higher quantum yield with a broader 

absorption spectrum. 

 

2.2.2.3 Fenton-based AOPs 

 

H.J.H Fenton, the first scholar to discover Fenton reaction in 1894, 

reported that H2O2 was able to be activated by ferrous salts for the 

oxidation of tartaric acid.[48] In Fenton and Fenton-related processes, 

peroxide (usually H2O2) reacts with iron ions to form strong and reactive 

species to destruct both organic and inorganic substances. Fenton 

reaction can be achieved at room temperature and ambient pressure.[49] 



22 
 

Besides, the involved chemical reagents can be stored and handled easily 

and do not cause environmental damages.[50] The radical mechanisms 

of classical Fenton reactions are primarily represented by the reactions 

below.[51] 

 

𝐹𝐹𝑒𝑒2+ +  𝐻𝐻2𝑂𝑂2  →  𝐹𝐹𝑒𝑒3+ +  𝑂𝑂𝐻𝐻• +  𝑂𝑂𝐻𝐻−                                   (Eq. 2.12) 

𝐹𝐹𝑒𝑒3+ + 𝐻𝐻2𝑂𝑂2  →  𝐹𝐹𝑒𝑒2+ +  𝐻𝐻𝑂𝑂2
• +  𝐻𝐻+                                       (Eq. 2.13) 

𝑂𝑂𝐻𝐻• +  𝐻𝐻2𝑂𝑂2  →  𝐻𝐻𝑂𝑂2
• +  𝐻𝐻2𝑂𝑂                                                    (Eq. 2.14)  

𝑂𝑂𝐻𝐻• +  𝐹𝐹𝑒𝑒2+  →  𝐹𝐹𝑒𝑒3+ +  𝑂𝑂𝐻𝐻−                                                  (Eq. 2.15) 

𝐹𝐹𝑒𝑒3+ +  𝐻𝐻𝑂𝑂2
•  →  𝐹𝐹𝑒𝑒2+ +  𝑂𝑂2𝐻𝐻+                                                (Eq. 2.16) 

𝐹𝐹𝑒𝑒2+ +  𝐻𝐻𝑂𝑂2
• +  𝐻𝐻+  →  𝐹𝐹𝑒𝑒3+ +  𝐻𝐻2𝑂𝑂2                                      (Eq. 2.17) 

2𝐻𝐻𝑂𝑂2
•  →  𝐻𝐻2𝑂𝑂2 +  𝑂𝑂2                                                                 (Eq. 2.18) 

 

Eq. 2.12 is the major reaction of Fenton reaction, demonstrating the 

generation of •OH between H2O2 and ferrous iron (Fe2+) salts. Excessive 

hydrogen peroxide can further reduce ferric ions to ferrous ions and 

other radicals, as shown in Eq. 2.13. The definition of this reaction is 

Fenton-like reaction which has a much slower reaction rate than Fenton 

reaction. In addition, ferric ions produce solid sludge that need to be 

treated separately at typical water and wastewater treatment conditions, 

which will consequently increase the treatment cost and difficulty. 

However, the generated •OH can be consumed by either H2O2 or Fe2+, 

represented in Eqs. 2.14 and 2.15, the molar ratio of Fe2+ to H2O2, 

therefore, requires optimization to avoid scavenging and wastage of 

oxidants. The equations mentioned above demonstrate that an intricate 

mechanism is encased in Fenton reaction.[2] 
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Although ferryl ions were also proposed as reactive species, hydroxyl 

radicals were generally regarded as the major reactive species. However, 

they become most active only at an acidic condition, that is, Fenton 

reaction relies heavily on the solution pH and it is proved that the 

optimal pH for Fenton process was around 3.[52, 53] This will 

accordingly and inevitably restrict the practical applications of Fenton 

reaction in wastewater treatment. Moreover, the type of buffer solution 

also affects the degradation process. It is observed that acetic 

acid/acetate buffer can have the greatest oxidation efficiency whereas 

phosphate and sulfate buffers have the least. However, operational costs 

will inevitably be enhanced with the use of buffering and whether to use 

it varies with situations. 

 

Concentration of H2O2 plays an important role in the total efficiency of 

the degradation process. Generally speaking, the degradation efficiency 

will be enhanced with the quantity of hydrogen peroxide.[54, 55] 

However, excessive hydrogen peroxide will cause higher COD and are 

detrimental to many organisms;[56, 57] accordingly, will significantly 

decrease the overall degradation efficiency. Meanwhile, redundant 

hydrogen peroxide will lead to the scavenging effect of produced 

hydroxyl radicals.  

 

Many researches have reported the Fenton-related reactions for 

wastewater treatment in details. In view of classical Fenton treatment 

mechanism, modified Fenton processes, such as Fenton-like reactions, 

electron Fenton, UV/Fe2+/H2O2, ultrasound (US)/Fe2+/H2O2, 

UV/US/Fe2+/H2O2, are proposed and have been proved to be effective 

for the decomposition of a variety of harmful organics from 

contaminated waterbodies.[6, 52, 58-60]  
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Due to its rapid destruction of organic contaminants, the oxidation of 

organics by US has received considerable attention.[61] When US 

irradiation ranges from 16 kHz to 100 MHz, nucleation, growth, and 

implosive collapse of cavities (consisting of vapor and microbubble 

filled with gas) can happen with compression and rarefaction cycles of 

the sound waves in turn. It is reported that an extremely high temperature 

from 4200 to 5000 K and a great pressure from 20 to 500 atm could be 

generated instantly during the collapse of microbubble. Hydroxyl 

radicals are thus produced by the fragmentation and pyrolysis of water 

molecules in the form of gas within microbubbles in such extreme 

conditions. After that, the radicals can enter into various chemical 

reactions in a gas bubble and/or in the bulk solution.[62, 63] 

 

𝐻𝐻2𝑂𝑂 →  𝑂𝑂𝐻𝐻• +  𝐻𝐻•                                                                     (Eq. 2.19) 

 

Fenton and sonolysis can be combined to increase the quantity of 

hydroxyl radicals in solutions to degrade organic compounds more 

efficiently by utilizing the merits of both ultrasound and chemical 

reagents in Fenton.[64] 

 

Effective electrochemical treatments have aroused great interest for the 

decomposition of toxic and refractory organics, which can be achieved 

by the two most usual techniques - anodic oxidation and indirect electro-

oxidation.[65] In anodic oxidation, pollutants can be directly 

decomposed by electron transfer reactions. Meanwhile, they can also be 

mineralized by •OH radicals formed on the electrode surface (Eq. 2.20). 

 

𝐻𝐻2𝑂𝑂 →  𝑂𝑂𝐻𝐻• +  𝐻𝐻+ +  𝑒𝑒−                                                          (Eq. 2.20) 
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Anodic oxidation is normally carried out in the anodic compartment of 

the divided cell, in which the polluted solution is coped with a 

combination of an anode of Pt, undoped and doped PbO2 and SnO2.[66, 

67] In electro-Fenton (EF) reaction, pollutants are destructed by Fenton’s 

chemicals and anodic oxidation occurred at the anode surface. The 

electro-Fenton process’s efficiency relies on electrode and electrolytes 

property, solution pH, dissolved oxygen content, catalyst concentration, 

current density as well as temperature.[68] 

 

With regard to photo-Fenton (PF) process, a combination of UV 

irradiation with conventional Fenton system can generate more hydroxyl 

radicals than traditional Fenton reactions, which consequently enhance 

the degradation efficiency.[69]  In short, the major purpose of PF is to 

increase the reduction of ferric ions to ferrous ions, as shown in Eq. 

2.21.[70] The newly produced ferrous ions are in reaction with H2O2 to 

yield hydroxyl radical and ferric ion again and thus the cycle continues. 

 

𝐹𝐹𝑒𝑒(𝑂𝑂𝐻𝐻)2+ + ℎ𝑣𝑣 →  𝐹𝐹𝑒𝑒2+ +  𝑂𝑂𝐻𝐻•                                             (Eq. 2.21) 

 

The PF process exhibits more satisfactory performance at pH 3.0.[71] In 

some cases, the replacement of UV irradiation with sunlight reduced the 

costs, but the degradation rates are very low.[72]  

 

Sono-photo-Fenton (SPF) process is a combination of ultrasound and 

ultraviolet with Fenton chemicals, in which hydroxyl radicals can be 

produced greatly in an aqueous environment. Water sonolysis generates 

hydroxyl radicals as well hydrogen atoms, but their recombination 

significantly reduces the quantity of H• and •OH species. On the other 

hand, the application of UV light was applied to convert the hydrogen 
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peroxide which is generated by hydroxyl radicals’ recombination, which 

thus increased the amount of •OH.[73] The intermediates, produced from 

the reaction between Fe3+ and H2O2 in Fenton process, could be 

subsequently reduced to Fe2+ by sonolysis and photolysis.[68, 74] 

Compared with traditional Fenton reaction, the amount of ferrous salt 

needed in SPF process is rather small. However, ferrous ions are 

required to be added at regular intervals to continue the reaction. If not, 

the reaction will stop after ferrous ions completely convert into ferric 

ions. From the viewpoint of industrial application, it is noticeable that 

SPF process decreases the amount of ferrous ions in the target water.[75] 

Segura et al. investigated the application of SPF process for the 

degradation of phenol using Fe2O3/SBA-15 as a heterogeneous 

catalyst.[76] Mendez-Arriaga et al. investigated the degradation of 

recalcitrant pharmaceutical micro-pollutant ibuprofen (IBP) by means of 

sono-photo-Fenton, sono-photo-catalysis and TiO2/Fe2+/sonolysis 

processes.[77] 

 

The irradiation of UV light can enhance the catalytic effect of Fe2+ in the 

EF process. Thus, the combined treatment using electrochemistry and 

photochemistry along with Fenton reaction is defined as photo-electro-

Fenton (PEF) process, in which much more free radicals can be 

generated owning to the combination effect.[78, 79]  

 

The major drawback of homogeneous Fenton and its combined processes 

is that they require ferrous ions at 50-80 ppm, which is above the 

standard levels. Meanwhile, vast amount of sludge can be produced 

during the neutralization procedure in the end when treating large 

quantity of wastewater by homogeneous AOPs.[80] Therefore, nano-

zero valent iron (NZVI) is likely to be employed as an alternative to 
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initiate Fenton process to avoid these disadvantages. Zero valent state 

metals (such as Fe0, Zn0, Sn0 and Al0) have been proved to be 

exceptionally effective in contaminated water remediation.[81, 82]  Due 

to its larger specific surface area and more reactive sites, NZVI was 

successfully applied to generate hydroxyl radicals in AOP system and 

thus gained prominence in environmental remediation.[83-85] 

 

In heterogeneous Fenton reaction, NZVI oxidation offers a promising 

alternative approach to induce oxidation in heterogeneous Fenton 

reaction, which is illustrated in Eq. 2.22:[86] 

 

𝑂𝑂2 +  𝐹𝐹𝑒𝑒0 + 2𝐻𝐻+  →  𝐹𝐹𝑒𝑒2+ +  𝐻𝐻2𝑂𝑂2                                          (Eq. 2.22) 

 

Compared with traditional Fe2+/H2O2 system, Fenton oxidation induced 

by NZVI can be in attachment with or coating on large particles.[87] 

However, NZVI could aggregate and thus decrease the reactivity and 

filtration is needed to remove NZVI particles at the final stage of the 

treatment. Therefore, NZVI particles could be immobilized in or on 

appropriate solid supports, and is also able to expand the effective pH 

range of the Fenton reaction.[88-90]  

 

2.2.3 Sulfate radical-based AOPs 

 

S2O8
2−, also known as persulfate anions, is the newest and strong oxidant 

alternative employed in in-situ chemical oxidation for organic pollutants 

treatment in ground water and soil. It has a standard oxidation potential 

(E0) of 2.01 V compared with O3 (2.07 V).[91] Relatively low cost, 

excellent solubility, good stability in the subsurface, as well as benign 

final products make persulfate oxidation a favorable choice among AOPs 



28 
 

for treatment of polluted soil and ground water. For the past years, 

sulfate radical-based AOPs have attracted great scientific and 

technological attentions for the effective removal of aromatic 

components from wastewater in a wide pH range of 2-8. Sulfate radical-

based AOPs can be initiated by powerful sulfate radicals (SO4
•−), which 

are formed by S2O8
2− under radiolysis, photolysis, elevated pH or heat 

activation of persulfate.[92] In addition to these methods, sulfate radicals 

can be most effectively activated through electron transfer with 

persulfate (PS) or peroxymonosulfate (PMS) activation by transition 

metals.[93-95] 

 

Thermal activation needs to heat the subsurface that increases cost and 

brings some engineering challenges. UV irradiation requires the 

elimination of subsurface water before treatment that are also cost 

intensive (Eq. 2.23). With respect to activation based on transition metals 

(Eq. 2.24), heating or pumping can be avoided with direct injection of 

solution into the subsurface.[96, 97] It is known that SO4
•− (2.5-3.1 

V) have a higher oxidation potential than the strong oxidant S2O8
2− (2.01 

V) and •OH (2.7 V in acid solution and 1.8 V in neutral solution). At 

acidic pH, sulfate radicals and hydroxyl radicals display comparable 

reduction potentials, however, sulfate radicals generally enjoy more 

selectivity for oxidation than hydroxyl radicals. Due to this, SO4
•− can 

react with a variety of organic pollutants with near diffusion-limited rate 

constants.[98] 

 

𝑆𝑆2𝑂𝑂8
2−  

∆/𝑈𝑈𝑈𝑈
�⎯⎯�  2𝑆𝑆𝑂𝑂4

•−                                                                     (Eq. 2.23) 

𝑆𝑆2𝑂𝑂8
2− +  𝑀𝑀𝑛𝑛+  → 𝑆𝑆𝑂𝑂4

•− + 𝑆𝑆𝑂𝑂4
2− +  𝑀𝑀𝑛𝑛+1                                 (Eq. 2.24) 
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The temperature in a thermally activated persulfate method ranges from 

35 to 130 oC.[99] Sulfate radicals generated by metals are twice lower 

than that by heat or UV with the same molar persulfate concentration, 

which is illustrated by Eqs. 2.23 and 2.24. It is thus concluded that metal 

activation method is not efficient from the theoretical point. Radiolysis, 

UV or thermal activation of peroxymonosulfate can form both sulfate 

and hydroxyl radicals, but sulfate radicals as the dominant oxidizing 

reactive species can only be generated by transition-metal catalysis. 

Although other metals like Cu(I) and Ag(I) are proved to have an 

activation capability, ferrous ions (Fe2+) and ferric ions (Fe3+) are two 

most frequently used metals. A sulfate radical mechanism is involved in 

the cobalt-mediated decomposition and the only intermediates are 

peroxymonosulfate radicals. The same conditions were applied to iron 

(II), titanium (III), as well as oxovanadium (IV). However, hydroxyl 

radicals were regarded as the major oxidizing species when copper (I) is 

used. Other transition metals, including manganese, ruthenium, tungsten, 

nickel, iridium, molybdenum and cerium, have been demonstrated to 

have the ability to activate PMS.[30] The equations demonstrating the 

generation of sulfate radicals from peroxymonosulfate (PMS) activated 

by transition metals such as Co (II) are shown as follows.[100] 

 

𝐶𝐶𝐶𝐶2+ +  𝐻𝐻2𝑂𝑂 
𝑦𝑦𝑦𝑦𝑠𝑠𝑦𝑦𝑎𝑎
�⎯�  𝐶𝐶𝐶𝐶𝑂𝑂𝐻𝐻+ +  𝐻𝐻+                                             (Eq. 2.25) 

𝐶𝐶𝐶𝐶𝑂𝑂𝐻𝐻+ + 𝐻𝐻𝑆𝑆𝑂𝑂5
−  → 𝐶𝐶𝐶𝐶𝑂𝑂+ + 𝑆𝑆𝑂𝑂4

•− +  𝐻𝐻2𝑂𝑂                               (Eq. 2.26) 

𝐶𝐶𝐶𝐶𝑂𝑂+ + 2𝐻𝐻+  
𝑦𝑦𝑦𝑦𝑠𝑠𝑦𝑦𝑎𝑎
�⎯�  𝐶𝐶𝐶𝐶3+ +  𝐻𝐻2𝑂𝑂                                               (Eq. 2.27) 

𝐶𝐶𝐶𝐶2+ + 𝑆𝑆𝑂𝑂4
•−  →  𝐶𝐶𝐶𝐶3+ + 𝑆𝑆𝑂𝑂4

2−                                                 (Eq. 2.28) 

𝐶𝐶𝐶𝐶3+ + 𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝐶𝐶𝐶𝐶2+ + 𝑆𝑆𝑂𝑂5

•− +  𝐻𝐻+                                     (Eq. 2.29) 
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2𝑆𝑆𝑂𝑂5
•−  

𝑦𝑦𝑦𝑦𝑠𝑠𝑦𝑦𝑎𝑎
�⎯�  𝑂𝑂3

− 𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑂𝑂3
−  →  {𝑆𝑆𝑂𝑂4

•−𝑂𝑂2𝑆𝑆𝑂𝑂4
•−}                      (Eq. 2.30) 

{𝑆𝑆𝑂𝑂4
•−𝑂𝑂2𝑆𝑆𝑂𝑂4

•−}  →  𝑂𝑂2 +  𝑆𝑆2𝑂𝑂8
2−                                                 (Eq. 2.31) 

{𝑆𝑆𝑂𝑂4
•−𝑂𝑂2𝑆𝑆𝑂𝑂4

•−}  →  𝑂𝑂2 +  2𝑆𝑆𝑂𝑂4
•−                                                (Eq. 2.32) 

 

In spite of the different reaction patterns, sulfate radicals and hydroxyl 

radicals are highly active with a relatively short lifespan. Sulfate 

radicals, in similarity with hydroxyl radicals, may react with organic 

compounds through electron transfer, hydrogen abstraction, or addition 

mechanisms. However, hydroxyl radicals are prone to link to C=C bonds 

or to remove H from C-H bonds in contact with organic molecules.[101] 

On the contrary, sulfate radicals are strongly electrophilic and more 

likely to extract electrons from organic compounds which are then 

converted to organic radical cations, expanding the categories of 

pollutant transformation pathways, for instance, SO4
•− accelerates the 

decarboxylation of carboxylic acids. Three possible reaction routes may 

be engaged in the reaction of sulfate radicals as a one electron transfer 

oxidant: (a) sulfate adduct was formed at the unsaturated double bond in 

accompany with the generation of active carbocation to react further; (b) 

electron abstraction was occurred at the carboxylate anion in 

combination with CO2 loss, and (c) relatively weak hydrogen 

abstraction, that is abstraction of H, also happened. Although sulfate 

radicals have more selectivity toward oxidation, hydroxylation products, 

also intermediates of hydroxyl radical attack, are the major products 

generated by sulfate radical when it attacks on aromatics. Meanwhile, 

sulfate radicals may generate other intermediates, which are highly 

reactive oxygen species like hydroxyl through Eqs. 2.33 and 2.34 as 

well,[102] especially in alkaline environment as shown in Eq. 2.34. 
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𝑆𝑆𝑂𝑂4
•− +  𝐻𝐻2𝑂𝑂 →  𝑂𝑂𝐻𝐻• +  𝑆𝑆𝑂𝑂4

2− +  𝐻𝐻+                                        (Eq. 2.33) 

𝑆𝑆𝑂𝑂4
•− +  𝑂𝑂𝐻𝐻−  →  𝑂𝑂𝐻𝐻• +  𝑆𝑆𝑂𝑂4

2−                                                  (Eq. 2.34) 

 

These reactive oxygen species are able to trigger various radical 

propagation and termination chain reactions to partially or fully 

decompose organic compounds. Recently, several researches have 

shown that surface radicals were able to degrade a series of organic 

contaminants quickly, such as 1,1,1-trichloroethane (TCE), 

trichloroethane (TCA), MTBE, and diphenylamine. 

 

2.3 Peroxymonosulfate activation methods 

 

One of the primary concerns of environmentalists is to decompose 

recalcitrant organic pollutants into harmless matters. AOPs have been 

developed as promising technologies to produce hydroxyl and sulfate 

radicals for the removal of organic contaminants for decades. Various 

methods, including chemical, photochemical, sonochemical and 

electrochemical processes, have been utilised to produce hydroxyl 

radicals directly or indirectly to react with organic pollutants.[103] In 

recent years, sulfate radicals generated from peroxymonosulfate 

activation have aroused great attention among researchers. 

 

Peroxymonosulfate (PMS), is regarded as a strong oxidant to produce the 

powerful oxidant HSO5
−. Oxone is the trade name of potassium 

peroxymonosulfate (2KHSO5 ∙ R KHSO4 ∙ K2SO4). As a versatile and 

environmental friendly oxidant, it has been extensively used in 

bleaching, cleaning and disinfection areas. To be mentioned, it is a 

favourable provider of PMS.[104, 105]  



32 
 

PMS could be utilized as an oxidant for the syntheses of diverse 

organics. Compared with radical-based oxidation, PMS is not favorable 

in kinetics with respect to organic pollutants oxidation. Except that -SO3 

group substitute for one of H atoms, other parts of PMS structure is in 

similarity to that of H2O2.[106]  The distance of peroxide bond (O-O) in 

PMS is 1.460 Å, similar to that of solid state H2O2 (1.453 Å), but inferior 

to that of S2O8
2− (1.497 Å).[107, 108] It is anticipated that O-O bond 

energy involved in PMS, as estimated, is between that of H2O2 (213 kJ 

mol−1)[109] and PS (140 kJ mol−1).[110]   

 

Recently, due to its high reactivity and high potential in the generation of 

powerful sulfate radicals, PMS has become a promising alternative to 

hydrogen peroxide and persulfate and its activation has acquired 

increasing popularity in the degradation of a wide range of organic 

pollutants in wastewater treatment. Once activated, the generated sulfate 

radicals played a pivotal role in pollutants degradation.[111] 

 

The oxidation rate of PMS is faster than that of H2O2 and as an oxidant, 

PMS is more powerful (E0
HSO5

-
/HSO4

- = +1.82 V; E0
H2O2/H2O = +1.76 V). By 

the production of protons, PMS can adjust the pH of solution in an 

automatic manner. PMS exhibits more efficiency as an oxidant in 

organic synthesis than H2O2 or PS. In addition, due to its good stability 

and relatively high oxidation potential, PMS is able to oxidize organic 

pollutants even though at a much slower rate in kinetics than degradation 

based on radicals.[112]  

 

Peroxydisulfuric acid (H2S2O8) and peroxymonosulfuric acid (H2SO5, 

also called Caro’s acid) were discovered more than a century ago. 

Peroxymonosulfate anion (HSO5
−), first described by Heinrich Caro, is 
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derived from Caro’s acid to be highly reactive.[113] It can decompose 

very quickly in aqueous solution at neutral condition. In spite of being a 

strong oxidant in thermodynamics, PMS cannot directly react with a 

large quantity of pollutants very fast. In this sense, activation is 

compulsory, that is to say, an activator is needed to decompose PMS. It 

is reported that PMS activators can be classified as follows: transition 

metals (homogeneous and heterogeneous), ultraviolet, ultrasound, heat, 

electron conduction, carbon catalysts, etc.[103] In this part, we put 

emphasis on the transition metals and carbon catalysts. 

 

2.3.1 Homogeneous transition metals for PMS activation 

 

It was discovered that PMS activation by transition metals is more 

effective than activation by ultraviolet or visible light.[114] In 1958, a 

wide range of metal ions were utilized to decompose Caro’s acid.[115] 

Since then, transition metals have been extremely applied in PMS 

activation. In 1981, Thompson[116] observed that oxovanadium (IV), 

VO2+, was able to react with HSO5
− to produce free radicals - sulfate 

radicals. The proposed equation that describes the PMS activation by 

VO2+ is as follows: 

 

𝐻𝐻𝑆𝑆𝑂𝑂5
− +  𝑉𝑉𝑂𝑂2+  →  𝑆𝑆𝑂𝑂4

•− +  𝑉𝑉𝑂𝑂2
+ +  𝐻𝐻+                                    (Eq. 2.35) 

  

In 1987, Manivannan and Maruthamuthu[117] described the kinetics 

involved in the aqueous polymerization of acrylonitrile activated by 

Co(II)/PMS system. Excellent work has been done by Anipsitakis and 

Dionysiou in the field of toxicants removal by PMS.[118, 119] They 

reported a highly efficient PMS activation method by Co2+ to produce 

sulfate radicals for the degradation of organics. Compared with the 
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classic Fenton reagent (H2O2/Fe2+), Co2+/PMS system exhibited excellent 

performance in the degradation of 2,4-dichlorophenol (2,4-DCP), 

atrazine and naphthalence. It is known that Ball and Edwards, for the 

first time, reported that cobalt ions could decompose peroxymonosulfate 

ion (Eq. 2.36). 

 

𝐶𝐶𝐶𝐶2+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝐶𝐶𝐶𝐶3+ +  𝑆𝑆𝑂𝑂4

•− +  𝑂𝑂𝐻𝐻−                                 (Eq. 2.36) 

 

In addition, Anipsitakis and Dionysiou[30] have also reported that 

different tranisiton metals can activate PMS to degrade 2,4-DCP. The 

capability of various transition metals in the removal of 2,4-DCP were in 

the following sequence : Ni2+ < Fe3+< Mn2+ < V3+ < Ce3+ < Fe2+ < Ru3+ < 

Co2+. It is concluded that Co2+ and Ru3+ exhibited the best performance 

to generate sulfate radicals and thus were regarded as the major reactive 

species. The Co2+/PMS mechanism is illustrated in the equations from 

Eqs. 2.25 to Eqs. 2.32. 

 

Ferrous ions are also found to activate PMS to produce free radicals. It 

should be noted that Co2+ and Fe2+ are considered as the most common 

catalysts for PMS activation. The following equations show the reactions 

occurred in PMS activation by Fe2+.[120, 121]  

 

𝐹𝐹𝑒𝑒2+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝐹𝐹𝑒𝑒3+ +  𝑆𝑆𝑂𝑂4

•− +  𝑂𝑂𝐻𝐻−                                 (Eq. 2.37) 

𝐹𝐹𝑒𝑒3+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝑆𝑆𝑂𝑂5

•− +  𝐹𝐹𝑒𝑒2+ + 𝐻𝐻+                                     (Eq. 2.38) 

𝐹𝐹𝑒𝑒2+ +  𝑆𝑆𝑂𝑂4
•−  →  𝐹𝐹𝑒𝑒3+ +  𝑆𝑆𝑂𝑂4

2−                                                (Eq. 2.39) 

𝐻𝐻𝑆𝑆𝑂𝑂5
− +  𝑆𝑆𝑂𝑂4

•−  →  𝑆𝑆𝑂𝑂4
2− +  𝑆𝑆𝑂𝑂5

•− +  𝐻𝐻+                                    (Eq. 2.40) 

𝐻𝐻𝑆𝑆𝑂𝑂5
− +  𝐻𝐻2𝑂𝑂 →  𝑆𝑆𝑂𝑂4

2− +  2𝐻𝐻𝑂𝑂• +  𝐻𝐻+                                    (Eq. 2.41) 
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𝑆𝑆𝑂𝑂5
•− +  2𝐻𝐻2𝑂𝑂 →  𝑆𝑆𝑂𝑂4

2− +  3𝐻𝐻𝑂𝑂• +  𝐻𝐻+                                   (Eq. 2.42) 

 

With regard to PMS activation, Co2+ and Fe2+ exhibit superior 

performance than Co3+ and Fe3+ to produce strong and powerful reactive 

species. Figure 2.1 illustrated the mechanism of PMS activation by 

homogeneous transition metals catalysts.[103] 

 

 
Figure 2.1 The scheme of PMS activation by transition metals as 

homogeneous catalyst. 

 

The following parameters were compared in the consideration of the 

likelihood of Fenton reagent (Fe2+/H2O2) replaced by Co2+/PMS: (1) 

solution pH - Fenton chemicals is only effective at pH 3-4, but 

Co2+/PMS can be efficient at a wide range of pH 2-8; (2) redox potential 

- the redox potential for SO5
•− is 1.1 V, for SO4

•− 2.5-3.1 V, and for •OH 

1.8-2.7 V; (3) final product - SO4
•− can degrade a wide variety of organic 

compounds, but •OH cannot decompose some refractory organics; 

(4)secondary contamination - H2O2 tends to be more environmentally 

friendly than peroxymonosulfate because only H2O, OH− and O2 were 

produced by H2O2, but PMS produced SO4
2-. However, SO4

2- can be 
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easily handled due to its aqueous phase and also has low toxicity; (5) 

cost - Although H2O2 is cheaper than PMS, the use of iron and hydrogen 

peroxide, combined with pH adjustment and sludge disposal should also 

be included in the cost.[122] On the other hand, the cost of Co2+/PMS is 

mainly the cost of PMS because only a small amount of cobalt is 

required to be a catalyst and pH adjustment as well as sludge treatment is 

not needed. The above comparison fully suggested that Co2+/PMS can be 

acted as a promising alternative to Fenton reaction in the treatment of 

organic pollutants in wastewater. 

 

However, some factors limit the applications of homogeneous catalysts. 

(a) It is difficult to recover homogeneous catalysts and thus intricate 

technical or economical separation techniques are needed; (b) To 

activate PMS in high concentration, high stoichiometric amounts of 

catalysts are required, particularly when treating high strength 

wastewaters, which will eventually generate more residuals in effluents 

as another problem; (c) Transition metal species have a great dependence 

on pH because hydroxide precipitates could be formed in alkaline pH 

and hydrated species could be produced in acidic pH, both of which will 

decrease catalysts availability.[103, 123] 

 

2.3.2 Heterogeneous transition metals for PMS activation 

 

In order to generate SO4
•− from PMS by heterogeneous catalysis, it is 

necessary for PMS to be in close contact with the redox active surface of 

the catalyst to occur a wide range of surface PMS-catalyst interactions. 

Due to the short lifetime of SO4
•−, target compounds must be in the range 

of the diffusion limit of SO4
•− to ensure the effective occurrence of 

oxidation reaction.[30]  
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More reactive than molecular oxygen, peroxymonosulfate radical is able 

to reduce some transition metals as well.[124] At the same time, the 

oxidized transition metal ions could be reproduced by direct oxidation of 

organic compounds via disproportionation reactions. Figure 2.2 

demonstrated the working mechanism involved in the electron transfer 

reaction between PMS and heterogeneous transition metal 

catalysts.[125] 

 

 
Figure 2.2 The redox reaction involved in PMS and heterogeneous 

transition metal catalyst. 

 

The surface hydroxyl group, either on the surface of catalyst or that of 

support, gains prominence in the enhancement of PMS activation. The 

surface hydroxyl group in protonated form, as reported, is less effective 

in PMS activation.[27, 126, 127] Catalyst loading, pH as well as PMS 
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amount are common factors that affect the catalyst performance at the 

constant temperature, as illustrated by the following kinetics:[128]  

 

𝐶𝐶𝑡𝑡 =  𝐶𝐶0𝑒𝑒
𝑘𝑘𝑖𝑖

𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃

[𝐶𝐶𝐶𝐶𝐶𝐶−𝑂𝑂𝑂𝑂]
�𝐾𝐾𝑒𝑒𝑒𝑒�𝑂𝑂+�+1�𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃0 (𝑠𝑠−𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃𝐶𝐶−1)

                                    (Eq. 2.43) 

 

in which Ct and Co represent pollutant concentrations at time t and initial 

concentration, respectively, Keq stands for the catalyst equilibrium 

constant, ki means the intrinsic rate constant, kPMS is the first-order rate 

constant of PMS decomposition, [Cat–OH] symbolizes the catalyst 

loading and CPMS0 represents  PMS amount at the initial stage. 

 

Even at a low concentration, it has proved that Co2+/PMS were effective 

in the decomposition of organic pollutants. However, cobalt leaching is 

the biggest disadvantage of homogeneous catalysis. Being a primary 

metal pollutant in the environment, the discharged cobalt ions would 

lead to secondary environmental pollution. A series of health problems, 

for example, respiratory problems, allergies, cardiomyopathy, 

mutagenicity and carcinogenicity, etc. can be resulted from exposure to 

cobalt.[122, 129] Consequently, heterogeneous catalysis with solid 

catalysts has received great applause in the PMS activation in the realm 

of wastewater remediation technology. 

 

Different heterogeneous catalysts have been utilized in the PMS 

activation based on various transition metals (or their combinations) and 

metal-free catalysts (green carbon-based catalysts). Fig. 2.3 

schematically described the mechanism of PMS heterogeneous 

activation.[103] 
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Fig. 2.3 The scheme of heterogeneous activation of PMS. 

 

2.3.2.1 Cobalt oxides and supported cobalt heterogeneous catalysts 

 

Cobalt oxides have been regarded as one of the most popular catalysts in 

PMS heterogeneous activation to catalytically oxidize organic pollutants. 

Five cobalt oxides, including CoO, CoO2, CoO(OH), Co2O3 and Co3O4, 

have already been explored and identified.[122] Three of these oxides 

(CoO, Co2O3 and Co3O4) are able to activate PMS for degradation of 

many contaminants and can also be utilized attached to different 

supports like carbon-based materials or zeolites or, used only as 

nanoparticles.[103]  

 

Anipsitakis et al.[130] were the first to explore the reactivity of CoO and 

Co3O4 in PMS activation for oxidation of 2,4-DCP to replace 

homogeneous Co2+/PMS. In spite of catalytic performance of 2,4-DCP 

on both CoO and Co3O4, only Co3O4 was considered to stimulate 

heterogeneous catalysis and dissolved Co in the solution facilitate CoO 

catalysis. The stability of nano-Co3O4 was tested by Chen et al.[131] in 

decomposition of Acid Orange 7 by PMS activation. It has been 

acclaimed that due to rapid degradation and low leaching of Co, neutral 
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condition is more favorable for the heterogeneous property of nano-

Co3O4, further leading to its long-term stability. Wang et al.[132] 

achieved phenol degradation by PMS activation with the application of 

Co3O4 nanorods. When used solely, PMS and Co3O4 nanorods were both 

not effective in phenol degradation. It was concluded that Co3O4 exhibit 

unfavorable performance when calcination temperature increased. The 

mechanism of Co3O4/PMS system was proposed by Yu et al.,[120] who 

asserted that generated Co2+ ions took part in the homogeneous redox 

reactions and Co3+ ions subsequently precipitated into the crystal lattice 

of Co3O4 in order to reduce cobalt loss. 

 

Despite good catalytic performance, Co3O4 nanoparticles are prone to 

agglomerate to reduce the catalytic activity during the reaction.[133] 

Therefore, immobilization of Co and Co3O4 on various materials is a 

good idea to enhance the catalytic activity because it can reduce Co ion 

leaching, thus avoiding secondary contamination to the environment and 

highly improved the stability and reusability of catalysts.[134] In 

addition, introduction of supporting materials would be able to tune the 

surface characteristics (normally larger surface areas) and thus enhance 

the catalytic performance.[114] Up to now, several different support 

materials have been applied in the preparation of supported cobalt 

catalysts. 

 

Metal oxides have recently been in the application of cobalt support to 

activate PMS. Degussa P-25 was firstly regarded as an excellent support 

material for supported cobalt catalyst - Co/TiO2.[135] Compared with 

unsupported Co3O4, better efficiency was observed on Co/TiO2 in PMS 

heterogeneous activation with little cobalt leaching at the molar ratio of 

Co : Ti = 0.1 and the calcination temperature of 500 oC. Further study 
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investigated the effects of support materials (Al2O3, SiO2, TiO2) as well 

as cobalt precursors (Co(NO3)2, CoCl2, CoSO4) on the interaction of 

cobalt and support materials, cobalt leaching, as well as catalysts 

reactivity.[136] It was concluded that Co/Al2O3 and Co/TiO2 exhibited 

much less cobalt loss than Co/SiO2, and Co/TiO2 prepared by Co(NO3)2 

demonstrated the best performance in 2,4-DCP degradation. Co3O4-

Bi2O3 was developed by Ding et al.[137] to degrade different pollutants, 

such as methylene blue (MB), RhB, phenol and 2,4-DCP. With regard to 

MB degradation, Co3O4-Bi2O3/PMS system was 8.6 folds faster than that 

of Co3O4/PMS. The performances of different oxides as support 

materials for the preparation of cobalt catalysts were studied by Zhang et 

al.[126] in the decomposition of organic dyes by PMS activation. The 

catalyst of Co/MgO can completely degrade methylene blue (MB) in less 

than 7 min, showing the best reactivity. The result was exceptionally 

better than homogeneous cobalt ions and some heterogeneous Co3O4 

catalysts. Another cobalt catalyst supported by MgO was prepared by 

Stoyanova et al.[127] and exhibited much higher efficiency than 

unsupported Co3O4. The reasons why MgO-supported cobalt catalysts 

showed better performance tends to be less cobalt leaching, better 

dispersion of cobalt oxide and higher production of Co-OH.  

 

A series of competitive radical tests proved that the major species in the 

catalytic degradation of phenol by Co3O4 and supported Co3O4 was the 

sulfate radical. Liang et al.[138] discovered that mesoporous 𝛼𝛼-MnO2 

demonstrated to be a good supporting material for the synthesis of 

supported cobalt catalyst (Co3O4/MnO2), which showed much higher 

performance with complete phenol degradation in just 20 min. 
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Carbon and nanocarbon materials, for instance, activated carbons (AC), 

graphite, carbon aerogels (CA) or xerogel (CX), graphene, graphene 

oxides (GO) and reduced graphene oxides (rGO), have been extensively 

used in the preparation of supported cobalt catalysts for PMS activation 

because they have high specific surface area to absorb organic pollutants, 

excellent porous structure as well as controlled functional groups.  

 

Cobalt catalysts supported by AC were prepared to activate PMS and the 

primary Co species existed in the system was Co2O3 which was in the 

homogeneous distribution on the surface of AC. 35% and 30% phenol 

were respectively absorbed on AC and Co/AC in 1 h.[139] In the 

removal of phenol, only 48% phenol was degraded by AC/PMS, but for 

Co-AC/PMS system, complete phenol removal was achieved in just 30 

min. In addition, compared with Co3O4, Co3O4/graphene greatly reduced 

Co2+ leaching. Expended graphite (EG) as a support for Co3O4 was 

applied to activate PMS.[140] Similar to activated carbon, CA or CX, a 

newly porous carbon material with high surface area, demonstrate good 

adsorption ability and have been applied for environmental catalysis. 

Carbon aerogel doped by Co oxide (Co/CA) was synthesized for PMS 

activation to oxidize phenol, in which CoO and Co3O4 were regarded as 

the major Co species.[141] 20% phenol was adsorbed in just 20 min and 

reached equilibrium in 90 min for Co/CA with no PMS and 100% 

phenol was decomposed in 120 min in the heterogeneous oxidation. GO, 

easily fabricated by chemical modification, is made up of a hexagonal 

ring carbon network with sp2 and sp3-hybridized carbon atoms. With a 

large surface area, the exfoliated GO sheets appear to be promising 

candidates as support materials. Co3O4 supported by GO was prepared 

by Shi et al.[142] to degrade 100% Orange II in water very quickly in 

just 7 min, exceptionally better than that of Co2+/PMS system. Yao et 
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al.[143] investigated the preparation of cobalt catalysts supported by 

rGO via a hydrothermal approach. Complete removal of phenol was 

reached in 60 min for pure Co3O4, but for Co3O4/rGO, only 20 min. 

 

A variety of materials, including zeolite, SBA-15, red mud, have been 

applied as supports for cobalt oxides and metallic cobalt due to their high 

specific surface area, excellent mechanical strength, superb chemical 

stability, as well as relatively low cost.[144] However, these solid wastes 

also have the possibility to introduce toxic substances to water. Zeolite 

with Y type was first reported by Chu et al.[145] to be used as a support 

for cobalt catalysts. Although 100% Monuron was degraded in just 10 

min, this supported cobalt catalysts with zeolite showed poor stability 

which cannot be enhanced by various post-treatment methods. Shukla et 

al.[29] reported a relatively stable cobalt catalyst supported by zeolite 

(Co-ZSM-5). Co catalysts supported by ZSM-5, zeolite-A as well as 

zeolite-X prepared via an ion-exchange approach were applied in phenol 

decomposition by a variety of oxidants, such as H2O2, PS and PMS. A 

high activity in activating PMS but no performance in H2O2 and PS were 

demonstrated by Co-ZSM-5 in phenol oxidation. The rapid reaction rate 

exhibited by Co-zeolite-A and Co-zeolite-X were resulted from 

homogeneous activation along with significant cobalt leaching. In the 

synthesis of SBA-15, co-condensation approach were used to prepare 

cobalt catalysts supported by mesoporous silica SBA-15 with three 

cobalt salt precursors (CoCl2, CoAc2 and Co(NO3)2).[146] It was 

observed that the catalysts originated from CoCl2 and CoAc2 

demonstrated similar activities with complete phenol removal in 200 

min, while for catalysts from Co(NO3)2, it prolonged to 390 min. 

Co/SBA-15 was also prepared by Hu et al.[147] through an incipient 

wetness impregnation technique. The powder Co/SBA-15 covered by 
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polytetrafluoroethylene (PTFE) membrane maintained high catalytic 

activity with low cobalt leaching even in the 25 runs of recycling 

experiments.  

 

Being a by-product derived from alumina refinery, red mud (RM) cannot 

be disposed easily because of its high alkalinity. Therefore, using RM to 

prepare catalysts can alleviate solid waste to contribute to environment 

protection.  Two RM-supported catalysts, Co/RM-NT (raw red mud) and 

RM-T (washed red mud) were prepared with Co concentration from 1 to 

5 wt%.[26] The former could degrade 100% phenol in 90 min, which the 

latter only 60 min. Comparative studies were carried out by Saputra et 

al.[148] on the performances of red mud and fly ash (FA) as support 

materials for cobalt catalysts. In the presence of PMS, phenol could be 

degraded by Co/FA and Co/RM. Co/RM, owing to high dispersion of Co 

oxide and surface alkalinity of RM, exhibited a much better activity than 

Co/FA. 

 

2.3.2.2 Iron-based heterogeneous catalysts  

 

Iron, the fourth most abundant element on earth, is benign and cheap and 

poses no severe threat to human health and the environment. The 

magnetic properties of zero valent iron (ZVI), magnetite (Fe3O4) and 

maghemite (𝛾𝛾 -Fe2O3) have also aroused great attentions in terms of 

stability and reusability.[149, 150] Iron-based nanomaterials combined 

with some supports have been widely used by many researchers to 

activate PMS in catalysis due to their low cost and efficiency.[151] 

Meanwhile, iron is considered to be a desirable alternative to cobalt due 

to cobalt toxicity even at very low concentrations. PMS activators on the 



45 
 

basis of Fe are commonly ZVI, Fe2O3 and Fe3O4. The following 

equations illustrate the mechanism of PMS activated by ZVI:[152, 153] 

 

𝐹𝐹𝑒𝑒0 +  𝐻𝐻𝑆𝑆𝑂𝑂5
− +  2𝐻𝐻+  →  𝐹𝐹𝑒𝑒2+ +  𝐻𝐻𝑆𝑆𝑂𝑂4

− +  𝐻𝐻2𝑂𝑂                     (Eq. 2.44) 

𝐹𝐹𝑒𝑒2+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝐹𝐹𝑒𝑒3+ +  𝑆𝑆𝑂𝑂4

•− +  𝑂𝑂𝐻𝐻−                                 (Eq. 2.45) 

𝐹𝐹𝑒𝑒3+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝐹𝐹𝑒𝑒2+ +  𝑆𝑆𝑂𝑂5

•− +  𝐻𝐻+                                    (Eq. 2.46) 

 

ZVI encapsulated by carbon can cope with particle agglomeration and 

fast deposition rate brought by ZVI to enhance the 

hydrophilicity/hydrophobicity and adsorption ability of the 

catalysts.[154, 155] It has been reported that carbon encapsulated nano 

iron hybrids (nano Fe0/Fe3C@CS)[156] and carbon spheres encapsulated 

by nanoscaled ZVI (nano-Fe0@CS)[157] with good stability and 

magnetic property were successfully prepared to activate PMS in 

wastewater remediation. 85% dichlorophenol was degraded by Fe2O3-

montmorillonite in 2.5 h, but the result for H2O2 and acetic acid were 

70% and 50% in 3.5 h, respectively.[158] Ji et al.[159] reported the 

decolorization of Rhodamine B(RhB) in porous Fe2O3 activation of 

PMS. The catalytic process required a relatively high loading of Fe2O3, 

which consists of a majority of Fe3+ species. The activation processes 

were proposed to be similar to those of CuO and Fe3+ on the surface 

must be reduced to Fe2+ before it can produce SO4
•− from PMS. The 

hematite functionalized by dipicolinic acid has been employed as PMS 

activator to degrade BPA.[160] Magnetic Fe3O4, another form of iron 

oxides, can initiate PMS activation and doping with other transition 

metals such as Co, Mn, Ni and Cr can improve the catalytic performance 

of Fe3O4, which can also been enhanced when Fe3O4 was immobilized 
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on CuNiCr-LDH support. However, possible leaching of Cr from the 

support prevented its practical application in water remediation.[161]  

However, a disadvantage of iron-based catalysts is that SO4
2- substituted 

for two hydroxyl groups on the surface to form a binuclear bridge 

complex made up of Fe-O-S(O2)-O-Fe, which deactivated iron-based 

catalysts.[162] 

 

2.3.2.3 Other transition metal heterogeneous catalysts 

 

In addition to iron and cobalt, manganese and copper oxides also have 

the ability to activate PMS. Due to their good stability, low cost, 

excellent efficiency and no threat to the environment, various nanoscaled 

manganese oxides such as MnO, Mn3O4, MnO2 and Mn2O3 have already 

received researchers concern.[163-165] Wang and co-workers have 

already synthesized a variety of nanosized Mn oxides, Mn oxides with 

various crystallographic phases and supported Mn oxides to oxidize 

PMS to remove phenol.[166-168] The mechanisms of PMS activation 

involved in heterogeneous Mn oxides are illustrated as follows:[169] 

 

2𝑀𝑀𝑀𝑀𝑂𝑂2 +  2𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝑀𝑀𝑀𝑀2𝑂𝑂3 +  2𝑆𝑆𝑂𝑂5

•− +  2𝑂𝑂𝐻𝐻−                   (Eq. 2.47) 

2𝑀𝑀𝑀𝑀3𝑂𝑂4 +  2𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  3𝑀𝑀𝑀𝑀2𝑂𝑂3 +  2𝑆𝑆𝑂𝑂4

•− +  2𝐻𝐻+                  (Eq. 2.48) 

𝑀𝑀𝑀𝑀2𝑂𝑂3 +  2𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  2𝑀𝑀𝑀𝑀𝑂𝑂2 +  2𝑆𝑆𝑂𝑂4

•− +  2𝐻𝐻+                      (Eq. 2.49) 

2𝑀𝑀𝑀𝑀𝑂𝑂 +  2𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝑀𝑀𝑀𝑀2𝑂𝑂3 +  2𝑆𝑆𝑂𝑂4

•− +  2𝐻𝐻+                        (Eq. 2.50) 

3𝑀𝑀𝑀𝑀2𝑂𝑂3 +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  2𝑀𝑀𝑀𝑀3𝑂𝑂4 +  𝑆𝑆𝑂𝑂5

•− +  𝑂𝑂𝐻𝐻−                      (Eq. 2.51) 

 

The ability of Mn to form various oxidation states determines the 

reactive capacity of Mn oxides. It was found that Mn2O3 was most 
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effective in PMS activation and 100%, 90%, 66.4% and 61.5% phenol 

was removed respectively by Mn2O3/PMS, MnO/PMS, Mn3O4/PMS and 

MnO2/PMS.[169] Three different one-dimensional (1D) 𝛼𝛼 -MnO2 

nanostructures (nanorods, nanotubes and nanowires) were fabricated by 

Wang et al.[170] to activate PMS and nanowires exhibited the best 

performance due to its largest surface area. They also studied the effects 

of diverse crystallographic dimensions of MnO2 (𝛼𝛼, 𝛽𝛽, 𝛾𝛾-MnO2) on the 

efficiency and stability and found that 𝛼𝛼 -MnO2 was the best 

catalyst.[171] It was found that crystallinity degree exerted a more 

important effect on catalytic activity of Mn oxides than the specific 

surface area. 

 

Manganese oxide octahedral molecular sieves (OMS-2) have attracted 

the attentions of researchers due to its large specific surface area, high 

density of lattice oxygen and existence of Mn at various valence 

states.[172, 173] OMS-2 was prepared by Duan et al.[174] for AO7 

removal with PMS. In this study, dissolved Mn2+ was demonstrated to be 

the non-responsible agent of degradation. Surface modification is 

necessary for OMS-2 to activate PMS because PMS is prone to be 

activated by basic surface, but OMS-2 has many acidic sites.[125] OMS-

2 encapsulated by Fe3O4 can introduce ferromagnetism and yield a core 

shell structure but reduced catalytic performance.[175] However, the 

introduction of ferromagnetism into the catalyst with Fe3O4 to fabricate 

Fe3O4/Mn3O4/rGO[176] and Fe3O4/MnO2[177] has proved to enhance 

the reactivity. In addition, Mn oxides could be applied as a support as 

well to enhance reactivity in catalysis of different transition metal oxides 

such as Co3O4 and CuO. 
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Different oxidation states limit Mn to maintain the chemical phases after 

PMS oxidations. A significant decrease from 100% phenol removal in 

the first run to 30% in the second run was observed on Mn2O3 catalysts 

because the chemical phase of Mn changed and intermediates formed 

were deposited on the surface of the catalysts.[169] Therefore, different 

post treatment methods, such as calcination, washing, chemical methods, 

are needed to recover its activity.[178] 

 

Zero valent copper (ZVC) and cupric oxides (CuO and Cu2O) were also 

regarded as PMS activators.[153, 179] It was found that CuO had a 

higher catalytic activity than Cu2O, implying oxides with Cu2+ enjoyed 

more effectiveness for PMS activation.[180] Compared to CuO with 

surface area of 1.52 m2/g, Cu/ZSM5 with surface area of 354 m2/g 

exhibited better catalytic performance, demonstrating that physical 

property exerts a great influence on the PMS activation.[181] CuO was 

used to degrade phenol solutions by Ji et al. and 65% phenol was 

removed in 60 min, while for CuO/H2O2 system, only 12% phenol was 

degraded within the same time.[182] 

 

2.3.2.4 Bimetal oxide heterogeneous catalysts 

 

Introducing another metal into metal oxides enables the catalysts to be 

more controllable due to various advantages, such as increased stability, 

versatility, ability of magnetic separation, high redox activity and better 

catalytic performance.[183] A combination of metal oxides have widely 

been applied as heterogeneous catalysts for oxidant reactions with the 

chemical formula of AxB3-xO4 in which A and B refer to metals such as 

Co, Fe, Cu, Mn, Zn and so on.[184] However, Co and Fe are the major 

transition metals to form these oxides. Magnetic nanomaterials, for 
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example, CoFe2O4, CuFe2O4, and CoxFe3-xO4 have been extensively 

utilized as promising catalysts in PMS activation due to their excellent 

catalytic performance and ability of magnetic separation.[185, 186] 

Yang et al.[27] reported the synthesis of nanomaterial with mixed iron 

and cobalt oxides and applied it in the heterogeneous catalysis. 

Compared to Co3O4, CoFe2O4 showed high efficiency in PMS activation 

because of the existence of more Co2+, less leaching of Co resulted from 

strong combination of Fe and Co, and easy recovery by magnetic 

separation. In addition, the number of hydroxyl groups on the catalyst 

surface can be increased by the existence of Fe and hydroxyl groups are 

perceived as the stimulator of heterogeneous PMS activation. Yao et 

al.[187] investigated the preparation of magnetic hybrids of CoFe2O4 and 

graphene. 100% phenol was removed on CoFe2O4-graphene in just 30 

min with the addition of rGO into CoFe2O4, while only 51% phenol was 

degraded by pure CoFe2O4 in 60 min. Moreover, an external magnet 

could easily remove the hybrids from the reaction solution. Magnetic 

composites of Fe3O4/carbon-sphere/cobalt were fabricated by Wang et 

al.[188] to completely remove phenol in just 30 min by PMS activation 

and strong magnetism were still remained in the system after the 

reaction. Ding et al.[189] synthesized CuFe2O4 magnetic nanoparticles to 

oxidize PMS to decompose tetrabromobisphenol A (TBBPA). It was 

found that both Cu2+ and Fe3+ could improve the catalytic performance. 

Due to Fe3+ reduction, a synergistic effect was demonstrated by the 

existence of Cu+ and Fe3+. CuCo2O4/PMS system was able to degrade 

87.2% sulfamethazine (SMZ), while for Co3O4, CuFe2O4, CuO, and 

Fe3O4, the results were 51.1%, 11.3%, 12.5%, and 7.9%, 

respectively.[180] The major reactive species for the generation of 

sulfate radicals was demonstrated to be Co2+. Different synthesis 

methods affect the efficiency of catalysts. Compared with preparation 
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method with no use of any organic precursors, solvothermal approach 

can decrease the efficiency of CuFe2O4, CoFe2O4 and MnFe2O4 with the 

increase in organic solvent and surfactant. RhB can be decolorized by 

nano-ferrite cobalt (CoxFe3-xO4) in PMS heterogeneous activation and 

catalytic activity was found to rely on the content of cobalt.[186] In 

another study, Acid Orange II (AOII) can be degraded by Fe3-xMxO4 (M 

= Cr, Mn, Co and Ni).[161] It was found that except that no change was 

seen for Cr, removal efficiency was enhanced with the growth in the 

amount of M. A mixed metal oxide spinel with no presence of Fe or Co 

was reported to degrade organic compounds with PMS. The catalytic 

performance of CuBi2O4 (CuB) attached on various metal oxides 

revealed that the best performance was shown by CoO-CuB compared 

with FeO-CuB and CuO-CuB. The degradation efficiency follows this 

order: CoO-CuB > Co3O4 > CuO-CuB > FeO-CuB > Fe2O3.[190] 

 

2.3.2.5 Metal-free heterogeneous catalysts 

 

PMS could be activated by carbon-based materials to produce radicals as 

well, such as activated carbon (AC), graphene, graphene oxide (GO), 

reduced graphene oxide (rGO), nanodiamond, carbon nanotubes (CNTs) 

and graphite. These materials are environmentally friendly and tend to be 

promising alternatives to poisonous and expensive metals to completely 

avoid metal leaching problem.[191, 192] 

 

AC enjoys high surface areas and plentiful catalytic functional groups 

like quinone, ketone, carbonyl, as well as carboxyl groups. Due to these 

properties, AC has been regarded as a promising catalyst widely used in 

the catalytic redox reactions and as a support of adsorption for metal-

based catalysts. The quantities of surface functional groups with 
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delocalized 𝜋𝜋  electrons, together with AC specific surface areas, 

determine the performance of various ACs used as PMS activators.[125] 

Generally, the mechanism of PMS activated by AC, similar to that by 

H2O2, is mediated by the delocalized 𝜋𝜋 electrons, which are illustrated as 

follows:[193] 

 

𝐶𝐶 − 𝜋𝜋 +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  → 𝐶𝐶 − 𝜋𝜋+ +  𝑂𝑂𝐻𝐻− +  𝑆𝑆𝑂𝑂4

•−                             (Eq. 2.52) 

𝐶𝐶 − 𝜋𝜋+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  → 𝐶𝐶 − 𝜋𝜋 +  𝐻𝐻+ +  𝑆𝑆𝑂𝑂5

•−                                (Eq. 2.53) 

 

Recently, PMS activation can be enhanced by AC modified with 

ammonia because the generated pyrrolic group facilitate electron transfer 

in the decomposition.[194] Nevertheless, AC is not likely to be a catalyst 

with long-term stability because repeated uses consume its adsorption 

ability and phenols and surface moieties are easily oxidized by PMS and 

produced radicals.[195] Studies have shown that powder activated 

carbon (PAC), granular activated carbon (GAC) as well as activated 

carbon fibre (ACF) can all activate PMS and the system of ACF/PMS 

exhibited higher degradation rate of dye than that of GAC/PMS.[196] 

Nevertheless, adsorption ability of ACF on pollutants could result in the 

improvement of degradation efficiency. Sun et al.[35] firstly adopted 

rGO to activate PMS for the degradation of phenol, chlorophenols and 

dyes and they considered that the major active sites to oxidize PMS are 

the zigzag edges as well as ketonic groups on the edges of rGO. 

Different dimensions of nanocarbon material, such as 1D single walled 

carbon nanotubes (SWCNTs), 2D graphene nanoplate (GNP), 3D 

hexagonally ordered mesoporous carbon (CMK-3) and cubically-ordered 

mesoporous carbon (CMK-8), were utilized to activate PMS for phenol 

degradation.[197] It was concluded that CMK-3, CMK-8 and SWCNTs 
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showed excellent catalytic performance in phenol removal due to their 

high surface area and edge defects featured by high density of electronic 

states which are vital to the reactions of electron transfer. Another study 

reported that catalytic activities of GO and nanodiamonds can be 

improved by heat treatment under N2 atmosphere because at this 

condition, defective edges increased, surplus oxygen functional groups 

were removed and electrons moved more quickly in the redox reactions.  

It is generally known that PMS are more likely to be activated on an 

alkaline surface. However, GO/rGO has an acid surface and thus 

chemical modification is necessary. Meanwhile, catalyst activity can be 

greatly improved by surface modification of carbon materials because 

alteration in surface affects the adsorption ability and catalytic capacity 

of materials.[126] The activated porous rGO was proved to be a highly 

effective catalyst in the adsorption and oxidation of phenol and 

methylene blue with a high specific surface area of 1200 m2 g-1.[198] 

Physical activation method can promote the catalytic performance of 

rGO compared with chemical and physiochemical activation 

methods.[199] The reason for this is that CO2 facilitate the formation of 

a large quantity of oxygen functional groups and enhance porosity. The 

rGO with surface defectives and zigzag edges, as reported, possesses a 

large quantity of redox active moieties with electrons in mobility for 

PMS activation, implying that an increase in the defect density can 

promote PMS activation. The ketonic group on the surface of rGO can 

experience electron transfer reactions with PMS to generate SO4
•−and 

SO5
•−. The active sites of rGO are regarded as some oxygen functional 

goups like nucleophilic ketonic and quinoidic groups.[200] These groups 

are abundant in electrons and able to mediate redox reactions. The 

following equations demonstrate the processes of PMS heterogeneously 

activated by oxygen functional groups of rGO:[198] 
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𝐶𝐶 = 𝐶𝐶 = 𝑂𝑂 +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝑆𝑆𝑂𝑂4

•− + 𝐶𝐶 = 𝐶𝐶 − 𝑂𝑂+ +  𝑂𝑂𝐻𝐻−            (Eq. 2.54) 

𝐶𝐶 = 𝐶𝐶 − 𝑂𝑂+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  → 𝐶𝐶 = 𝐶𝐶 = 𝑂𝑂 +  𝑆𝑆𝑂𝑂5

•− +  𝐻𝐻+               (Eq. 2.55) 

 

Meanwhile, catalytic performance of catalysts can also be boosted by 

heteroatoms doping, such as N, P, S, or B.[31-34, 36, 201, 202] Carbon-

based materials doped with heteroatoms can bring about many 

advantages, such as an increase in defective edges, surface hydrophilicity 

and electron mobility, a change in the electron density in the local carbon 

atom, an introduction of new electrocatalytic active sites and an 

acceleration of electron transfer reaction with PMS.[203, 204] Nitrogen-

doped graphene and CNT co-doped by nitrogen and sulfur were 

employed as more efficient catalysts to activate PMS than rGO and 

carbon nanotubes.[31, 32] The rGO co-doped by B and N is twice more 

efficient than Co3O4 to activate PMS.[201] However, it is reported that 

doping excessively would trigger many problems such as zig-zag defects 

blockage brought by B2O3.[205] Future research of doped catalysts could 

be extended to materials doped with other electron donors like K and Rb 

and acceptors like Br2 and I2 to improve catalytic activity.[206, 207] 

 

In spite of its high nitrogen content, graphitic-carbon nitride (g-C3N4) 

used alone cannot effectively activate PMS to degrade pollutants. 

However, when g-C3N4 was supported by AC[208] and MCM-41[209], a 

synergistic effect was observed between g-C3N4 and the support with O 

species presented in g-C3N4 as the main active site for PMS activation.  

To be noted, carbon-based materials also have some shortcomings. (1) 

due to cannibalistic oxidation, carbon-based catalysts usually have poor 

stability that cannot be used for many times, for example, as to N-doped 

rGO,[31] the phenol degradation efficiency dropped from 100% to 31% 
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after the first use and for N,B co-doped rGO,[201] it decreased from 

100% to 20%; (2) several carbon-based catalysts, such as CNTs and 

graphene, are expensive in comparison with some metal-based catalysts. 

Therefore, it is compulsory to improve the sustainability of carbon-based 

materials to enhance its overall removal efficiency. 

 

The mechanism of PMS activated by carbon-based materials was 

formerly not clear. In addition to the popular radical-based mechanism 

with the generation of •OH and SO4
•−, non-radical degradation 

mechanism of nanodiamond and nitrogen-doped single walled carbon 

nanotube have recently been proposed by some studies on the basis of 

direct electron extraction of organic pollutants.[210, 211] Usually, 

radical and nonradical processes coexist in the degradation of organic 

pollutants by N-doped single-walled CNT. 

 

 
Figure 2.4 The mechanism of PMS activation by rGO for phenol 

degradation. 
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Figure 2.5 The non-radical and radical mechanism of PMS activation by 

N-doped CNTs. 

 

As seen in Figure 2.5, the absorption of PMS and phenol were firstly 

occurred on the sp2 sites rich in electron and subsequently, PMS was 

activated either by radical or non-radical routes and phenol was degraded 

on the surface of N-doped single-walled CNT. It is presumed that PMS 

symmetric structure, along with its weaker oxidation and adsorption 

ability on CNT contributes to the non-radical pathway.[212] It is 

noticeable that carbon structure determines whether radical and 

nonradical pathways will occur.[213] The sp2 conjugation as well as 

ketonic groups facilitate the generation of •OH and SO4
•− from PMS 

dissociation. In addition, carbon networks equipped with defective edges 

are conducive to the emergence of nonradical process which has better 

selectivity to targeted organic pollutants, greater resistance to pH change 

and weaker influence by water matrix species. Moreover, single oxygen 

(1O2) has been identified as the major reactive species in the activation of 

PMS with quinones in another study.[214] The focus of future research 

is on the detection of generated radicals, their respective contributions to 

organics degradation and the impacts of various surface functional 

groups on the non-radical mechanism, which would be open a new 

avenue for the solution of cannibalistic oxidation. 
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2.4 Carbon nanomaterials and characterizations 

 

Termed as the Century of the Environment, the 21st century has faced 

many issues such as explosive population, intensified industrialization 

and urbanization, worldwide climate change and contaminated water, air 

and soils.[215] Among these, environmental problems have become 

major public concerns that require global efforts to alleviate their 

implications on human health and ecosystems. Recently, nanomaterials 

have aroused great interests of researchers in the applications of 

wastewater remediation,[216] energy production[217] and contaminant 

sensing.[218] Meanwhile, nanomaterials can overcome the shortcomings 

of metal-based catalysts such as high cost, poor stability, bad selectivity, 

influence by gas poisoning and harmfulness to the environment.[216] 

Carbon nanomaterials are defined to describe a wide variety of carbon 

materials smaller than 100 nm in at least one dimension with unique 

properties derived from their nanoscale features, many of which have 

been employed in the applications of wastewater treatment. Figure 2.6 

provides a schematic illustration of some nanocarbons.[219] 

 

 
Figure 2.6 Schematic illustration of some nanocarbons. 
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Various methods can be utilized to characterize nanocarbon materials. 

Scanning electron microscopy (SEM) is regarded as the most standard 

tool that can have a general idea of the materials. TEM, X-ray 

diffraction, along with Raman spectroscopy are routine techniques to 

characterize the microstructural features of nanomaterials. High-

resolution TEM (HRTEM) is considered as the only characterization 

technique to obtain a clear image of atoms arrangement of catalyst. 

Electron diffraction at selected area provides information on the 

graphene crystallinity from the microscopic level. Meanwhile, elemental 

analysis of certain areas can also be obtained from HRTEM. Raman 

spectroscopy, with monitoring the 2D, G and D bands, is considered as a 

very powerful tool for nanomaterials characterization. Generally, the 

positions of the three bands are approximately 2600, 1600, and 1350 

cm−1, respectively. The G-band stands for the presence of sp2 -hybridized 

carbon atoms, and the D-band gives evidence for defects like disorders, 

edges and boundaries. The 2D-band renders information on the number 

of layers of the graphene material. The intensity ratio of G and D band is 

a good indicator of the quality of graphene. Graphene materials with 

high quality have a low ID/IG ratio and a high I2D/IG ratio and the 

existence of dopant will intensify the D band. For example, the Raman 

spectra of graphene produced from exfoliation of graphite or CVD 

method exhibit no or a very weak D band. On the contrary, those 

produced by reduction of graphene oxide with many defects and oxygen 

groups have a higher ID/IG. X-ray photoemission spectroscopy (XPS), 

Fourier Transform Infrared Spectroscopy (FTIR), and thermogravimetric 

and thermodesorption methods are the approaches to investigate the 

surface functionality and adsorption properties of nanomaterials.  XPS is 

considered to obtain information on the nature of the active sites in 

graphene-based materials. After appropriate correction, XPS can 
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determine the existence, absence and quantity of element on the surface 

of the samples. In addition, the types of C, N, O and other elements and 

their relative contributions in the catalysts can also be obtained from 

XPS. FTIR has been widely applied in the characterization of graphene 

oxide, but it turns to be useless for reduced graphene oxide and other 

graphene-based materials because there are not intense adsorption 

vibrations in IR.  Thermogravimetry is utilized to study the total weight 

loss of the materials when heated to 800 oC or above under air 

atmosphere. At 100 oC, the weight loss is attributed to the water 

desorption. After that, combustion begins at around 300 °C and the 

biggest slope in the weight loss occurs at around 500 °C. Brunauer-

Emmett-Teller (BET) analysis determined by nitrogen adsorption-

desorption technique can give an idea of surface area and pore size 

distribution of carbon materials. [220-223] 

 

2.4.1 Graphene 

 

Graphene is a 2D layer of carbon atoms in the arrangement of a sp2-

bonded hexagonal crystalline structure with distinct physicochemical 

characteristics, particularly high specific surface area, excellent electron 

and thermal mobility, as well as strong mechanical strength.[224] The 

theoretical value of the specific surface area of graphene is to be 2630 m2 

g-1, the highest among all the materials, and this property enables it to be 

applied in adsorption or surface reactions.[225] Meanwhile, graphene 

can be used as a filler to enhance the mechanical strength of softer 

materials due to its remarkable mechanical properties.[226] Graphene is 

the building block of graphite, in which p-stacking of graphene sheets 

supports the lamellar graphite structure tightly in place and the interlayer 

spacing between sheets is 3.34 Å.[227] Graphene-based materials 
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include graphene, graphene doped by heteroatoms and other one-atom 

thick 2D layered materials composed of other elements besides carbon. 

Overview of structure and main characteristics of graphene-based 

nanomaterials are listed in Figure 2.7.[228] 

 

 
Figure 2.7 Overview of structure and main properties of graphene-based 

nanomaterials relevant for environmental applications. 

 

Meanwhile, exfoliation of graphite can generate single-layered graphene 

and micromechanical exfoliation, first developed by Geim and 

Novoselov, can produce graphene with high quality.[229] However, 

micromechanical exfoliation is labour-intensive and unsuitable for a 

large production of graphene. Graphite ultrasonication can also exfoliate 

graphene in organic solvents but with low yields.[230, 231] The most 

common approach for graphene production in large scale with high 

quality is decomposing SiC thermally or epitaxial growth of graphene on 
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the hot surfaces of transition metals through chemical vapour deposition 

(CVD) of precursors of hydrocarbons such as methane or alcohols.[232, 

233] Copper and nickel are regarded as the preferred transition metals in 

CVD.[234, 235] It is reported that CVD method has been regarded as the 

most desirable strategy for the production of high quality graphene with 

very low, or even free of oxygen content. The mechanism tends to 

depend on the templating effect from metal atoms whose spherical shape 

and size is suitable for a six carbon ring and can play a role as 

dehydrogenating centres to generate hydrogen and carbon in the process 

of graphene sheet growth. These high-cost methods can produce small 

amount of high-quality graphene to be applied in electronic applications, 

but inappropriate for catalysis.[236] 

 

Graphene oxide (GO), an oxidized form of graphene, is another 

graphene-based material with large quantities of oxygen functional 

groups such as carboxyl, hydroxyl, carbonyl, and epoxy in the carbon 

framework.[237] The generally accepted method for GO with many 

defects is on the basis of the traditional Hummers method initiated in 

1958, in which graphite was treated and deeply oxidized by a mixture of 

concentrated sulfuric acid (H2SO4), sodium nitrate (NaNO3), and 

oxidizing agent - potassium permanganate (KMnO4).[238] Up to now, 

various approaches have been developed to improve the yield and 

decrease the production of harmful gases, but KMnO4 is still kept as the 

major oxidant that frequently used in the production of GO.[239, 240] 

Due to the feasible preparation method in large quantities, GO has been 

considered as one of the most desirable graphene-based material as 

catalyst. Physicochemical properties have been greatly changed by the 

oxidation of graphene to GO. The excellent electronic and mechanical 

features of graphene were decreased by the introduction of many defects 
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into the carbon structure, making GO more hydrophilic.[241] Along with 

this property, high surface area as well as many oxygen functional 

groups on the surface enable GO to perform various chemical 

functionalizations, making GO a building block for graphene-based 

material.[237] Some variations of Hummers methods were conducted by 

the use of different oxidants and acids.[242] For example, as a good 

alternative to sulfuric acid, phosphoric acid can increase the viscosity of 

the mixture.[239] If the restoration of original carbon lattice can be 

achieved, GO can be regarded as a cheap and desirable material to 

produce graphene via ultrasound exfoliation and reduction with chemical 

reducing agents, thermal treatment, ultraviolet or microwave.[243, 244] 

However, complete reduction of GO cannot be achieved so far because 

oxygen groups cannot be completely removed by reduction and residual 

oxygenated functional groups and holes and defects are left in the 

material. Therefore, the quality of material is lower than that derived 

from CVD process. To be noted, reduced GO bring many new 

properties, such as carbon vacancies, residual oxygen content, and 

carbon structures with agglomerated pentagons and heptagons and these 

defects enable GO to partially restore the properties of pristine 

graphene.[245] Therefore, a new term, chemically converted graphene, 

reduced graphene or reduced GO (rGO) is created to describe this special 

chemical structure that different from graphene. 

 

In doped graphene-based materials, carbon atoms, normally below a 

percentage of 10, are took place by nitrogen, boron, phosphorus or 

sulfur.[236] The widely accepted method for the preparation of doped 

graphene materials is to introduce dopant element in the synthetic 

process of carbon material.[246] In addition, other procedures of 

graphene doping rely on the high reactivity of GO that are able to 
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experience the replacement of oxygen by other elements, which may 

cause incorporation of these elements by adding appropriate chemical 

agents. After GO is reduced, a certain amount of heteroatom can be kept 

on the carbon layer. Recently, another doping approach was reported to 

use a biopolymer with doping element in the modified or non-modified 

form.[247] It was found that heteroatom can be easily introduced into the 

graphene layer during pyrolysis. When temperature increases from 600 

to 1200 oC, doping percentage decreases. It was concluded that graphene 

quality can be enhanced by an increase in temperature due to the 

removal of defects at high temperature. Meanwhile, some natural 

polymers can serve as sources of both carbon and other elements, for 

example, chitosan consists of carbon and nitrogen and carragenate is 

made up of carbon sulfur. In addition, the modification of polymer can 

be achieved by the addition of another element not present in the 

polymer. For example, carbohydrates can be easily modified with 

phosphates[248] and borates[247] to obtain graphene-based materials 

with both phosphorus and boron elements. Figure 2.8 gives a summary 

of preparation methods most frequently used for graphene materials. 

  

 
Figure 2.8 Overview of most-used preparation procedures for graphene 

materials 

 

2.4.2 Carbon nanotubes  
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Discovered and characterized some years earlier than graphene, carbon 

nanotubes (CNTs) is a term to represent a variety of tubular carbon 

nanostructures equipped with similar structures and shapes.[249] The 

ideal CNTs are based on a hexagonal lattice made up of sp2 carbon 

atoms like graphene. Nevertheless, the edges of graphene sheets in 

nanotubes are fused to generate a cylindrical tube with a relatively high 

aspect ratio. CNTs of the simplest form are equipped with a single 

graphenic wall and is capped at two ends. The diameters of single-walled 

carbon nanotubes (SWCNTs) are about 0.4-2 nm and lengths are several 

micrometers with an empty internal space. Different amount of 

graphenic layers in the walls of the cylindrical structure can generate 

double-walled and multi-walled CNTs. The aspect ratio, referring to the 

ratio of length to diameter, is often greater than 10000 for carbon 

nanotubes, and as a result, CNTs are considered as the most anisotropic 

materials that have ever been produced. Besides these parameters, 

chirality, that is the angle between the hexagons and the nanotube axis, 

can enable carbon atoms in the vicinity of nanotube circumference to be 

in an arrangement of several ways. The most common patterns are 

armchair, zigzag and chiral.[250] 

 

In spite of the same basic structure, the synthesis methods of CNTs and 

graphene are completely different. Several methods have been well 

established on the preparation of CNTs.[251] The simplest preparation 

method depends on an arc discharge existed between two carbon 

electrodes in a chamber in an atmosphere of inert gas, the category and 

pressure of which determine the yield, purity and quality of resulting 

CNTs. He, CH4 and H2 are common gases used in this method.[252] 

Besides these gases, a range of volatile organic molecules can be added 

into the chamber to affect the characteristics of generated CNTs.[253] 
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Multi-walled CNTs, on the other hand, are formed by arc discharges 

without a catalyst. However, the preparation of single-walled CNTs can 

be achieved if the electrodes are derived from graphite with catalytic 

nanoparticles of metals like Ni, Fe, Co, Pt and Rh or their alloys. In an 

atmosphere of H2 or Ar, double walled CNTs can also be generated by 

arc-discharge approach with the employment of Ni, Co, Fe and S 

mixture as the catalyst.[254] It can also be produced by pulsed arc 

discharges with the alloy of Y/Ni as the catalyst.[255] It has also been 

reported that CNTs can be produced by pulsed-laser ablation of a 

graphite target in a chamber with a controlled atmosphere. Catalytic 

nanoparticles of Ni or Co or the mixture are usually included in the 

graphite target and the ablation is carried out with either Nd : YAG or 

CO2 lasers.[256] 

 

CVD over a metal catalyst is regarded as the most powerful approach for 

CNTs preparation. The most widely used carbon vapor is methane, 

ethane, acetylene, ethylene, a mixture of H2/CH4, or ethanol. And the 

metal catalyst normally tends to be Fe, Co or Ni nanoparticles or some 

alloys of these elements. After the flowing of carbon vapor over the 

nanoparticles, they are broken down by heat or plasma irradiation, 

reconstructing CNTs after the catalytic nucleation.[257] Several 

parameters, such as nanoparticles composition and morphology, carbon 

source, substrate nature, decomposition temperature, are utilized to 

evaluate the quality, yield, purity and properties of the CNTs produced 

from CVD.[258, 259] Metallic and amorphous carbon impurities and 

deficiency in chirality control are the major difficulties in CNTs 

generation. Metal impurities derived from the catalyst, along with the 

by-product of amorphous carbon nanostructures are frequently occurred 

in the soot of CNTs. 
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Up to now, CNTs growth mechanism has been well understood. In 

summary, CNTs prepared from arc discharge or laser vaporization 

approaches are suitable for the investigation at a laboratory level, and 

CVD is prone to the mass production of multi-walled CNTs.[219] In a 

research conducted by Tessonnier et al.[260] 1 g cobalt-manganese-

based catalyst in spinel type is able to generate approximately 180 g 

multi-walled CNTs under an atmosphere of a mixture of ethylene and 

hydrogen at 650 oC for 2 h, realizing an industrial yield of 70 kg·h−1 with 

very scarce impurities left in the catalyst. Multi-walled CNTs are still the 

major category of nanocarbon material applied in catalysis.  

 

In spite of the preference for many applications, single-walled CNTs 

cannot be produced at a large quantity with a reasonable cost, which 

limit their practical uses. Compared with multi-walled CNTs, the 

industrial production of single-walled CNTs is still lack of development. 

High temperatures of CVD make hydrocarbon pyrolyze too fast and 

particles sinter together and thus CVD for the growth of single-walled 

CNTs cannot be obtained on an industrial scale.[219] 

 

For the sustainable development, the employment of iron-based catalysts 

in CNTs growth has aroused great interest.[261, 262] Recently, the 

synthesis of CNTs in vertical alignment has become a progress in CNTs 

preparation.[263] Being catalyst support, aligned CNTs can be applied in 

the field of electrocatalysis[264] and microreactors.[265] However, this 

special CNTs can only be obtained in the laboratory. 

 

Compared with undoped CNTs, CNTs doped by different heteroatoms 

like nitrogen or boron are regarded as different nanocarbons because of 

their diverse properties in different reactions as catalyst support. 
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Important progress has been achieved in the preparation of CNTs doped 

by nitrogen or boron with methods in similarity to those producing 

CNTs. During the process of CNTs preparation, doping carbons with 

nitrogen- or boron- precursors can homogeneously incorporate nitrogen 

or boron into the whole carbon structure.[266] Nitrogen-doped CNTs 

can be produced most effectively by CVD process in combination with 

nitrogen-containing precursors like melamine, benzylamine, acetonitrile, 

N-heterocycles, or ammonia, 1,2-ethylenediamine, and pyridine mixed 

with carbon sources. Nitrogen could be introduced into the CNTs via 

direct replacement of a carbon atom or a pyridinic bonding 

configuration. Without a hollow channel, nitrogen-doped CNTs usually 

exhibit bamboo-like structure. Strict control of many thermodynamic 

parameters is needed in the reaction of N incorporation in the CVD.[219] 

To be mentioned, there is a growing attention in the preparation of CNT-

like materials. For instance, boron nitride nanotubes (BNNTs),[267] 

similar to CNTs in structure, are an electrical insulator with a band gap 

of 5 eV and independent of tube geometry. Beyond that, BNNTs are 

ideal catalysts due to their good stability, outstanding mechanical 

properties, and excellent thermal conductivity. Another material that 

receives research attention is carbon nitride nanotubes (CNNTs), which 

serve as a support for catalytic nanoparticles, as well as materials in 

photocatalysis and electrocatalysis.[268, 269] 

 

2.5 Conclusion 

 

Advanced oxidation processes are found to be an environmental friendly 

process for the degradation of refractory compounds. They are near 

ambient temperature and pressure water treatment processes which 

involve the generation of hydroxyl radicals and sulfate radicals in 
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sufficient quantity to affect water purification. Hydroxyl radicals-based 

AOPs are classified according to hydroxyl radical generation methods 

(chemical, eletro-chemical, sono-chemical and photochemical). The 

combination of conventional and nonconventional AOPs like photo-

electro-Fenton and sono-electro-Fenton are also widely utilized in the 

processes of different contaminants removal. 

 

AOPs are now shiting towards use of sulfate radical due to its unique 

characterisitics of high oxidation potential, applicability in a wide pH 

range, more stability than hydroxyl radicals and being more selective. 

PMS is an effective and promising oxidant for producing hydroxyl and 

sulfate radicals. PMS-based AOPs can open a new perspective of 

oxidative reactions to degrade the organic pollutants. Activation methods 

are comprehensively discussed amongst which heterogeneous catalysts 

have attracted much attention in case of PMS catalysing since no metals 

would be released into the aqueous solution. 

 

Nanomaterials have recently aroused great interests of researchers in the 

applications of wastewater remediation, energy production and 

contaminants sensing. Nanomaterials can overcome the shortcomings of 

metal-based catalysts such as high cost, poor stability, bad selectivity, 

influence by gas poisoning and harmfulness to the environment. 

Graphene and carbon nanotubes are two most widely used carbon 

materials due to their unique characteristics such as large surface area, 

good thermal conductivity, and distinctive carbon configuration. Various 

methods, including SEM, TEM, XRD, XPS, etc. can be utilized to 

characterize nanocarbon materials. Meanwhile, they can be prepared by 

different synthesis methods. Doping graphene and carbon nanotubes 
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with heteroatom is an effective approach to improve their catalytic 

performance in phenol degradation. 
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Chapter 3 One-pot synthesis of N-doped graphene for 

metal-free advanced oxidation processes 

Abstract 

Recently graphene and its derivatives as novel metal-free materials have 

attracted considerable attention in environmental remediation 

technologies. One of the barriers to practical applications is the mass 

production of high quality graphene-based catalysts. In this study, high-

quality nitrogen-doped graphene (NG) nanomaterials were synthesized 

by controlled pyrolysis of a mixture of glucose, ferric chloride and urea. 

Glucose serves as a carbon precursor, urea as a nitrogen precursor, and 

hexahydrate ferric chloride as both a template and a catalyst. It was 

found that a low oxygen level of 2-4 at% and a nitrogen doping level of 

0.5-1.8 at% were achieved at a moderate temperature. The obtained 

nitrogen-doped graphene was employed as a metal-free catalyst for 

efficient phenol degradation by peroxymonosulfate (PMS) activation. 

Kinetic studies showed that the phenol degradation facilitated by NG 

catalysis followed first-order reaction kinetics. Electron paramagnetic 

resonance (EPR) was performed to detect radical generation in order to 

reveal the mechanism of PMS activation processes and phenol 

degradation pathways on nanocarbons. It was found that both •OH and 

SO4•− were produced in the catalytic oxidation processes and played 

significant roles in phenol oxidation. 
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3.1 Introduction 

Organic pollutants like phenolic compounds and dyes in wastewater, 

caused by alarmingly growth of population and rapid development of 

urbanization and industrialization, have received great public concerns 

due to their toxicity and resistance to natural degradation. Therefore, 

effective measures and technologies are required to be employed to 

completely remove such organics from the eco-system.[1-3] Among 

various water treatment technologies that can address this environmental 

challenge, advanced oxidation processes (AOPs) have been widely used 

because they can effectively and completely decompose different types 

of pollutants.[4] Fenton reaction is one of typical AOPs that have been 

demonstrated to be highly effective in complete removal of pollutants by 

producing hydroxyl radicals (•OH). Recently, sulfate radicals (SO4
•−) 

have been discovered as an excellent alternative to hydroxyl radicals (•

OH) due to their higher oxidation potential and the flexible pH range.[5, 

6] Cobalt-, manganese- and iron-based catalysts have been extensively 

applied for activation of PMS to produce sulfate radicals.[1, 7-9] 

However, metal-based catalysts are expensive and the associated metal 

leaching can lead to secondary contamination to water bodies, resulting 

in several health and environmental problems.[10, 11] Therefore, metal-

free, green catalysts are highly desirable as promising alternatives to 

conventional metal-based catalysts for environmental remediation.[12] 

Graphene, a two-dimensional structure of sp2-hybridized carbon atoms 

arranged in a hexagonal crystalline ring, has demonstrated superior 

metal-free catalysis.[13] The interest in graphene and graphene-based 

materials stems from their distinctive physicochemical properties, 

particularly the exceptionally electron and thermal mobility, high surface 
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area, and mechanical strength.[14] These superb properties have 

triggered extensive applications in a variety of fields such as solar 

cells,[15] lithium ion batteries,[16] biosensors,[17] and 

supercapacitors.[18] Recent studies have demonstrated that chemically 

reduced graphene oxide (rGO) can be employed as a metal-free catalyst 

to activate PMS in water decontamination.[12]  

Doping the carbon network of graphene with adventitious heteroatoms 

(e.g., N, B and P) introduces new active sites, increases the electrical 

conductivity as well as notably enhances catalytic activity of 

graphene.[19, 20] The doped graphene promises many fascinating 

properties.[21-23] Wei and co-workers synthesized N-doped graphene 

by a chemical vapor deposition (CVD) method and observed an n-type 

behavior indicating that substitutional doping can effectively modulate 

the electrical properties of graphene.[24] Yang et al. reported that N- and 

S-codoped graphene sheets via a thermal preparation method 

demonstrated a good electrocatalytic activity, long durability and high 

selectivity in metal-free oxygen reduction reactions.[25] In 

environmental remediation, the authors proved that modification of rGO 

[26] and pristine multi-walled carbon nanotubes (MWCNTs)[27] with 

nitrogen atoms using ammonium nitrate as the N precursor can 

dramatically boost the performance of PMS activation. N-doped 

graphene synthesized by directly annealing graphene oxide with a novel 

nitrogen precursor of melamine also showed an excellent efficiency in 

degradation of phenol solutions.[28]  

A number of preparation methods, such as micromechanical exfoliation 

of graphite, CVD, oxidation-reduction method, pyrolysis or calcination 

methods, have been developed to produce graphene.[29, 30] The popular 
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Hummers’ method has been restricted by the energy-intensive, complex 

procedures and the employment of strong acids and oxides.[31] Large 

scale fabrication of high-quality graphene products is still a challenging 

task. Meanwhile, nitrogen-doped nanoporous carbon can be achieved by 

treating the carbon materials either with ammonia gas/air or nitrogen-

containing carbon precursors, such as melamine, polyacrylonitrile, 

polyvinylpyridine, and quinolone-containing pitch.[32] However, 

simultaneous carbonization and nitrogen doping for preparation of 

nitrogen-doped graphene has been less explored. Therefore, development 

of high-quality nitrogen-doped graphene sheets is tremendously 

desirable for metal-free remediation.  

In this chapter, we report the scalable production of high-quality 

nitrogen-doped graphene sheets using one-pot pyrolysis of a mixture of 

glucose, ferric chloride and urea. The prepared graphene materials were 

able to serve as an excellent metal-free catalyst to activate PMS for 

catalytic oxidation of organic pollutants in water, providing a promising 

green material for environmental remediation. 

3.2 Experimental  

Materials and Chemicals. D-glucose, urea, hexahydrate ferric chloride 

(FeCl3·6H2O) and potassium peroxymonosulfate 

(2KHSO5·3KHSO4·K2SO4, Oxone) were purchased from Sigma-

Aldrich. Acetone and hydrochloric acid (32%) were obtained from 

Chem-Supply. Phenol was obtained from Ajax Finechem. Ultrapure 

water was used in all of the experiments. 
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Synthesis of Nitrogen-doped Graphene (NG). In a typical procedure, 3 

g glucose, 3 g FeCl3·6H2O and a certain amount of urea were dissolved 

in 10 mL water in a crucible. A yellow colored solution was vaporized at 

80 ℃ in air and further dried in an oven for 24 h, and then a black solid 

was obtained. The solid was then calcined in a quartz tube furnace at 700 

℃ for 6 h under a nitrogen flow of 50 mL min-1. After cooling down to 

room temperature, the sample was placed in a beaker containing 100 mL 

hydrochloric acid with magnetic stirring for 6 h to remove iron. The 

solid sample was washed in succession with ultrapure water and acetone 

for several times. Finally, the sample was dried in an oven at 60 ℃ 

overnight to obtain NG-10 (10% mass ratio of urea in the mixture) and 

NG-20 (20% mass ratio of urea in the mixture), respectively. NG was 

prepared with the same amount of FeCl3·6H2O and urea without any 

glucose while CG (C-graphene) was prepared with the same amount of 

FeCl3·6H2O and glucose but without any urea. 

Characterization of Materials. X-ray diffraction (XRD) patterns were 

acquired on a Bruker D8-Advanced X-ray instrument using a Cu-Kα 

radiation with λ at 1.5418 Å. Nitrogen sorption isotherms were obtained 

on a Tristar II 3020 after degassing the samples at 110 ℃ for 4 h. The 

Brunauer-Emmett-Teller (BET) equation and the Barrett-Joyner-Halenda 

(BJH) method were utilized to evaluate the specific surface area and the 

pore size distribution of the samples, respectively. Fourier transform 

infrared (FTIR) spectra were obtained from a Bruker instrument with an 

ATR correction mode. X-ray photoelectron spectroscopy (XPS) was 

carried out to determine the chemical states of elements using a Thermo 

Escalab 250 with Al-Kα X-ray. Thermogravimetric-differential thermal 

analysis (TG-DTA) was carried out by heating the samples in an air flow 

at a rate of 100 mL min-1 using a Perkin-Elmer Diamond TGA/DTA 
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thermal analyzer with a heating rate of 10 ℃ min-1. Scanning electron 

microscopy (SEM) was applied to investigate the morphology of the 

catalysts using a Zeiss Neon 40 EsB FIBSEM. Raman analysis was 

performed on an ISA dispersive Raman spectrometer using argon ion 

laser (514 nm). Electron paramagnetic resonance (EPR) spectra were 

obtained on a Bruker EMS-plus to detect the free radicals generated 

during activation of PMS and oxidation of phenol solutions. 

Catalytic Oxidation of Phenol Solutions. The catalytic oxidation of 

phenol was carried out in a 500 mL conical flask with phenol solution 

(20 ppm), the catalyst (0.2 g L-1) and PMS (2.0 g L-1) in a constant-

temperature controlled water bath for the kinetic studies. At each time 

interval, 1 mL solution was withdrawn by a syringe, filtered by a 0.45 

mm Millipore film, and injected into a vial. Then 0.5 mL of methanol as 

a quenching reagent was immediately injected into the reaction solution. 

The mixed solution was analyzed by a high performance liquid 

chromatograph (HPLC, Varian) with a C-18 column and a UV detector 

set at 270 nm. 

Mechanistic Studies of the Catalytic Processes. An EMS-plus EPR 

instrument from Bruker was employed to detect the free radicals 

captured by 5,5-dimethyl-1-pyrroline (DMPO, ＞ 99.0%) during PMS 

activation, operating under the following conditions: centre field, 3515 

G; sweep width, 100 G; microwave frequency, 9.87 GHz; power setting, 

18.75 mW; scan number, 3. The radical quantitative information was 

acquired from the Spin Fitting from Bruker Xenon Software Package.  

3.3 Results and Discussion 
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The crystallographic structures of the samples were examined by XRD 

analysis. Figure 3.1 shows XRD patterns of the graphene-based 

materials. Strong and sharp peaks at around 26o and weak peaks at 

43o emerged in all the four samples, corresponding to the (002) and (100) 

reflections of hexagonal graphitic carbon, respectively.[33] The 

pronounced (002) peak at 26o (2θ) for CG was also observed for 

nitrogen-doped graphene, confirming the formation of graphene 

structure. The broad background band centred at 26o can be attributed to 

the presence of intercalated “N defects” in the nitrogen-doped graphene 

structure.[34] The intensities of the peaks on CG and NG were much 

stronger than those of previous studies, demonstrating that this novel 

synthesis can produce high-quality graphene as well as its derivatives.  
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Figure 3.1 XRD patterns of NG-10, NG-20, NG and CG samples. 

Raman spectroscopy is a powerful technique for the investigation of the 

degree of graphitization, number of layers and doping status of 

graphene.[35] The G-band gives the evidence for the existence of sp2-
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hybridized carbon atoms, while the D-band demonstrates defects such as 

disorders, edges and boundaries of the carbon framework. The 2D-band 

provides information on the number of layers of the graphene 

materials.[36] Raman spectra of CG and N-graphene are displayed in 

Figure 3.2. The characteristic D band (1319 cm-1), G band (1570 cm-1) 

and 2D band (2647 cm-1) were observed. The intensity ratios of D band 

to G band (ID/IG) can be used to evaluate the structural disorder and 

defect of graphitic carbon materials. The ID/IG values of NG-10, NG-20, 

NG and CG were estimated to be 0.947, 1.332, 1.015 and 1.044, 

respectively. Based on Raman results, it could be concluded that the 

defective degree of NG-20 was higher than NG-10 and CG, possibly due 

to the great interruption caused by the incorporation of nitrogen atoms to 

the well-ordered sp2-hybridized and curved honeycomb nanosheets.[37] 

The strong D band indicated that N-doping would  
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Figure 3.2 Raman spectra of NG-10, NG-20, NG and CG 
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significantly enhance the defect density. However, the ID/IG value of 

NG-10 was a bit lower than CG because of low nitrogen doping level of 

NG-10, indicating a minor effect of nitrogen doping on the defective 

degree and no significant change of sp2 carbon network of the NG-10 by 

nitrogen modification. The ID/IG values of NG and CG are much lower 

than that of a typical rGO (1.48) [12] and nitrogen-doped graphene 

prepared by annealing GO with melamine (1.34) [28] or ammonium 

nitrate (1.41) [38], wherein GO was prepared by the Hummers’ method. 

This indicated that the CG and NG prepared in this study are of a high 

quality with fewer defects.    

Figure 3.3(a) shows N2 adsorption/desorption isotherms and pore size 

distributions of NG-10, NG-20, NG and CG materials. According to the 

IUPAC classification, all of the samples presented type IV isotherms 

with a type III hysteresis loop, indicating the presence of typical 

mesoporous structures.[32] As seen, the samples displayed distinct 

hysteresis loops at the relative pressure range (P/P0) of 0.45 to 0.95 and a 

moderate increase at low relative pressure. However, the hysteresis loop 

on NG was narrower than those of the other three samples, suggesting a 

less porous structure and thus lower surface area and pore volume.[39] 

The detailed textural properties can be seen in Table 3.1.  
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Figure 3.3 (a) N2 adsorption/desorption isotherms and (b) pore size 

distributions of NG-10, NG-20, NG and CG. 

The pore size distributions of the obtained materials are shown in Figure 

3.3(b). All the four samples displayed a similar mesopore size 

distribution, i.e., a single modal pore diameter distribution centered at 

around at 2.3-2.4 nm was observed for each sample, demonstrating that 

urea or glucose was not the key parameter in determining the pore 

structure. 

Table 3.1 summarizes the sorption results of NG-10, NG-20, NG and 

CG. The SSA of CG was 112.5 m2/g, slightly higher than NG-10 of 
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106.4 m2/g. After increasing urea content to 20%, the SSA value of NG-

20 was enhanced to 165.8 m2/g, higher than NG and CG. However, the 

SSA of NG decreased to some extent, which might be owing to (i) the 

less spaces between layered hierarchical structures grown on the 

surfaces, and (ii) lower exfoliation degree induced by the 

reduction/annealing processes with large amount of urea, in consistent 

with the highly disorientated and crinkled structure observed in the SEM 

(shown later).  

Table 3.1 Textural properties of NG-10, NG-20, NG and CG samples 

 BET surface area, 

m2/g 

Pore volume, 

cm3/g 

Average pore size, 

nm 

NG-10 106.4 0.21 6.0 

NG-20 165.8 0.28 5.7 

NG 99.3 0.10 4.4 

CG 112.5 0.26 6.1 

 

Figure 3.4 demonstrates FTIR of the obtained four samples. None of 

them showed strong signals, indicating that no high level of oxygen 

containing species, such as carboxylic (COOH), carbonyl (C=O) and 

hydroxyl groups exist. This observation can be confirmed by XPS 

spectra. Meanwhile, no nitrogen related peaks were found in the FTIR 

spectra of NG, indicating that nitrogen has been incorporated into 

graphene. 
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Figure 3.4 FTIR spectra of NG-10, NG-20, NG and CG. 

The thermal behaviors of all the four samples were investigated by TGA-

DSC. The curves are presented in Figure 3.5 (a) and (b), respectively. 

The analysis was performed in air at a heating rate of 10 oC min-1. Figure 

3.5 (a) indicates that there are three regions in the NG weight loss 

process. First, a minor weight loss occurs from room temperature to 

about 300 oC which may be due to the evaporation of adsorbed water 

molecules. Second, a minor weight loss occurs from 300 to 500 oC 

which can be attributed to the removal of residual oxygenated functional 

groups generating CO2 and H2O, and the DSC curve also shows a 

characteristic step or peak at 431 oC. Finally, a major weight loss can be 

observed between 500 and 680 oC. The TGA and DSC curves show a 

characteristic step or strong exothermal peak at 598 oC due to the carbon 

combustion and decomposition. No further weigh loss of NG can be 

observed after 680 oC. The weight loss was determined to be stabilized at 

7% after 688 oC, indicating the complete combustion of carbon and 
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oxidation of iron with a final product of iron compound.[38] The iron 

compound was hard to be removed by hydrochloric acid, in good 

agreement with the XPS result.[40] 
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Figure 3.5 TGA (a) and DSC (b) curves of NG-10, NG-20, NG and CG. 
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Figure 3.6 XPS surveys of NG-10, NG-20, NG and CG samples (a) and 

N 1s scan of NG-10 (b), NG-20 (c) and NG (d). 

XPS studies were carried out to give insights into the composition and 

chemical states of the prepared graphene materials. Figure 3.6 (a) shows 

that on CG, only carbon and oxygen were detected, and oxygen exists at 

a very low ratio of 3.44 at%, which was consistent with the FTIR results 

in Figure 4. The oxygen levels were subsequently reduced to 2.83 and 

3.28 at% after nitrogen doping but increased to 4.2 at% with the 

substitution of glucose by urea, partially due to the introduction of NOx 

species. The oxygen contents in these four samples were much lower 

than those of rGO (14.44 at%)[12] and N-rGO (11.53 at%) derived from 
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reduction of graphite oxide,[26] suggesting that this novel method can 

generate high-quality graphene and graphene-based materials with low 

oxygen levels. NG-10 and NG-20 also demonstrate a low ratio of oxygen 

and increasing level of nitrogen. It was reported that carbocyclic and 

lactone groups begin to decompose into CO2 at about 250 oC, whereas 

carbonyl and –COOH groups would turn into CO and CO2 above 

450 oC.[38] Thus, these surface oxygen groups would function as the 

active sites to react with urea to form C-N bond and dope nitrogen into 

graphene layers. 

The nitrogen levels of NG-10, NG-20 and NG were determined to be 

0.68, 1.79, and 0.77 at%, respectively. The doping level is similar to N-

CNT[27] but not comparable to that of in-situ doping because the 

nitrogen doping levels will decrease significantly when the calcination 

temperature is above 500 oC, which will break C-N bonds and remove 

the nitrogen from NG. The relatively low doping levels in comparison 

with that of N-rGO (5.61 at%) were also ascribed to the highly stable 

structure of these graphene sheets, in consistent with the results of TGA 

in Figure 3.5.[26] 

The high resolution XPS N 1s spectrum of NG was fitted into three 

peaks with binding energies at 401.4, 400.2 and 398.6 eV, corresponding 

to the graphitic (or quaternary) , pyrrolic, and pyridinic N, 

respectively.[41] Substitutional nitrogen doping was achieved at a 

portion of 72.9% in the overall nitrogen dopants, much higher than that 

in N-CNT (16.0%) and NG-700 (22.5%). On the other hand, only 

pyridinic and pyrrolic nitrogen species were found in NG-10 and NG-20 

because low content of precursors might only lead to surface 

modification and thus nitrogen was not able to integrate into the interior 
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of graphene sheets and was only located at the defective sites. It was 

well established that greater nitrogen doping can produce more graphitic 

nitrogen in the carbon network. 

It can be seen that graphitic N increases with the nitrogen precursor but 

pyrrolic N decreases, which may be attributed to that graphitic N is more 

stable than the pyrrolic N into the carbon lattice during the construction 

of graphene sheets under annealing. The high content of graphitic N in 

NG indicated that nitrogen was able to incorporate into the graphitic 

carbon framework, thus change the NG structure. 

XPS also suggested that 2.33 at% Fe existed in NG, proving that some 

iron compound was not completely removed by acid, which was in good 

agreement with TGA results in Figure 3.5 (a). In addition, the detected 

Fe loading was lower than that from TGA, indicating that partial iron 

was encapsulated into carbon. Therefore, it is difficult to remove the Fe 

species encapsulated in carbon with the common way, such as ball-

milling and leaching in hot acid solution because they are protected by 

clingy graphitic layers.[40] 

Figure 3.7 shows SEM images of graphene and various N-graphene 

samples. It was found that many exfoliated layers and several stacked 

layers were observed in CG.[12] After the nitrogen doping process, 

graphene were broken down and the morphology was changed 

remarkably. Disordered exfoliated layers and partially aggregated and 

crinkled structures were obtained in NG. This further indicated that high 

content of nitrogen precursor is able to incorporate nitrogen into the 

graphitic carbon framework. The bulk structure of the NG was altered 
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because nitrogen atoms were located not only at the defective sites of the 

graphene sheets, but also integrated into the interior of graphene sheets. 

 

Figure 3.7 SEM images of (a) NG-10, (b) NG-20, (c) NG and (d) CG 

The catalytic activities of various carbocatalysts were investigated in 

catalytic activation of PMS for phenol oxidation in aqueous solutions. 

Figure 3.8 (a) shows that PMS itself can hardly generate active radicals 

to degrade phenol without a solid catalyst and only 6% phenol was 

removed, indicating that PMS cannot be effectively activated by ambient 

temperature to produce sulfate radicals. Meanwhile, without the addition 

of PMS, only around 4% phenol was removed by the adsorption of NG. 

In addition, CG (undoped graphene) was not able to effectively activate 

PMS for the phenol oxidation reactions and only decomposed 56% 

phenol in 180 min. The performance of phenol degradation was 
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improved on NG-10 and NG-20, and 96% and 98% phenol removal 

efficiencies were achieved in 180 min, respectively. NG was able to 

completely degrade phenol in 90 min, exhibiting the best catalytic 

performance. NG was more efficient than the reduced graphene oxide 

(70.4%)[12] and multi-walled carbon nanotubes (76%)[27] respectively, 

within 180 min in previous studies, and comparable to sulfur and 

nitrogen co-doped graphene.[19] 
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Figure 3.8 (a) Phenol degradation under various catalysts, (b) stability 

and recyclability studies of NG (catalyst: 0.2 g/L; PMS: 2 g/L; T: 25 oC), 

(c) effect of catalyst loading on phenol removal, and (d) effect of 

reaction temperature on phenol removal (catalyst = 0.1 g/L). 
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The results of all these four materials demonstrated that nitrogen doping 

exerts a more significant effect than SSA on the improved performance 

of phenol catalytic oxidation. NG has the lowest SSA (99.3 m2 g-1) but 

demonstrated a greater enhancement in catalytic performance. This 

strongly suggested that nitrogen doping may play a dominant role in the 

catalytic performance of nitrogen-doped materials prepared by this 

simple and green method. The doped nitrogen would change the 

electronic structure of carbon atoms nearby, and thus accelerate the 

electron transfer for the catalytic processes. 

A pseudo-first-order reaction was applied for the estimation of the 

kinetic rates of graphene materials, as shown below: 

ln � 𝐶𝐶
𝐶𝐶0

� =  −𝑘𝑘𝑘𝑘                                                                               (Eq. 3.1) 

The reaction rate constants (k) of phenol oxidation on NG-10, NG-20, 

NG and CG were estimated to be 0.032, 0.044, 0.071, and 0.011 min-1, 

respectively. Upon nitrogen doping, NG-10, NG-20 and NG presented 

higher activities than CG without nitrogen doping. Meanwhile, NG 

showed the highest efficiency among all the materials, which were 2.2, 

1.6 and 6.5 folds higher than that of NG-10, NG-20 and CG, 

respectively. 

Stability and reusability tests were also carried out on NG and are shown 

in Figure 3.8 (b). The fresh sample (first run) was able to completely 

decompose phenol in 90 min, and phenol removals at 42% and 20% 

were achieved in 180 min for the second and third runs, respectively. In 

a similar study, N-doped CNT decomposed 100% phenol in 20 min in 
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the first run, but removed 100% and 89% phenol in 120 and 180 min for 

the second and third runs. [37] In another study, around 58% and 31% of 

phenol was removed after 180 min in the second and third runs, 

respectively, compared to 100% decomposition of phenol in 45 min for 

the fresh catalyst[26]. In addition, rGO achieved complete 

decomposition of phenol in 150 min in the first run, yet only 58% and 

25% phenol removal was achieved in 180 min for the second and third 

runs, respectively.[12] The deactivation of the catalyst might be ascribed 

to intricate influence of surface chemistry and structural changes, 

including the adsorption of intermediates, coverage of surface active 

sites, change of pore structures, and dopants re-fabrication in graphene 

network. 

Figure 3.8 (c) shows the effect of catalyst loading on phenol oxidation. 

100% phenol removal was achieved at only 5 and 90 min for 0.5 and 0.2 

g/L NG, respectively. Meanwhile, 0.1 g/L NG only degraded 72% 

phenol in 180 min. Because of the minor adsorption on NG, the 

significant enhancement in the efficiency of phenol removal was 

attributed to the more active sites brought in by the increase of catalyst 

dosage to activate PMS. 

The effect of solution temperature on PMS activation of NG is shown in 

Figure 3.8 (d). Unlike cobalt catalysis, a slight increase in phenol 

degradation efficiency was observed at elevated temperatures. To be 

specific, 67, 72 and 80% phenol were removed in 180 min at 15, 25 and 

35 oC (catalyst loading 0.1 g/L), respectively. Generally, elevated 

temperature stimulates phenol adsorption and electron transfer to create 

more reactive radicals. The weak temperature dependence of carrier 

mobility has been suggested to be the instinct feature of NG. This might 
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be part of the reason that temperature can only slightly affect the 

catalytic reaction. The activation energy of NG for catalytic oxidation of 

phenol, based on the first order kinetics and determined by the Arrhenius 

equation, was calculated to be 96.6 kJ/mol, higher than NG-700 (18.6 

kJ/mol)[28], N-CNT (36.0 kJ/mol)[37], and graphene (84.0 kJ/mol). [12] 

Both the intricate electronic states and the spin culture of covalent 

carbon have been demonstrated to have a close correlation to the 

catalytic properties of nanocarbon materials.[12] PMS activation indeed 

relies on the electron transfer from the catalyst to PMS to break up the 

O3SO-OH bond and generate active radicals. The abundant free-flowing 

electrons in the sp2-hybridized graphene shell could present great 

potential to facilitate electron transport to HSO5
− (PMS) to generate 

sulfate (SO4
•−) and hydroxyl (•OH) radicals. [37] It was proposed that 

the active sites of nanocarbon materials in PMS can be sp2 carbon, 

zigzag edges with unconfined π electrons, and electron rich-containing 

oxides such as ketonic and quinone groups(C=O) at the defect edges.[42, 

43] Although a high percentage of Fe/FeOx existed after pyrolysis before 

acid treatment, the majority of them were removed by strong and 

concentrated acid for many hours  and washed by ultrapure water and 

acetone for several times until the solution had no color. In addition, 

phenol was a weak acid to activate FeOx into iron ions and it could be 

concluded that the catalytic activity of NG is not contributed by iron 

species. The promoted catalytic performance of NG was possibly due to 

the sp2 carbon by graphitic N doping and N atoms at the defective sites. 

In this study, a large portion of substitutional N doping (graphitic N) 

with a smaller covalent radius and higher electronegativity than C atom 

was achieved by a simple and green doping strategy. The proposed 

mechanism of PMS activation on NG is illustrated in Scheme 3.1. The 
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graphitic N induced electron transfer from adjacent carbon atoms to 

nitrogen, thus breaking the chemical inertness of the sp2 carbon layer and 

altering the catalytic activity of graphene. The positively charged 

adjacent carbon atoms have greater potential to absorb HSO5
− and break 

the O-O bond (HO—SO4
−) to generate•OH and SO4

•−, which further 

degrade phenol to CO2 and H2O. [28]  

 

Scheme 3.1 Proposed mechanism of PMS activation on NG. 

However, the much higher content of graphitic N in NG did not improve 

catalytic degradation greatly. It is reported that pyridinic and pyrrolic N 

dopants are much more active than oxygen-containing functional groups 

and they are the contributors to excellent catalytic activity of N-

CNT.[27] The relatively good efficiency of NG-10 and NG-20 was 

attributed to the pyridinic and pyrrolic N atoms because no graphitic N 

was produced from XPS. NG, high in graphitic N but low in pyrrolic N, 

is not able to degrade phenol quickly, compared to NG-700 (100% 

degradation in 15 min) with 54.51% pyridinic N, 23.09% pyrrolic N and 

22.49% graphitic N. [28] Therefore, it could be concluded that it may be 

the combined effect of graphitic N and pyrrolic N that determine the 
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efficiency of phenol degradation, with a dominant role of graphitic N 

because of its high charge density and asymmetric spin density.[44] 

It was known that metal-based catalysts can activate PMS to generate 

both hydroxyl and sulfate radicals.[5] NG obtained a rapid phenol 

removal by PMS activation. Here, for better understanding the 

mechanism of PMS activation on NG, we employed electron 

paramagnetic resonance (EPR) to probe the generation and evolution of 

reactive radicals using DMPO as a radical spin trapping agent.  
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Figure 3.9 EPR spectra of DMPO adducts under different 

conditions (●: DMPO-OH;◆: DMPO-SO4). 
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Radical generation is shown in Figures 3.9 at different reaction time (1, 

5, and 30 min). It can be seen that very few active radicals were 

generated by PMS itself without a catalyst and NG had the ability to 

activate PMS effectively to generate both SO4
•− and •OH all the time. At 

1 min, •OH appeared as the major species, indicating that large quantity 

of •OH was produced initially and might play a critical role for phenol 

degradation in the first few minutes. Subsequently, phenol oxidation 

consumes • OH radicals and the amount decreased accordingly. A 

growth in • OH after 5 min was observed possibly because • OH 

generated by PMS accumulated. A similar trend was observed by SO4
•− 

but with a relatively smaller scale. During the degradation reactions, 

SO4
•− radicals were used for phenol oxidation. Figure 3.9 (d) shows more 

detailed evolution of reactive radicals on NG activation of PMS. From 

the EPR results, it can be proven that NG can effectively activate PMS to 

generate both sulfate and hydroxyl radicals, and the latter one plays a 

dominant role in catalytic phenol oxidation at the initial stage. It can be 

induced that both SO4
•− and •OH function as reactive radicals to attack 

phenol during the oxidation processes. The reactions referring to the 

electron transfer processes facilitated by NG are shown below:  

𝐻𝐻𝑆𝑆𝑂𝑂5
− +  𝑒𝑒−  →  𝑂𝑂𝐻𝐻• +  𝑆𝑆𝑂𝑂4

2−                                                     (Eq. 3.2) 

𝐻𝐻𝑆𝑆𝑂𝑂5
− +  𝑒𝑒−  →  𝑂𝑂𝐻𝐻− +  𝑆𝑆𝑂𝑂4

•−
P

                                       (Eq. 3.3) 

𝐻𝐻𝑆𝑆𝑂𝑂5
− −  𝑒𝑒−  →  𝐻𝐻+ +  𝑆𝑆𝑂𝑂5

•−                            (Eq. 3.4) 

𝑂𝑂𝐻𝐻• +  𝑆𝑆𝑂𝑂4
2−  →  𝑆𝑆𝑂𝑂4

•− +  𝑂𝑂𝐻𝐻−                                                    (Eq. 3.5) 

𝑆𝑆𝑂𝑂4
•− +  𝑂𝑂𝐻𝐻−  →  𝑆𝑆𝑂𝑂4

2− +  𝑂𝑂𝐻𝐻•                                                    (Eq. 3.6) 

3.4 Conclusions 
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A green and feasible synthesis was developed to fabricate nitrogen-

doped graphene with both structural and compositional modifications. 

This approach can produce both high-quality and a quantity of graphene 

without involving strong oxidants and acids. The prepared N-doped 

graphene has low oxygen content but relatively high nitrogen content. N-

doped graphene presented an excellent performance in catalytic 

activation of PMS for phenol oxidation, and was superior to rGO from 

Hummers’ method. Kinetic studies indicated that catalyst loading will 

influence the degradation efficiency, whereas the temperature showed a 

marginal effect. EPR spectra suggested that both SO4
•− and •OH were 

generated during the activation and oxidation processes and played 

essential roles in phenol removal. This study offered an excellent metal-

free catalyst for carbocatalysis and the induced energy and 

environmental applications. This green catalyst will contribute to the 

pursuit of an innovative remediation technology without secondary 

contamination, which will open a venue for the development of 

sustainable wastewater treatment. 
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Chapter 4 Ferric carbide nanocrystals encapsulated in 

nitrogen-doped carbon nanotubes as an outstanding 

environmental catalyst 

 
Abstract 

Nitrogen-doped carbon nanotubes encapsulated with iron carbide 

(Fe3C) nanocrystals (Fe3C@NCNT) were fabricated by a simple, direct 

pyrolysis method using melamine and ferric chloride as the C, N and Fe 

precursors. The surface morphology, structure and composition of the 

Fe3C@NCNT materials were thoroughly investigated. The 

nanomaterials were employed as novel catalysts for peroxymonosulfate 

(PMS) activation, and an outstanding efficiency, a high stability and an 

excellent reusability were observed in catalytic oxidation of organics. 

The encapsulated Fe3C nanoparticles played a key role in the emerging 

synergetic effect between the carbide and the protective graphitic layers. 

In addition, the quaternary N and the trace amount of iron on the CNT 

surface acted as the active sites. Various quenching experiments were 

carried out to elucidate the catalytic mechanism over Fe3C@NCNT. It 

was unravelled that singlet oxygen, superoxide, sulfate and hydroxyl 

radicals worked together for the degradation of phenol solutions. The 

simple synthesis, low cost precursors, unique structure, excellent 

catalytic activity and stability of the novel iron-carbide-based 

composites would offer new strategic materials for environmental 

catalysis. 
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4.1 Introduction 

 

The Century of Environment is the symbol of the 21st century.[1] The 

civilization and industrialization have discharged vast pollutants to water 

resources causing severe health and environmental implications.[2-6] 

Advanced oxidation processes (AOPs) over other physical processes 

such as adsorption, extraction and flocculation have been effectively 

applied for complete removal of such organic contaminants in 

wastewater. Metal-based materials, such as Co and Mn oxides [7-10], 

have become highly favorable to activate peroxymonosulfate (PMS) to 

produce sulfate radicals, which facilitated the emerging SR-AOPs 

(sulfate radical-based advanced oxidation processes). However, these 

metal-based catalysts are subject to the inevitable loss or leaching of 

metal ions in either homogeneous or heterogeneous reactions and thus 

cause secondary contamination.[11-14] Therefore, many efforts have 

been devoted to developing carbon-based catalysts (M-Nx/C, M = Co, 

Fe, Ni, etc.), metal-free carbon materials or N-doped carbon catalysts 

(NxC) as alternatives to metal oxide catalysts.[15-17] Among them the 

best is the M-Nx/C catalyst where the active sites are believed to be 

surface nitrogen coordinated with metals.[15, 18] Even with extensive 

studies, these materials still suffer from either a low catalytic activity or 

a poor stability.[6, 8, 11, 19, 20] Therefore, it is very challenging to 

develop novel catalysts with a high activity, a good stability, low cost 

and environmental friendliness. 

 

Fe-based materials have already been regarded as one of the most 

promising heterogeneous catalysts because Fe can be easily incorporated 

into the carbon framework by pyrolyzing ferric salt in an inert 

atmosphere and can catalyze the graphitization process at a lower 
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temperature. [21, 22] In addition, metal-based catalysts coated by a 

protective shell or matrix are proven to be of enhanced catalytic 

performance and stability. Recently, novel and efficient metal/metal 

carbide nanoparticles encapsulated in nanostructured carbon were 

developed, whose active sites were believed to be the graphitic carbon 

shells activated by the encapsulated nanoparticles.[23, 24] An interesting 

magnetic carbon encapsulated nano Fe0/Fe3C was synthesized by Wang 

et al. [25] via an in situ hydrothermal carbonization of glucose with 

melamine, accompanied by a self-reduction in N2 atmosphere. 

Pronounced catalytic performance was evidenced by the complete 

removal of 20 ppm phenol within 10 min. They found that Fe3C was 

conducive to its stability. In addition, Li et al. [24] discovered a novel 

catalyst consisting of iron carbide nanoparticles encapsulated by 

graphitic layers applied in oxygen reduction reaction (ORR). Bao et al. 

[23] prepared a pea-pod like carbon nanotubes with encapsulated Fe 

nanoparticles and used the materials as an ORR catalyst in acid media. 

Peng et al. [26] synthesized nitrogen-doped carbon nanotubes with 

encapsulated Fe3C nanoparticles that showed good ORR nature in both 

acid and alkaline media. Yao et al. [27] fabricated magnetic metal (M= 

Fe, Co, Ni) nanocrystals encapsulated in nitrogen-doped carbon 

nanotubes using dicyandiamide as a C/N precursor, which exhibited 

varying activities toward Fenton-like reaction. These findings are 

noticeable because Fe3C/Fe particles could in situ ‘etch’ into CNTs, and 

the resulting iron species encapsulated inside CNTs or graphene are 

particularly active for selective hydrogenation,[28] and oxygen reduction 

reaction.[29, 30] These important achievements inspired us to explore a 

new strategy for the controlled synthesis of novel carbon-supported iron-

based catalysts for PMS activation with both a high catalytic activity and 

an excellent stability. 
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Carbon-based materials, for example, carbon nanotubes (CNTs) have 

been extensively studied in both fundamental research and practical 

applications because of their unique physico-chemical properties. 

Heteroatom doping with nitrogen or metals can further tune and improve 

the capabilities of CNTs. [31] Melamine, a green and cheap chemical 

with 67 wt%  N content, has been employed as both a carburization 

reagent and nitridation reagent. [32, 33] Nallathambi et al. reported that 

the performance of Fe catalyst prepared from melamine is far superior to 

those from bipyridine, pyrazine and purine at the same N loading.[34] 

Single-walled NCNTs were synthesized by Duan et al. [35] via the 

pyrolysis of commercial SWCNTs and melamine, showing an 

extraordinarily high catalytic activity for PMS activation. However, a 

simple, low-cost, safe and scalable synthesis method of CNTs for the 

widespread and sustainable use of carbon materials in large-scale has 

been difficult to achieve.[28] 

 

Generally, N-doped CNTs can be prepared through post-treatment of 

CNTs with ammonia, urea, or pyridine. However, few studies have 

directly synthesized N-doped CNTs from direct thermal carbonization of 

nitrogen-containing polymer precursors, such as polyacrylonitrile, 

polyaniline, polypyrrole, and melamine resin. [36, 37] The in situ 

approach may provide several advantages, such as an increase of the 

doping level and a uniform distribution of heteroatoms on CNTs for 

improving the catalytic activity. Furthermore, it is concluded that 

encapsulation of metal nanocrystals into N-doped CNTs to form a hybrid 

structure is an effective strategy to enhance the overall catalytic 

activity.[38, 39] 
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Herein, we report a new, one-pot and facile strategy for the controlled 

synthesis of N-doped carbon nanotubes with encapsulated Fe3C through 

the direct pyrolysis of a mixture of melamine and iron chloride. Fe3C and 

CNTs were formed in situ during the pyrolysis. Their morphologies, 

compositions, active sites and mechanism of catalytic degradation were 

systematically investigated. In addition, electron paramagnetic resonance 

(EPR) and classical radical quenching tests were used to probe PMS 

activation and mechanism of phenol oxidation. To our best knowledge, it 

reports for the first time that the well-designed Fe3C-based CNTs 

composites have a great potential for an excellent catalytic activity and 

good stability for PMS reactions.  

 

4.2 Experimental  

 

Materials and Chemicals. Melamine (>99.0%), hexahydrate ferric 

chloride (FeCl3·6H2O, >99.9%), potassium peroxymonosulfate 

(2KHSO5·3KHSO4·K2SO4, Oxone), sodium azide (NaN3), p-

benzoquinone (PBQ), tert-butyl alcohol (TBA) and 5,5-

dimethylpyrroline-oxide (DMPO, >99.0%)  were purchased from Sigma-

Aldrich. Phenol (>99.0%), acetone, ethanol and hydrochloric acid (32-

37%) were obtained from Chem-Supply. High purity nitrogen gas 

(99.999%) was obtained from BOC. Ultrapure water was used in all of 

the experiments. All chemicals used herein were of analytic grade and 

used as received without any further purification. 

 

Synthesis of Fe3C@NCNT. Fe3C@NCNT catalysts were fabricated via 

a facile thermal process using melamine as a C/N precursor.[6, 26, 40] In 

a typical procedure, 6 g melamine and 6 g FeCl3·6H2O were dissolved in 

10 mL ethanol in a crucible with continuous stirring to form a clear 



137 
 

yellow solution. The resulting solution was then put in an oven at 80 oC 

in air for around 48 h, to obtain a tawny solid. The dried powder was 

transferred to a quartz tube furnace to respectively anneal at 700, 800, or 

900 oC for 6 h under a nitrogen flow of 50 mL min-1. After cooling down 

to room temperature, the as-obtained material was treated with 100 mL 

hydrochloric acid (32-37 wt%) with magnetic stirring for 6 h to remove 

any accessible iron species. The sample was then washed in succession 

with ultrapure water and acetone and dried at 60 oC for 24 h to obtain the 

final material, named as Fe3C@NCNT-X (X indicates the pyrolysis 

temperature). The obtained products were magnetic powders. Schematic 

representation for the synthesis route of Fe3C@NCNT catalysts is 

illustrated in Figure 4.1 (a). 

 

Characterization of materials. X-ray diffraction (XRD) patterns were 

performed on a Bruker D8-Advanced X-ray instrument using a Cu-Kα 

radiation with λ at 1.5418 Å. Scanning electron microscopy (SEM) was 

applied to investigate the morphology of the catalysts using a Zeiss Neon 

40 EsB FIBSEM. Nitrogen sorption isotherms were acquired on a Tristar 

II 3020 after 4 h degassing of the samples at 100 oC. The specific surface 

area and pore size distribution were evaluated by the Brunauer-Emmett-

Teller (BET) equation and the Barrett-Joyner-Halenda (BJH) method, 

respectively. Chemical composition and states were determined by X-ray 

photoelectron spectroscopy (XPS) which was carried out on a Thermo 

Escalab 250 with Al-Kα X-ray. A Perkin-Elmer Diamond TGA/DTA 

thermal analyzer was utilized to evaluate thermogravimetric-differential 

thermal analysis (TG-DTA) via samples heating in an air flow of 100 

mL min-1 and a heating rate of 10 oC min-1. Raman analysis was 

performed on an ISA dispersive Raman spectrometer with argon ion 

laser (514 nm).  
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Catalytic Oxidation of Phenol Solutions. The catalytic oxidation was 

carried out in a 250 mL conical flask with phenol solutions (20 ppm, 150 

mL), the catalyst (0.2 g L-1) and PMS (2.0 g L-1) in a constant-

temperature (25 oC) controlled water bath for the kinetic studies. During 

each interval, 1 mL phenol solution was withdrawn by a syringe, filtered 

by a 0.45 μm Millipore film, and injected into a vial, in which 0.5 mL of 

methanol as a quenching reagent was previously injected. The mixed 

solution was analyzed by a high performance liquid chromatograph 

(HPLC, Varian) with a C-18 column and a UV detector set at 270 nm. 

After each run, the used catalyst was collected by ultrasonic washing for 

5 min and washed three times with ultrapure water, filtered and dried in 

an oven for reuse. 

 

Mechanistic Studies of the Catalytic Processes.  An EMS-plus EPR 

instrument from Bruker was employed to detect the free radicals 

captured by 5,5-dimethyl-1-pyrroline (DMPO, ＞ 99.0%) during PMS 

activation, operating under the following conditions: centre field, 3515 

G; sweep width, 100 G; microwave frequency, 9.87 GHz; power setting, 

18.75 mW; scan number, 3. The radical quantitative information was 

acquired from the Spin Fitting from Bruker Xenon Software Package.  

 

4.3 Results and Discussions 

 

The morphologies and structures of as-prepared Fe3C@NCNT-700, 

Fe3C@NCNT-800 and Fe3C@NCNT-900 are shown in Figure 4.1 (b), 

(c) and (d). The characteristic morphologies of all the catalysts were 

dimensionally uniform and orderly arranged nanotubes with diameters of 

200-300 nm for Fe3C@NCNT-700 and Fe3C@NCNT-800, but only 50-

100 nm for Fe3C@NCNT-900. [26, 28] However, CNTs with 
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nonuniform size with significant agglomeration were formed above 

900 oC, which may be attributed to the breakdown of CNTs and 

decomposition of Fe3C at a higher temperature. 

 

 
Figure 4.1 (a) Schematic illustration of the synthesis route of 

Fe3C@NCNT. SEM images for Fe3C@NCNT catalysts at (b) 700 oC, (c) 

800 oC and (d) 900 oC. 

 

As revealed by transmission electron microscopy (TEM) images (Figure 

4.2), a large portion of pea-pod dark nanocrystals (identified as iron 

carbide by the XRD diffraction patterns, Figure 4.3) were encapsulated 

mainly inside the channels or at the tip of carbon nanotubes (sized in 40-

50 nm for Fe3C@NCNT-700 and Fe3C@NCNT-900, 80-100 nm for 

Fe3C@NCNT-800). HRTEM image of the Fe3C nanoparticles in CNTs 

shows that most surface of Fe3C nanoparticles were coated by multi-

layered graphene. For a typical nanoparticle, the spacing of crystalline 

lattices in one direction was 0.31 nm, corresponding to the (111) crystal 
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planes of Fe3C phase. The interlayer spacing of the coating graphene 

layer was 0.335 nm, in accordance with the experimental results for free-

standing few-layer graphene.[26]  

 

 

 
Figure 4.2 TEM images for Fe3C@NCNT catalysts at 700 oC (a), (b), 

800 oC (c), (d) and 900 oC (e), (f). 

 

Because of the protection of the graphitic layers, the Fe3C nanocrystals 

were quite inaccessible and chemically stable in hot acids, implying that 

the geometric confinement of Fe3C@NCNT has been successfully 

achieved.[26-28, 41] Structure control has always been regarded as a 

difficult task for catalysts and materials prepared by pyrolysis. This is 

especially true for the synthesis and preparation of Fe3C-based catalysts 
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by pyrolysis. As far as we know, few Fe3C with uniform morphology 

and evenly dispersed nanoparticles has ever been reported. 

 

 
Figure 4.3 XRD patterns of Fe3C@NCNT composites at varied pyrolysis 

temperatures. 

 

X-ray diffraction (XRD) patterns of Fe3C@NCNT obtained at different 

pyrolysis temperatures are shown in Figure 4.3. The diffraction peaks at 

26.5o and 43.4o were observed at different calcined temperatures, 

corresponding to the (002) and (101) planes of graphitic carbon, 

respectively. [6] The diffraction peaks were very sharp and the intensity 

of diffraction peak at 26.5o increased with pyrolysis temperature, 

indicating that the degree of graphitization of Fe3C@NCNT was very 

good and also had a strong dependence on pyrolysis temperature. Aside 

from this reflection, other diffraction peaks at 37-50o were typical 

diffraction peaks of Fe3C, which cannot be found in NG [6] and were the 

major difference between Fe3C@NCNT and NG. Diffraction peaks 

located at 37.8, 42.8, 43.9, 45.0, 45.8 and 49.2o were detected in 
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Fe3C@NCNT, which could be assigned to the (021), (121), (210), (103), 

(211) and (113) crystalline planes of Fe3C particles, respectively.[42] 

This confirmed that the nanoparticles encapsulated in the interior of 

nanotubes observed by the TEM, were dominantly Fe3C when the 

temperature was above 700 oC. These diffraction peaks in Fe3C@NCNT-

800 were the highest and strongest.  In addition, all the samples may 

contain traces of metallic iron due to the same characteristic peak as that 

of Fe3C at 2θ of 44.6o.[26, 33] The XRD results further confirmed that 

Fe3C nanoparticles were encapsulated in graphitic layers which cannot 

be removed in hot acid solution and were well-preserved after the 

leaching process. 

 

 
Figure 4.4 Raman spectra of Fe3C@NCNT composites at varied 

pyrolysis temperature. 

 

The degree of graphitization of the Fe3C@NCNT samples was further 

investigated by Raman spectra and the results are shown in Figure 4.4. 

The G band (at 1350 cm-1) shows the existence of sp2-hybridized carbon 
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atoms, and the D band (at 1570 cm-1) provides evidence of defects such 

as disorders, edges and boundaries of the graphene. ID/IG is the ratio of 

the integrated intensities of the D and G bands and it decreased with 

increasing pyrolysis temperature. As it can be seen from Figure 4.4, the 

intensity ratios of the D- and G-bands (ID/IG) for Fe3C@NCNT-700, 

Fe3C@NCNT-800 and Fe3C@NCNT-900 were 1.20, 1.17 and 1.12, 

respectively, which demonstrated that the degree of graphitization 

increased with the pyrolysis temperature. An ordered graphitic structure 

can be formed easily at a higher temperature, but too high pyrolysis 

temperature could lead to irregular carbon nanostructures. The reason for 

this is that Fe3C is temperature sensitive and metastable, and can break 

down into metallic Fe and free-C at a higher temperature, which may 

enter the CNT framework and thus change its crystal structure.[28] 

Figure 4.5 displayed N2 adsorption-desorption isotherms and the pore 

size distributions of the Fe3C@NCNT samples. The isotherms in Figure 

4.5 (a) showed that N2 adsorption increased with pyrolysis temperature, 

due to the higher surface area and larger pore volume at a higher 

temperature. All the samples exhibited a typical IV isotherm with H3 

type hysteresis loops. The hysteresis loops in P/P0 = 0.4-0.9 were 

indicative of the mesoporous structures of Fe3C@NCNT composites.[43] 

The specific surface areas of Fe3C@NCNT-700, Fe3C@NCNT-800 and 

Fe3C@NCNT-900 were determined to be 40.1, 52.4 and 72.4 m2/g, 

respectively.  Table 4.1 shows that the BET surface area and pore 

volume increased with increasing pyrolysis temperature and pore size 

increased first but then decreased, reaching its peak at 800 oC. An 

increase in the BET area indicated that a high pyrolysis temperature 

could break CNT into smaller ones and thus resulted in the exposure of 

some Fe3C nanoparticles, which might further increase active sites and 

enhance catalytic performance. 
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Figure 4.5 (a) Nitrogen sorption isotherms of samples, and (b) pore size 

distributions calculated from N2 desorption isotherms for Fe3C@NCNT-

700, Fe3C@NCNT-800 and Fe3C@NCNT-900. 

 

Figure 4.5 (b) displayed that all of the Fe3C@NCNT presented a single 

mode of pore size. The pore size of Fe3C@NCNT-700, Fe3C@NCNT-

800 and Fe3C@NCNT-900 were centred at 6.1, 6.7 and 6.5 nm, which 

demonstrated that pyrolysis temperature exerted little effect on the pore 

size.[44] 
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Table 4.1 BET surface area and pore properties of Fe3C@NCNT 

composites 

 
BET surface 

area, m2/g 

Pore volume, 

cm3/g 

Average pore 

size, nm 

Fe3C@NCNT-700 40.1 0.096 6.1 

Fe3C@NCNT-800 52.4 0.15 6.7 

Fe3C@NCNT-900 72.4 0.23 6.5 

 

Figure 4.6 shows the representative TGA and DTA curves of 

Fe3C@NCNT nanocomposites measured in air atmosphere from 25 to 

1000 oC with a heating rate of 10 oC/min. The combustion temperature 

was found to be in the order: Fe3C@NCNT-700 ＜ Fe3C@NCNT-800 

＜ Fe3C@NCNT-900. 

 

The TGA plots of Fe3C@NCNT composites showed a slight weight 

increase below 250 oC and then a mild weight loss from 250 to 450 oC, 

which can be assigned to the removal and destruction of the labile 

oxygenated functional groups on the carbon surface such as -OH and 

C=O in the forms of H2O, CO and CO2.[45] Then the weight decreased 

dramatically in the range from 450 to 700 oC being ascribed to the 

oxidation and decomposition of CNTs and the oxidation and 

transformation of Fe3C into Fe2O3 between 360 and 550 oC. When the 

temperature reached 700 oC, the weight of the samples remained 

unchanged and almost no weight loss occurred beyond this temperature. 

A stable weight percentage of 24.25%, 29.30% and 17.54% (represents 

the weight of residual iron oxide yielding the iron contents of 16.98%, 

20.51% and 12.27% by calculation) were achieved for Fe3C@NCNT-
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700, Fe3C@NCNT-800 and Fe3C@NCNT-900, respectively.[46] It was 

known that the weight loss rate of CNTs filled with ferromagnetic 

always becomes slower with increasing temperature because of the 

destruction of tube walls that provide protection of the inner filled metal, 

forming metal oxide subsequently. It is deduced that a point of inflection 

would exist in the TGA curve. However, the curves of Fe3C@NCNT 

nanocomposites were relatively smooth, proving that the iron and iron 

carbide encapsulated inside were oxidized by air simultaneously with the 

tube walls.[47] 

 

 
Figure 4.6 TGA and DTA curves of Fe3C@NCNT composites. 
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Table 4.2 The content of iron ions detected by ICP. 

 

 Fe3C@NCNT-

700 

Fe3C@NCNT-

800 

Fe3C@NCNT-

900 

Iron ions (mg/L) 0.13 0.23 0.11 
     

X-ray photoelectron spectra (XPS) studies were carried out to further 

investigate the surface nature of the Fe3C@NCNT composites. Figure 

4.7 (a) reveals that Fe3C@NCNT catalysts were composed of C, O, N, 

and Fe, and no other impurity was observed. Although Fe was detected 

by ICP (Table 4.2), TEM and XRD, the XPS spectra revealed a quite 

low surface iron content (< 0.2%) on all the Fe3C@NCNT composites, 

implying a complete leaching out of surface iron species during the acid 

treatment. This further proves that Fe3C nanoparticles were entirely 

encapsulated by carbon layers in the catalysts and can thus be survived 

in the catalytic process. However, at a high temperature, carbon 

nanotubes may partially break up and crack (as shown in SEM) and thus 

the interior Fe3C or Fe0 may run out of the tubes. As a result, iron 

content analyzed by XPS in the Fe3C@NCNT-900 was the highest 

among all the catalysts. 

 

The total amount of N in the different catalysts was detected to be 3.69 

at.%, 2.69 at.%, 1.82 at.% for Fe3C@NCNT-700, Fe3C@NCNT-800 and 

Fe3C@NCNT-900, respectively. The decrease in total N content with 

increasing pyrolysis temperature might be ascribed to the decomposition 

of unstable nitrogen species at a high temperature. The N 1s spectra were 

deconvoluted into four peaks, assigned to pyridinic N (398.5-398.8 eV), 

pyrrolic N (399.9-400.2 eV), quaternary N (401.4-401.6 eV) and 
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pyridine-N-oxide (402-405 eV) [48], as shown in Figure 4.7 (b), (c) and 

(d).The content of quaternary N first increased dramatically from 700 to 

800 oC but then increased moderately from 800 to 900 oC. The content of 

pyridinic N witnessed an inverse trend, first increased but then decreased 

with the increasing pyrolysis temperature due to the loss of unstable N at 

a higher temperature. Pyridinic N is generally regarded to have a 

connection with catalytic activity because of its reduction of energy 

barrier for adsorbing reactants on adjacent carbon atoms, and its 

acceleration of first-electron transfer limited by rate.[49, 50] However, 

recent research suggested that quaternary N in the graphene structure can 

cause electron to distribute non-uniformly, especially when two 

quaternary N atoms were doped into the same hexagon, leading to a 

dramatic improvement of catalytic activity of carbon surface.[28, 51] 

 
Figure 4.7 (a) XPS spectra of Fe3C@NCNT composites at different 

temperatures and HR XPS N1s at (b) 700 oC (c) 800 oC and (d) 900 oC. 
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Figure 4.8 (a) Phenol removal in different conditions and stability of (b) 

Fe3C@NCNT-700, (c) Fe3C@NCNT-800 and (d) Fe3C@NCNT-900. 

Reaction condition: phenol 20 ppm, catalyst loading 0.2 g/L, PMS 2 g/L, 

temperature 25 oC 

 

Control experiments were carried out to evaluate adsorption, PMS self-

oxidation and catalytic performance of Fe3C@NCNT composites. 

Phenol removals in different conditions are shown in Figure 4.8 (a). In 

the presence of PMS without a catalyst, a negligible change (less than 

6%) in phenol concentration was observed after 180 min, indicating that 

significant phenol oxidation could not be induced by PMS itself. A 

similar trend was found in the reaction of Fe3C@NCNT catalysts 

adsorption. Less than 2% phenol was removed in 180 min, suggesting 

that phenol adsorption on Fe3C@NCNT composites was negligible 

either. As shown in Figure 4.8 (a), Fe3C@NCNT-700, Fe3C@NCNT-
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800 and Fe3C@NCNT-900 can degrade 100% phenol in 45, 20 and 20 

min, respectively. The efficiency was better than rGO [11], N-doped 

graphene[6, 52] and N-doped CNTs[14, 35], exceptionally better than 

some metal-based carbon materials [8, 44, 45], indicating that Fe3C 

would be the active sites to accelerate this reaction. Fe3C@NCNT-900 

exhibited the best performance among all the Fe3C@NCNT catalysts, 

implying that Fe3C@NCNT-900 with wide and both opening ends CNTs 

was more accessible to enhance the phenol catalytic degradation 

reactions because phenol molecules and Fe3C were in full contact in a 

relatively restricted area.[28] 

 

It is  known that the stability of the catalyst is of great importance in the 

practical application.[45] The stability and recyclability of Fe3C@NCNT 

catalysts were evaluated by successive tests of phenol degradation under 

the same reaction conditions. For Fe3C@NCNT-700, 100% phenol was 

degraded within 45, 120, 150 min for the first, second and third runs. For 

Fe3C@NCNT-800, phenol removal could be completed in 20, 120, 150 

min, respectively and Fe3C@NCNT-900 would require 20, 90, 120 min, 

respectively. The stability results were exceptionally better than N-doped 

graphene [6, 52, 53] and N-doped CNT [14, 35], implying that the inner 

Fe3C may play a role in the enhancement of catalyst stability. The 

stability of Fe3@NCNT-900 was relatively better because carbon 

nanotubes and iron carbide were in close integration and active sites 

reduced relatively little after three successive reactions and Fe3C in the 

third run were still enough to make the surrounding graphitic layers 

active, consequently activating the outer surface of carbon layer.[25]  

In heterogeneous catalytic oxidation of phenol, reaction parameters such 

as catalyst loading and reaction temperature can affect phenol 

degradation rate. The effect of catalyst loading on phenol degradation 
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efficiency is shown in Figure 4.9 (a). Catalyst concentration exerted a 

significant influence on phenol degradation efficiency, which was 

dramatically enhanced with an increase in catalyst concentration. When 

catalyst concentration was 0.1 g/L, 98% and 99% phenol can be 

degraded in 180 min on Fe3C@NCNT-700 and Fe3C@NCNT-800, and 

100% phenol can be degraded in 120 min on Fe3C@NCNT-900. When 

catalyst concentration increased to 0.5 g/L, phenol was completely 

removed after 30, 5 and 5 min on Fe3C@NCNT-700, Fe3C@NCNT-800 

and Fe3C@NCNT-900, respectively. The improvement in efficiency was 

attributed to the increase in active sites of the reaction in the phenol 

solution and thereby generated more active radicals. 

 

Figure 4.9 (b) revealed phenol degradation performance of 

Fe3C@NCNT catalysts at different reaction temperatures. It can be seen 

that reaction temperature moderately affected oxidation efficiency and 

degradation rate for Fe3C@NCNT-700. But for Fe3C@NCNT-800 and 

Fe3C@NCNT-900, the effect was relatively small. Specifically, at 15 oC, 

phenol degradation reached 100% in 90 min for Fe3C@NCNT-700 while 

the time reduced to be 60 and 45 min when reaction temperature 

increased to 25 oC and 35 oC, respectively. The kinetics of phenol 

degradation was evaluated by the first-order kinetic model as listed 

below. 

 

ln(𝐶𝐶 𝐶𝐶0⁄ ) = −𝑘𝑘𝑘𝑘                                                                           (Eq. 4.1) 

 

where C and C0 are the phenol concentrations at time (t) and t = 0, 

respectively and k is the reaction rate constant.[52]  
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The reaction rate constants (k) of phenol oxidation at 25 oC on 

Fe3C@NCNT-700, Fe3C@NCNT-800 and Fe3C@NCNT-900 were then 

calculated to be 0.097, 0.237 and 0.330 min-1, respectively.  

 

 
Figure 4.9 Effects of (a) catalyst loading, (b) reaction temperature on 

phenol degradation for different Fe3C@NCNT catalysts. Reaction 

condition: phenol 20 ppm, PMS 2 g/L. 

 

Based on the first-order kinetics, rate constants at varying temperatures 

were obtained and the relationship was found to follow the Arrhenius 
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equation. The activation energy was then obtained as 31.5 kJ/mol. For 

Fe3C@NCNT-800 and Fe3C@NCNT-900, degradation time decreased 

from 30 min to 20 min when the temperature increased from 15 to 35 oC. 

And the activation energies were 18.3 and 16.5 kJ/mol, respectively, 

much lower than that of N-doped graphene[6] and N-doped CNT.[35] 
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Figure 4.10 EPR spectra of PMS activation with Fe3C@NCNT 

composites at different time.  

 
The mechanisms of catalytic degradation of phenol on metal-based 

catalysts and carbon-based catalysts have recently been well 

investigated. Previous studies proved that these catalysts can activate 

PMS to produce sulfate and hydroxyl radicals.[7, 12, 35, 52, 54] As 

shown in Figure 4.10, Fe3C@NCNT composites were able to effectively 

activate PMS to generate both •OH and SO4
•−. Different radical 

quenching reactions were also performed to probe the radicals produced 

in Fe3C@NCNT composites and the contribution of the reactive species 

to phenol degradation. The reactions referring to the electron transfer 

processes facilitated by Fe3C@NCNT are shown below. 
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𝐻𝐻𝑆𝑆𝑂𝑂5
− + 𝑒𝑒− → 𝑂𝑂𝐻𝐻• + 𝑆𝑆𝑂𝑂4

2−                                                         (Eq. 4.2) 

𝐻𝐻𝑆𝑆𝑂𝑂5
− + 𝑒𝑒− → 𝑂𝑂𝐻𝐻• + 𝑆𝑆𝑂𝑂4

•−                                                          (Eq. 4.3) 

𝐻𝐻𝑆𝑆𝑂𝑂5
− − 𝑒𝑒− → 𝐻𝐻+ + 𝑆𝑆𝑂𝑂5

•−                                                           (Eq. 4.4) 

𝑂𝑂𝐻𝐻• + 𝑆𝑆𝑂𝑂4
2− → 𝑆𝑆𝑂𝑂4

•− + 𝑂𝑂𝐻𝐻−                                                       (Eq. 4.5) 

𝑆𝑆𝑂𝑂4
•− + 𝑂𝑂𝐻𝐻− → 𝑆𝑆𝑂𝑂4

2− + 𝑂𝑂𝐻𝐻•                                                       (Eq. 4.6) 

 

Owing to the rapid reaction with both •OH and SO4
•− radicals, ethanol 

was employed as an effective scavenger for both •OH and SO4
•− radicals 

in the catalytic phenol degradation reactions. In most AOPs, the radicals 

are critical for the organic degradation process. Therefore, if the 

quenching agent of ethanol is present in solution, the degradation would 

be significantly reduced or prevented.[35] Control experiments were 

conducted to compare the catalytic performances with the addition of 

ethanol on Fe3C@NCNT-700, Fe3C@NCNT-800 and Fe3C@NCNT-

900. As shown in Figure 4.11 (a), (c) and (e), all of the three catalysts 

maintained excellent phenol degradation performance even with a high 

concentration of quenching reagent. Specifically, when ethanol was 

added at a molar ratio of 500:1 (ethanol : PMS), 100% phenol was 

degraded in 120, 45 and 45 min over Fe3C@NCNT-700, Fe3C@NCNT-

800 and Fe3C@NCNT-900, respectively. Even in complete ethanol 

solution, 100% phenol can also be degraded in 180, 90 and 60 min, 

respectively.  
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Figure 4.11 Ethanol effect of radical quenching on phenol degradation 

for (a) Fe3C@NCNT-700, (c) Fe3C@NCNT-800, and (e) Fe3C@NCNT-

900. Competitive radical tests for catalytic phenol degradation for (b) 

Fe3C@NCNT-700, (d) Fe3C@NCNT-800 and (f) Fe3C@NCNT-900. 

Reaction condition: phenol 20 ppm, catalyst loading 0.2 g/L, PMS 2 g/L, 

temperature 25 oC. 

 

Although degradation still occurs with the quenching agent, which 

indicates that radical process existed in this reaction, the results strongly 

suggested that generated •OH and SO4
•− radicals might play a relatively 



156 
 

small role in the phenol degradation and other radicals or non-radical 

process may play a more significant role. Due to the instantaneous 

reaction with hydroxyl radicals and the stagnated reaction with sulfate 

radicals, tert-butanol (TBA) was suggested to be an effective scavenger 

for •OH in the catalytic oxidation process.[55] When TBA was added to 

the reaction solution at a molar ratio of 100:1 (TBA : PMS), 100% 

phenol was degraded in 120, 90 and 30 min on Fe3C@NCNT-700, 

Fe3C@NCNT-800 and Fe3C@NCNT-900. The degradation efficiency 

was not significantly reduced or prevented by the addition of ethanol or 

TBA and thus we can conclude that both •OH and SO4
•− radicals were 

not the dominant reactive species for these catalytic oxidation process 

but SO4
•− had a bigger contribution than •OH in phenol degradation. 

 

Previous studies demonstrated that singlet oxygen (1O2) was also 

generated from the catalytic oxidation process. Sodium azide (NaN3) 

was an effective quenching agent for 1O2 but it also reacts fast 

with •OH.[56-58] However, •OH was proved not active for phenol 

decomposition in the above ethanol quenching experiment. In this 

process, 3 mM NaN3 was added to the catalytic reaction solution. 

Although part of NaN3 could be consumed by PMS, the remained NaN3 

was still sufficient to quench free radicals. It was found that phenol 

degradation efficiency dramatically decreased with the addition of NaN3 

and only 75% phenol can be degraded in 180 min for Fe3C@NCNT-700 

and 100% phenol can be degraded in almost 90 min on both 

Fe3C@NCNT-800 and Fe3C@NCNT-900. These results suggested 

that 1O2 might be the major reactive species in phenol degradation. 

 

The contribution of •O2
− in phenol degradation was determined by p-

benzoquinone (PBQ), an effective quenching agent for •O2
−.[59, 60] If 3 
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mM PBQ was put into the catalytic phenol solution, it was observed that 

90.6% phenol was degraded in 180 min for Fe3C@NCNT-700, 100% 

phenol was degraded in almost 180 min over Fe3C@NCNT-800 and 

100% phenol was degraded in 20 min over Fe3C@NCNT-900. Phenol 

degradation efficiency was suppressed greatly by the addition of PBQ 

for Fe3C@NCNT-700 and Fe3C@NCNT-800, but did not change for 

Fe3C@NCNT-900, revealing that •O2
− were responsible for phenol 

decomposition for the former two catalysts. This may be because of the 

breakup of CNTs at a high temperature led to the exposure of some Fe3C 

nanoparticles and thus reduced the generation of •O2
−. A proposed 

mechanism of PMS activation on Fe3C@NCNT is illustrated in Scheme 

4.1. 

 

 
Scheme 4.1 Proposed mechanism of PMS activation on Fe3C@NCNT. 

 

Overall, on the above four scavenging tests, 1O2 and •O2
− were 

recognized as the dominant reactive oxygen species generated in phenol 

catalytic degradation on Fe3C@NCNT-700 and Fe3C@NCNT-800 
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and 1O2 exhibited a bigger contribution. However, for Fe3C@NCNT-

900, only 1O2 was regarded as the major reactive oxygen species. For all 

of the three catalysts, both •OH and SO4
•− exert a very small impact on 

phenol degradation.[61] Therefore, in this investigation, the possible 

mechanism of the superior activity and excellent stability of 

Fe3C@NCNT catalysts in the activation of PMS for phenol degradation 

would be explained by the combination of radical and nonradical 

processes, which were significantly promoted by quaternary and 

pyridinic N, synergetic effects between inner Fe3C and outside carbon as 

well as trace amount of Fe on the surface. 

 

4.4 Conclusions 

 

In summary, nitrogen-doped carbon nanotubes with encapsulated Fe3C 

nanoparticles (Fe3C@NCNT) were successfully prepared through a 

simple and green pyrolysis process of melamine and iron chlorides. The 

characterization results showed that Fe3C nanocrystals were mainly 

encapsulated in the interior of Fe3C@NCNT composites. The as-

prepared Fe3C@NCNT catalysts exhibited both excellent catalytic 

performance and outstanding stability in phenol degradation. The 

quaternary and pyridinic N, synergetic effects between inner Fe3C and 

outside carbon as well as trace amount of Fe on the surface may be the 

active sites to enhance catalytic degradation. Quenching experiments 

were used to observe the generated reactive radicals and 1O2 and •O2
− 

were proven to be the major radicals in catalytic phenol degradation. The 

novel synthetic approach, unique structure and proposed mechanism will 

stimulate the development of active and durable metal-based carbon 

catalysts in the environmental science research. 
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Chapter 5 Morphological control of nitrogen-doped carbon 

nanostructures and their environmental application 
 

Abstract 

It is of great priority to design metal-free catalysts with excellent activity 

and good stability to be extensively applied in industry. Herein, a novel, 

facile and one-step synchronous carbonization and nitridation approach 

of nitrogen-doped mesoporous carbon nanostructures (NMCN) with 

different morphologies via one-step  pyrolysis of a hybrid precursors 

(iron chloride, glucose and melamine) was reported, in which iron 

chloride served as a transition metal precursor, glucose as a carbon 

source and melamine as a nitridation agent. Detailed characterization 

techniques indicated that the morphologies and properties of catalysts 

depended strongly on the amount of nitrogen precursors. Different 

structures ranging from graphene to carbon nanotubes were observed in 

different materials, opening a straightforward and facile protocol to 

transform graphene into CNTs. NMCN-50 exhibited the largest specific 

surface area but NMCN-75 with the highest nitrogen content displayed 

some nanotubes. They were both highly active and stable for 

degradation of phenol via peroxymonosulfate activation. Kinetic 

investigations demonstrated that the first-order reaction kinetics was 

followed in the phenol degradation. Quenching experiments were 

implemented to probe the intrinsic mechanism of catalysts and 

demonstrated that a dominant non-radical processes together with a 

minimal radical processes coexisted in the phenol oxidation. The simple 

synthetic strategy, cheap precursors, excellent degradation efficiency 

and the proposed mechanism are likely to enlighten the development of 

green carbon-based catalysts in environmental remediation. 
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5.1 Introduction 

 

An excessive growing of human society and rapid urbanization and 

industrialization have caused a range of environmental problems which 

exerted a heavy burden on the ecosystem, especially the negative impact 

on the safe and secured water for lives on the earth. Water pollution has 

become a public concern that requires ongoing evaluation and revision. 

With respect to wastewater treatment, a variety of effective methods 

such as physical adsorption, photocatalytic degradation, 

flocculation/coagulation, bioremediation, and chemical oxidation have 

been developed to remove the toxic contaminants in polluted 

waterbodies.[1-3]  

 

In the past few decades, advanced oxidation processes (AOPs) have 

received great applauses because of the outstanding ability to oxidize 

stubborn organic compounds.[4, 5] However, hydroxyl radical-based 

AOPs suffer from the requirements for low pH and large quantity of 

chemical reagents. Recently, sulfate radical-based AOPs (SR-AOPs) 

have aroused public concern for removal of recalcitrant organics from 

wastewater because sulfate radicals have a stronger oxidative capacity 

(2.5-3.1 V), a better selectivity to target organics and a relatively long 

lifespan.[6-8] Electron transfer mechanism is present in its reaction with 

organic pollutants with 106-109 M-1 s-1 second-order rate constant. 

Sulfate radicals can be generated by the activation of persulfate (PS) or 

peroxymonosulfate (PMS) via UV, heat, transition metals and metal 

oxides, and metal-free catalysts.[9-12] Homogeneous and heterogeneous 

catalysis initiated by transition metals and their corresponding metal 

oxides have been applied for the effective activation of PMS to produce 

sulfate radicals to remove organic toxicants.[7, 13-16] However, metal-
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based catalysts suffer from poor stability and inevitable metal ion 

leaching, which exerts a detrimental environmental impact and thus 

seriously restrains their practical applications. 

 

In the past decades,  carbon nanomaterials, such as graphene, graphene 

oxide, reduced graphene oxide and carbon nanotubes, etc. have been 

applied as favorable alternatives to metal-based catalysts without the 

problem of metal ion leaching due to their wide availability and unique 

physical and chemical properties including large theoretical surface area, 

chemical inertness to acidic and basic environments, distinctive 

electronic property, superb thermal conductivity, good recycling 

characteristics as well as unique carbon framework.[17-19] 

 

Doping with heteroatoms, for example, N, S, P, have been demonstrated 

to modify surface chemistry of carbon materials.[20, 21] To be 

mentioned, the introduction of nitrogen atoms into a carbon skeleton can 

trigger the change of charge density on the atoms and enhance the 

polarity of carbon materials, and thus increase conductivity, wettability, 

and adsorption selectivity.[22] Simultaneously, the introduced nitrogen 

can increase the basicity and coordination properties of the carbon 

materials. And the amount of nitrogen present in the materials affects 

their performance in catalysis. Ubiquitous N-containing carbon materials 

are indispensable in a variety of state-of-the-art scientific applications 

such as water treatment, gas separation, catalyst supports, as well as 

electrodes for both electrochemical double layer capacitors and fuel 

cells.[23, 24] Nowadays, nitrogen-doped mesoporous carbon 

nanostructures (NMCN) have aroused great attentions due to the 

modification of surface structure, improvement of p-binding or π-

binding ability and growth of active sites resulted from electron-rich 
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nitrogen atoms. Extensive researches have confirmed that doping 

nitrogen moderately into the carbon configuration can notably enhance 

the catalytic performance of nanocarbon structures applied in wastewater 

treatment, especially phenolic wastewater, because the functional groups 

with nitrogen improve the electronic conductivity enjoyed by carbon 

material itself.[25-30] Owing to the popularity of NMCN, a range of 

approaches have been developed to introduce N into carbon structures. 

On one hand, direct synthesis with nitrogen-containing precursors, such 

as melamine, N-heterocycles, and benzylamine can generate N-doped 

carbon materials.[31, 32] Melamine, due to tis high nitrogen content of 

66.7%, is most commonly used as a nitrogen precursor. On the other 

hand, posttreatment of carbon exposed to N-containing compounds, for 

example, NH3 at high temperatures can also obtain NMCN. N-doped 

carbon nanostructures synthesized by the former method often have 

more structural nitrogen and homogeneous incorporation of nitrogen 

combined with controlled bulk properties, and thereby is considered as 

the desirable methodology for the preparation of N-doped carbon.[33] 

 

In this work, we report a novel and simple one-pot approach to 

controllably synthesize N-doped mesoporous carbon nanostructures with 

different morphologies from graphene to carbon nanotubes via direct 

pyrolysis of iron chloride, glucose and melamine. The obtained nitrogen-

modified mesoporous carbon nanostructures were denoted as NMCN-X 

(X referring to the mass percentage of melamine to that of glucose). 

Various techniques were utilized to characterize the morphologies and 

structures of carbon nanomaterials and their catalytic performance were 

studied specifically by the degradation of phenolic wastewater. 

 

5.2 Experimental 
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Materials and Chemical Reagents. D-glucose, melamine, potassium 

peroxymonosulfate (2KHSO5 • 3KHSO4 • K2SO4), hexahydrate ferric 

chloride (FeCl3 • 6H2O), sodium azide (NaN3), p-benzoquinone (PBQ), 

and tert-butyl alcohol (TBA) were brought from Sigma-Aldrich. Acetone 

and hydrochloric acid (35-37 wt%) were obtained from Chem-Supply. 

Phenol was obtained from Ajax Finechem. High purity nitrogen gas was 

from BOC. All these chemical reagents were of analytical grade and 

utilized as delivered with no further purification. Ultrapure water was 

employed in the whole process. 

 

Synthesis of Nitrogen-doped Mesoporous Carbon Nanostructures. A 

typical process was shown as follows: 3g FeCl3 ∙ 6H2O, 3g D-glucose 

and X melamine (X means the mass percentage of melamine to that of 

glucose) were first mixed in 10 mL ultrapure water to obtain a uniform 

solution and put into an oven of 80 oC overnight to remove water. Then, 

a yellow solid was obtained and ground. Subsequently, the mixture was 

moved into a porcelain boat and put into the centre of tube furnace, and 

afterwards heated to 700 oC at a rate of 5 oC min-1 within a N2 flow for 6 

h. When falling to room temperature, the obtained combustion products 

was pulverized into powder and submerged in 35-37 wt% hydrochloric 

acid (HCl) solution to remove impurities for 6h. The product was 

washed in ultrapure water and acetone for several times until there is no 

chloride ion in the upper solution and dried overnight at 80 oC. 

Eventually, nitrogen-doped mesoporous carbon nanostructures with 

different amount of melamine (i.e., NMCN-25, NMCN-50, NMCN-75) 

were obtained. In addition, NMCN-25 ethanol, NMCN-50 ethanol, 

NMCN-75 ethanol were also prepared by the same processes but the 

precursors were dissolved in ethanol instead of water. By comparison, 
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NG was also prepared by the same procedures without the addition of 

melamine. 

 

Characterization of Materials. X-ray diffraction (XRD) instrument of 

Bruker D8 Advance was used to characterize the crystalline structure of 

carbon materials using a Cu-K𝛼𝛼  radiation withλ at 1.5418 Å. Raman 

spectra were obtained from an ISA dispersive Raman instrument with an 

argon ion laser at 514 nm. Information on surface compositions was 

acquired by X-ray photoelectron spectroscopy (XPS) on a Thermo 

Escalab 250 under radiation of Al-K𝛼𝛼 X-ray. The specific surface areas 

as well as distributions of pore size, obtained on a Tristar II 3020, were 

calculated by the Brunauere-Emmette-Teller (BET) equation and the 

Barrette-Joynere-Halenda (BJH) method, respectively. Scanning electron 

microscopy (SEM) was utilized to characterize the surface morphologies 

of the samples by a Zeiss Neon 40 EsB FIBSEM. Thermal behavior of 

carbon materials was carried out by a Mettler-Toledo-Star thermal 

analyzer in air with a heating rate of 10 oC min-1 ranging from 35 to 

1000 oC.  

 

Catalytic Tests. The decomposition of phenol solution was implemented 

with a 250 mL glass bottle with certain concentrations of phenol 

solution, carbon catalysts and PMS in temperature-controlled water bath. 

1 mL phenol solution, withdrawn by a syringe and filtered by a 0.45 mm 

Millipore film, was finally injected into a glass vial at each time interval. 

Subsequently, quenching agent of 0.5 mL methanol was added 

immediately. After shaking the vial vibrantly, the solution was analyzed 

by a Thermo-Fisher Scientific 3000 UHPLC system (ultra-high 

performance liquid chromatograph with a UV detector at 270 nm. An 

Acclaim RSLC C-18 column was utilized and a mixture of 30% 
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acetonitrile and 70% water was used as the mobile phase at a constant 

flow rate of 1 mL/min. 

 

5.3 Results and Discussions 

 
 

 
Figure 5.1 SEM images of (a) NMCN-25, (b) NMCN-50, (c) NMCN-75. 
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The morphologies and microstructures of different NMCNs were 

investigated by SEM. As illustrated in Figure 5.1, exfoliated and crinkled 

layers with partial aggregation were observed in NMCNs. The disruption 

and irregularity demonstrated that the incorporation of nitrogen into the 

framework was not only at the defective sites network but also into the 

interior. Some ultralong but nonuniform carbon nanotubes (CNTs) were 

occurred in NMCN-75, demonstrating that high content of nitrogen 

sources facilitate the transformation of graphene into CNTs, further 

improving the catalytic performance and in phenol degradation (as 

shown in Figure 5.7 (a) ). It may open a straight and facile protocol to 

transfer graphene into CNTs. 

 

Figure 5.2 displays XRD patterns of NMCN nanomaterials. Sharp and 

strong diffraction peaks at 26o as well as broad and weak ones at 44o 

were all observed in NMCN materials with water, which correspond to 

the (002) and (101) crystal planes of standard hexagonal graphite, 

respectively,[34] confirming the formation of graphitic structure and 

occurrence of pronounced graphitization during the carbonization. 

 
Figure 5.2 XRD patterns of NMCNs prepared in (a) water and (b) 

ethanol. 
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Same diffraction peaks were also observed in NMCN-25 ethanol, 

NMCN-50 ethanol, NMCN-75 ethanol but these peaks are weaker and 

broader than those of NMCNs synthesized with water, meaning that less 

pronounced graphitization occurred in ethanol and water can promote 

more graphitization of the catalysts during the process. 
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Figure 5.3 Raman spectra of NMCN-25, NMCN-50 and NMCN-75. 

 

Raman spectroscopy is another cathedratic method for the in-depth study 

of graphitization degree, number of layers and doping condition of 

carbon nanostructures. G-band denotes the presence of sp2-hybridized 

carbon atoms in carbon materials, D-band offers information on the 

existence of disordered carbon structure and 2D-band suggests the 

number of layers existed in graphene materials.[35] 

 

Figure 5.3 depicts the Raman spectra of NMCN-25, NMCN-50 and 

NMCN-75. The distinctive D band at 1319 cm -1, G band at1571 cm -1 

and 2D band at 2646 cm -1 were all seen in Figure 5.3. ID/IG (the intensity 

ratio of D and G bands) is used to estimate the defect and disorder 

presented in carbon nanomaterials.[36] The ID/IG values of NMCN-25, 
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NMCN-50 and NMCN-75 were calculated to be 1.30, 1.43 and 1.16, 

respectively, demonstrating the graphitization degree increased first and 

then decreased with the amount of nitrogen sources. It could be inferred 

from Raman results that the most defective degrees were obtained in 

NMCN-50, which is most likely because nitrogen incorporation caused 

great interruption to the previous well-ordered honeycomb 

structures,[37] as illustrated by the largest amount of quaternary N in 

NMCN-50 from XPS results. The strong D band further showed that 

defect density could be greatly increased by the nitrogen doping.[38] 

In addition, as seen from XPS results, most N dopants are at the location 

of the edges of carbon matrix and thus generate pyrrolic N and pyridinic 

N for NMCN-25 and NMCN-75, therefore, their graphitic structures are 

less distorted and the values of ID/IG are lower. Another reason for the 

smallest ID/IG of NMCN-75 is the formation of carbon nanotubes which 

limit the incorporation of nitrogen into the interior and thus generation of 

the most amount of pyridinic N. 

 

 
Figure 5.4 TGA (a) and DSC (b) curves of NMCN-25, NMCN-50  

and NMCN-75. 
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The thermal behaviors of all the three samples were investigated by 

TGA-DSC with air atmosphere at a heating rate of 10 oC min-1 from 35 

to 1000 oC. The curves are presented in Figure 5.4. Three regions are 

indicated by Figure 5.4 (a) about the process of NMCN weight loss. To 

start with, from 35 oC to approximately 300 oC, sample weight loss is 

slight as adsorbed water molecules evaporate. Afterwards, a minor loss 

in weight is emerged from 300 to 500 oC due to the emission of CO2 and 

H2O which generated by the decomposition of remaining oxygen 

functional groups, and the DSC curves also showed a characteristic step 

or peak at 492, 493, 462 oC for NMCN-25, NMCN-50 and NMCN-75, 

respectively. In the end, the temperature range from 500 to 730 oC 

witnesses a dramatic weight loss. The TGA and DSC curves demonstrate 

a characteristic step or strong exothermal peak at 636, 623, 684 oC for 

NMCN-25, NMCN-50 and NMCN-75, respectively, simply attributed to 

carbon combustion and breakdown. No further weigh loss of NMCN can 

be seen after 730 oC. The weight loss was determined to be stabilized at 

2.8 %, 3.6 %, 2.3 % after 719, 687, 729 oC for NMCN-25, NMCN-50 

and NMCN-75, respectively, indicating the complete combustion of 

carbon. In addition, thermal stability has an inverse dependence on the 

specific surface area. As shown in Figure 5.4 (b), the burn-off 

temperature of NMCN samples was in an order: NMCN-50 ＜ NMCN-

25 ＜ NMCN-75. 

 

The specific surface area and pore structures of the prepared carbon 

nanomaterials were studied by nitrogen sorption measurements. Figure 

5.5 demonstrates N2 adsorption/desorption isotherms as well as 

respective pore size distributions of NMCN-25, NMCN-50 and NMCN-

75. All the samples exhibited the characteristic of type IV 

adsorption/desorption isotherm (classified by IUPAC) with a well-
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defined hysteresis loop at the relative pressure ranging from 0.4 to 0.9, 

displaying the existence of mesoporous structures. NMCN-50 had a 

broader hysteresis loop than the other two samples, implying a more 

porous structure with larger surface area and pore volume. Table 5.1 

specifically lists some textural parameters of the prepared carbon 

nanomaterials. 

 

 
Figure 5.5 (a) N2 adsorption/desorption isotherms and (b) pore size 

distributions of NMCN-25, NMCN-50 and NMCN-75. 

 

The pore sizes of all samples are focused on 2-4 nm. The specific surface 

areas (SSA) are found to be 312.2, 348.1 and 284.3 m2/g for NMCN-25, 

NMCN-50 and NMCN-75, respectively. NMCN-50 has the largest SSA, 

partially owing to the formation of high-quality graphene layers as 

shown in SEM. However, when the amount of melamine increased to 

75% of that of glucose, SSA decreased accordingly, mainly because 

some carbon nanotubes were formed and the spaces between layered 

hierarchical structures decreased to induce lower exfoliation degree. 
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Table 5.1 Textural properties of NMCN-25, NMCN-50 and NMCN-75. 

 

  
BET surface 
area, m2/g 

 
Pore volume, 

cm3/g 

 
Average pore 

size, nm 

    

NMCN-25 312.2 0.17 4.0 

NMCN-50 348.1 0.35 2.7 

NMCN-75 284.3 0.19 2.3 

    

 

XPS was utilized to study the compositions of different elements on the 

surfaces of samples and relevant data and fitting results are illustrated in 

Figure 5.6. All the carbon nanostructures exhibit a very low ratio of 

oxygen, rather lower than that of rGO and N-rGO,[39, 40] indicating that 

this novel approach can generate high-quality carbon materials. 

Meanwhile, oxygen level increased with the amount of nitrogen 

precursors partially due to the introduction of more NOx species. The 

nitrogen levels of NMCN-25, NMCN-50 and NMCN-75 were estimated 

to be 1.28%, 2.37% and 6.36%, exceptionally higher than those of 

nitrogen-doped single walled CNT[28], nitrogen-doped annealed 

nanodiamonds.[41] 
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Figure 5.6 XPS surveys of NMCN-25, NMCN-50 and NMCN-75 (a); 

and N 1s scan of NMCN-25 (b), NMCN-50 (c) and NMCN-75 (d). 

 

To be specific, pyridinic N is at the location of 398.3 eV, via the 

replacement of a carbon atom with a nitrogen atom on the edge or defect 

sites. In addition, peaks located at 399.7 eV and 401.4 eV are ascribed to 

pyrrolic and/or pyridone-N moieties and quaternary nitrogen, 

respectively. Meanwhile, pyridine-N-oxide at 403.0 eV was also 

found.[42, 43] More quaternary N were found in NMCN-50 but more 

pyridinic N were formed in NMCN-75, indicating that more nitrogen 

sources can help nitrogen incorporate into the interior of carbon 

materials, but excess nitrogen would exert a small impact on the 

formation of quaternary N. Another reason for the generation of 

pyridinic N instead of quaternary N in NMCN-75 may be partially due to 

the formation of carbon nanotubes, which limited the encapsulation of 
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nitrogen into the interior. Similar to previous studies, the 

pseudocapacitive interactions are primarily initiated by pyrrolic and 

pyridinic groups with negative charges, while quaternary N and 

pyridine-N-oxide with positive charges may be conducive to the electron 

transfer in the carbon configuration and thus improve conductivity of 

carbon nanomaterials. Therefore, more quaternary N and pyridine-N-

oxide facilitate the catalytic performance to decompose phenolic 

compounds, as illustrated in the results of phenol degradation. 

 

 
Figure 5.7 (a) catalytic oxidation of phenol under various carbon 

nanomaterials; (b) stability tests of NMCN-50 (catalyst: 0.2 g/L; PMS: 2 

g/L; T: 25 oC); (c) effect of catalyst loading on the catalytic oxidation of 

phenol; (d) effect of reaction temperature on the catalytic oxidation of 

phenol. 
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Figure 5.7 displayed the catalytic degradation of phenol solutions by a 

range of carbon nanostructures via PMS activation. As shown in Figure 

5.7 (a), without a catalyst, PMS can only degrade 6% phenol due to its 

weak ability to produce active radicals, indicating that ambient 

temperature cannot induce PMS activation to produce sulfate radicals. 

Similarly, with no PMS, only around 10, 4 and 2% phenol was adsorbed 

by NMCN-25, NMCN-50 and NMCN-75, respectively. NMCN-25, 

NMCN-50 and NMCN-75 had the ability to degrade 100% phenol in 

120, 45 and 30 min, respectively, and NMCN-75 exhibited the best 

catalytic performance primarily owing to the synergistic effect of 

graphene and carbon nanotubes. These results were superior to some 

metal-based catalysts (Co3O4, MnO2, CuO and Fe3O4), better than those 

of reduced graphene oxide,[40] pristine nanodiamond, single-walled 

carbon nanotubes (SWCNTs),[19] multi-walled carbon nanotubes 

(MWCNTs), CMK,[44] sulfur and nitrogen co-doped graphene[27], 

parallel to that of rGO-900.[19] 

 

The outcomes of phenol degradation further concluded that nitrogen 

doping and SSA exerted vital impacts on the catalytic phenol removal. 

NMCN-50, with the largest SSA, can degrade 100% phenol in just 45 

min and NMCN-75, with the most nitrogen doping, can degrade 100% 

phenol in only 30 min, implying that nitrogen doping is a decisive factor 

in the enhancement of phenol oxidation. The reason for this is that 

electronic structure of adjacent carbon atoms may be altered by the 

doped nitrogen and therefore electron transfer quickly to accelerate the 

catalytic reactions. 

 

Despite post-treatment of acid leaching, metal impurities are often 

unfavorably introduced into the carbon materials in the synthesis of 
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carbon nanostructures, which will seriously affect the catalytic 

performance of carbon materials.[45, 46] However, Figure 5.6 (a) 

verified that no significant iron elements were found in all the carbon 

nanostructures. Meanwhile, the solution after phenol degradation 

presented no color, which demonstrated that there is no Fe2+ or Fe3+ in 

the solution, further proving that excellent catalytic activity was 

attributed to functional groups and active sites of carbon nanostructures 

in the PMS activation. 

 

The following pseudo-first-order reaction was used to calculate the 

kinetic rates of carbon nanostructures, 

 

 ln(𝐶𝐶 𝐶𝐶0⁄ ) =  −𝑘𝑘𝑘𝑘                                                                          (Eq. 5.1) 

 

In this equation, C0 and C refer to the initial phenol concentration and 

that at different time, and k represents the reaction rate constant, which 

was calculated to be 0.065, 0.13 and 0.17 min-1 for NMCN-25, NMCN-

50 and NMCN-75, respectively. With more nitrogen precursors, NMCN-

50 and NMCN-75 presented higher activities than NMCN-25. However, 

the reaction rate of NMCN-75 is only a little bit faster than that of 

NMCN-50, suggesting that excess nitrogen sources have a small impact 

on the catalytic performance. Therefore, based on the above 

characterization results, we chose NMCN-50 as the typical catalyst to 

investigate the catalyst stability, impacts of catalyst loading and reaction 

temperature on the catalytic performance as well as the intrinsic 

mechanism. 

 

Stability reactions were performed on NMCN-50 and are displayed in 

Figure 5.7 (b). Complete phenol removal were obtained at 45, 90 and 
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120 min for the first, second and third runs. However, 100% phenol was 

decomposed by N-doped CNT in 20 and 120 min in the first and second 

runs, respectively, but only 89% phenol for the third run.[28] In addition, 

the fresh sample can completely degrade phenol in 45 min, but took 180 

min to remove only 58% and 31% phenol for the second and third times, 

respectively.[25] The intricate effects derived from surface chemistry 

and structure changes may result in the deactivation of nanomaterials. 

These effects include intermediates adsorption, alteration in pore 

structures, coverage of active sites on the surface, and reconstruction of 

dopants in the carbon framework.  

 

The influence of catalyst loading exerted on phenol oxidation is shown 

in Figure 5.7 (c). Taking NMCN-50 as an example, complete phenol 

removal was obtained in just 5, 45 and 90 min for 0.5, 0.2 and 0.1 g/L 

loadings of NMCN-50, respectively. Due to the negligible adsorption of 

phenol on NMCN-50, more active sites from more catalyst usage for 

PMS activation may result in the superb increase in phenol degradation.  

The influence of reaction temperature exerted on phenol removal by 

NMCN-50 is shown in Figure 5.7 (d). With elevated temperatures, the 

efficiency of phenol degradation increased moderately. Specifically, 

phenol was completely removed by NMCN-50 in 60, 45 and 30 min at 

15, 25 and 35 oC, respectively. This may be attributed to the more 

reactive radicals created by electron transfer at elevated temperatures. 

The activation energy of NMCN-50 for phenol removal, on the basis of 

the first order kinetics and calculated by the Arrhenius equation, was 

estimated to be 35.3 kJ/mol, much lower than that of graphene (84.0 

kJ/mol), annealed nanodiamonds (85.1 kJ/mol),[41] multi-walled carbon 

nanotubes (44.6 kJ/mol) and parallel to that of N-CNT (36.0 kJ/mol).[28] 
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Previous studies have investigated the mechanisms of catalytic oxidation 

of phenol by metal-based catalysts and metal-free carbon catalysts and 

found that hydroxyl and sulfate radicals are the major radicals generated 

to activate PMS to degrade phenol solutions.[25, 47-49] Recent reports 

have shown that PMS self-decomposition can generate singlet oxygen 

(1O2) with a rate constant k of approximately 0.2 M-1 s-1.[50, 51] 

Meanwhile, PMS can also be activated by ketones and benzoquinone to 

generate 1O2.[52]  

 

 
Figure 5.8 (a) Effects of radical quenching by ethanol on phenol 

degradation for NMCN-25, NMCN-50 and NMCN-75, and (b) 

Competitive radical tests of phenol degradation for NMCN-50. Reaction 

conditions: phenol 20 ppm, catalyst loading 0.2 g L−1, PMS 2 g L−1, 

temperature 25 °C. 

 

To validate the effects of •OH and SO4
•− radicals and 1O2, different 

radical quenching tests were performed. Ethanol was regarded as an 

effective quenching agent for •OH and SO4•− radicals. Phenol 

degradation would be greatly hindered if •OH and SO4•− are the 

dominant reactive species in the processes.[44] Control experiments on 

NMCN-25, NMCN-50 and NMCN-75 were conducted with addition of 
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ethanol at a molar ratio of ethanol : PMS = 500 : 1. As shown in Figure 

5.8 (a), the catalytic performance of NMCN-25 was decreased but that of 

NMCN-50 and NMCN-75 were not greatly influenced compared to that 

without ethanol, indicating that •OH and SO4
•− were the major reactive 

species presented in the activation of PMS for NMCN-25 but not for 

NMCN-50 and NMCN-75. This further revealed that more nitrogen 

sources could change the mechanism from radical to non-radical 

processes. NMCN-50 was taken as the major catalyst to further 

investigate the radicals generated in the processes. Tert-butanol (TBA) 

was used as the scavenger of •OH due to its stagnated reaction with SO4
•− 

radicals. When the molar ratio of TBA to PMS is 100 : 1, degradation 

efficiency was not greatly reduced, further confirming that •OH were not 

the dominant species and the process is not completely induced by 

radicals.[53] 

 

Sodium azide (NaN3) was selected to quench 1O2 in the light of previous 

study.[54, 55] It is noticeable that 1O2 could degrade phenol efficiently 

while minor reactivity was observed by ethanol and TBA. The addition 

of NaN3 could prevent the effective degradation of phenol solution and 

only 92% phenol was removed in 180 min as illustrated in Figure 5.8 (b). 

Although •OH and SO4
•− radicals could also be scavenged by NaN3, 3 

mM NaN3 exhibited a weaker ability to quench •OH and SO4
•− than that 

of ethanol, which is considered to be more effective in the prevention of 

phenol removal than NaN3 if ˙OH or SO4
•− radicals are regarded as the 

dominant reactive species. On the contrary, 1O2 was proved to contribute 

primarily to phenol degradation. As a result, the decrease in degradation 

efficiency from 100% phenol removal in just 45 min to 92% removal in 

180 min with NaN3 was ascribed to 1O2 quenching. In addition, the 
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efficiency of phenol degradation was not suppressed by adding p-

benzoquinone (PBQ), an effective scavenger for superoxide (•O2
−). 

 

 
Scheme 5.1 The mechanism of PMS activation by NMCN-50. 

 

In conclusion, although catalytic performance was a bit influenced by the 

introduction of ethanol and TBA, NaN3 quenching exerted a more 

serious effect, demonstrating that 1O2 was the major reactive oxygen 

species generated in phenol catalytic oxidation. The possible mechanism 

of the superb activity and outstanding stability of NMCN-50 in PMS 

activation for phenol degradation can be explained by a combination of 

radical and non-radical processes. The mechanism of PMS activation on 

NMCN-50 is illustrated in Scheme 5.1.[44] 

 

5.5 Conclusions 

 

A green and facile pyrolysis synthesis of iron chloride, melamine and 

glucose was applied to fabricate nitrogen-doped mesoporous carbon 

nanostructures with morphology modifications from graphene to carbon 

nanotube. The prepared materials have low oxygen content and high 

nitrogen content with large specific surface area. NMCN-50 and NMCN-
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75 exhibited excellent performance in catalytic oxidation of PMS to 

degrade phenol solutions. The specific surface area as well as the amount 

of nitrogen precursors play a combined role in the enhancement of 

catalytic performance. However, excess nitrogen sources somehow 

prevent nitrogen from incorporating into the interior and thus decrease 

the defective sites, specific surface area and the amount of quaternary 

nitrogen, further limiting the improvement of catalytic performance. 

Quenching tests were employed to investigate the generated reactive 

species, and 1O2 were demonstrated to be the dominant oxygen species in 

catalytic phenol oxidation. It was concluded that this catalyst follows 

major non-radical and minor radical processes to activate PMS to 

degrade phenol. This novel synthetic approach, excellent performance 

and stability and proposed mechanism will stimulate the development of 

green carbon-based materials in environmental remediation. 
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Chapter 6 Co-based nanospheres supported on carbon 

sphere with a tunable oxidation layer in the applications of 

lithium ion battery and wastewater treatment 
 

Abstract 

Energy crisis and environmental pollution are two major concerns of the 

21st century. It is of great priority to develop novel materials with 

maximum energy utilization and environmental friendliness. Here, Co-

based nanospheres supported on a carbon substrate with a tunable 

oxidation layer are successfully synthesized by a controllable oxidation 

process. Fully oxidized carbon sphere (FC@CS) is used as the anode 

material in lithium ion batteries (LIBs), and the Co nanosized particles 

homogeneously anchored on the carbon exhibit superior LIBs 

performance with a large reversible capacity, excellent cyclic 

performance and good rate capability, highlighting the importance of 

the pomegranate-like structure and Co3O4 nanoparticles in the energy 

storage applications. In addition, partially oxidized carbon sphere 

(PC@CS) is employed as an excellent catalyst for efficient phenol 

removal by peroxymonosulfate (PMS) activation with both outstanding 

catalytic degradation performance and superb stability. Electron 

paramagnetic resonance (EPR) is performed to probe the generated 

reactive radicals and quenching experiments reveal that the catalytic 

mechanism is a radical process. To improve the usage efficiency of 

materials and reduce the cost, regeneration of inactive PC@CS after 

phenol degradation is carried out and applied for LIBs anode. This 

recycled material displays a comparable performance to FC@CS in the 

LIBs application, which not only removes the pollutants in the 
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wastewater but also reduces the production cost of LIBs. Due to the 

facile synthesis method, distinctive structure and dual applications in 

LIBs anode and wastewater treatment, these novel Co-based composites 

have great potential as new strategic materials for energy storage and 

environmental catalysis.  
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6.1 Introduction 

 

Freshwater pollution and energy scarcity are critical issues for human 

beings in the 21st century. Although clean freshwater is the most basic 

natural resource for human beings to survive, rapid industrialization and 

urbanization, along with explosive population growth, have resulted in 

serious water pollution that is detrimental to the health of living 

organisms.[1, 2] Wastewater from processing industries contains many 

hazardous organics, such as phenolic compounds and dyes, which are 

highly toxic and recalcitrant to natural degradation and have caused 

serious issues to the environment.[3] In an effort to cope with water 

pollution, rapid and significant advances in wastewater treatment 

methods have been gained, such as photocatalysis, adsorption, separation 

processes and biodegradation.[4-7] In the past few decades, advanced 

oxidation processes (AOPs) have been developed into one of promising 

approaches to completely remove persistent organic pollutants in 

contaminated water.[8, 9] Fenton reaction, one of popular AOPs, has 

demonstrated to be effective for the efficient decomposition of many 

organic pollutants, but is subject to a series of shortcomings like a low 

pH range, metal leaching, difficulties in transportation and storage of 

H2O2 and large amount of sludge generation.[10, 11] Of late, sulfate 

radicals, an alternative to hydroxyl radicals, are generated from 

peroxymonosulfate (PMS) or persulfate (PS) to be applied for removing 

organic pollutants in aqueous solution due to their stronger redox 

potential than hydroxyl radicals, better selectivity, and no pH 

adjustment.[12, 13] It was found that sulfate radicals can be generated by 

activating PMS through UV radiation, heat, metal ions or oxides and 

metal-free materials.[14] Extensive investigations have been 

implemented to confirm that transition metals, especially cobalt ions or 
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oxides are highly effective in PMS activation to produce sulfate radicals 

to degrade organics in wastewater.[15-19] However, as a toxic heavy 

metal, the presence of cobalt in reaction solutions could be a serious 

threat to the health of both human beings and animals because it can 

trigger asthma, pneumonia and other lung problems.[20] Secondary 

contamination would be resulted from unsuitable recovery of the used 

catalyst in water and pose greater damages than pollutants. Generally, 

ultrafine particles cannot be successfully treated by conventional 

separation methods and high-speed centrifugation is thus required to 

inevitably enhance the cost of heterogeneous catalysis. However, 

magnetic separation can remove particles in wastewater with a simple 

use of an external magnetic field.[21] Therefore, for a feasible 

application, it is urgent to develop novel and recoverable catalysts that 

can be easily separated from solution with high activity and stability in 

heterogeneous PMS activation.[22] 

 

Recently, rechargeable lithium ion batteries (LIBs) have potential 

applications ranging from portable electronic devices to electric vehicles, 

and are regarded as a promising choice for modern space and military 

facilities due to their high energy densities and long-term operation 

stability.[23-25] Therefore, in light of power density, safety and cycle 

life, these fields are the driving forces for the development of LIBs. For 

metal-free electrode materials, graphite is extensively applied as the 

anode material for LIBs. The lithiation potential, at a high rate in 

particular, is below 0.2 V versus Li/Li+, approaching that of lithium 

stripping and having the possibility to cause safety issues. Additionally, 

the formation of a layer of solid-electrolyte interphase (SEI) with 

electronic insulation is unavoidably occurred on the surface of graphite 

below 1.0 V versus Li/Li+. Also in the process of full lithium insertion 
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and extraction, a 9% volume variation is witnessed by the graphite 

anode.[26] For the inorganic metal oxide materials, Co3O4 was 

developed by Poizot et al into the anode in LIBs in 2000.[27] Due to 

conversion reaction mechanism, it is theoretically able to store more than 

8 lithium per formula unit with a capacity as high as 890 mAh g−1.[28] 

Different routes have been developed to produce Co3O4 nanostructures. 

However, one of major drawbacks for Co3O4 anode materials in the 

practical batteries is their poor capacity retention in the process of 

cycling and poor rate capability, which resulted from the slow kinetics of 

conversion reactions. Another key reason may be ascribed to the big 

variation in volume during lithium insertion/deinsertion. This results in 

material pulverization and electrical contact loss, which eventually 

causes the electrode failure. To address this issue, many researches have 

been reported on the design of porous or channel structures of advanced 

materials equipped with controlled nano/microstructures because of their 

superior properties than their bulk counterparts, or coating graphene or 

other carbon-based materials on the surface of Co3O4.[29-31] Co3O4 with 

different nanostructures, such as nanotubes, nanorods, nanosheets, 

nanocubes, nanoflowers and nanocages, have been studied extensively as 

the anode materials for lithium ion batteries.[32-36] For example, Wang 

et al. compared a variety of multi-shelled Co3O4 hollow particles with 

multi-shelled structures. The small diffusion lengths presented by the 

nanosheet building blocks as well as abundant void space exerted a 

synergetic effect, and thus led to an outstanding capacity and cyclic 

stability.[37] A feasible and controllable electrospinning approach was 

reported by Chen et al. to obtain Co3O4 nanotubes with diameters of 200-

300 nm and interconnected nanoparticles of 20-40 nm. Compared to 

Co3O4 nanowire counterparts, this material exhibited a better cycle 

stability, higher specific capacity and improved rate capability.[38] Not 
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only the porous structures but also the quality of crystallinity and other 

factors exert a significant influence on the performance of LIBs. 

However, Lou compared the electrochemical performance of Co3O4 

nanotubes with various crystallinities and concluded that the enhanced 

crystallinity resulted in a better cycling performance.[39] In spite of the 

successful preparation of Co3O4 nanoparticles with high capacity, its 

hollow structure or small size that plays a dominant role in the 

charge/discharge performance, has rarely been studied. Moreover, 

ordered mesoporous structure is considered as one of the most popular 

nanostructures for LIBs which consists of micrometer-sized particles 

with nanometer pores and similar size walls.[40, 41] Generally, ordered 

mesoporous structure can be prepared by two different template methods 

(soft or hard template method) with the so-called nanocasting process. 

Tian et al. prepared mesoporous Co3O4 nanotubes at varying calcination 

temperatures and optimized the charge/discharge performance.[42] 

Poizot et al. proposed that the best electrochemical performance was 

presented by a premium particle size for each metal oxide.[27] It can be 

suggested that the charge/discharge performance could be determined by 

several factors such as chemical compositions, morphology, crystallinity, 

specific surface area, and structural stability. Furthermore, the 

development of carbon composites (graphite, graphene or carbon 

nanotube) anchored with nanostructured Co3O4 particles can overcome 

the shortages of bulk Co3O4 electrode, by combining the respective 

merits of nanosized Co3O4 and carbon materials and thus enhance the 

performance of LIBs. Ultrafine Co3O4 nanoparticles in the homogeneous 

encapsulation of ultrathin porous graphitic carbon obtained a large 

specific surface area, excellent electronic conductivity, and superb 

mechanical flexibility. These outstanding properties are able to maintain 

the good stability of Co3O4 nanoparticles with a large capacity.[43] 
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Graphene anchored with Co3O4 nanoparticles were developed by Cheng 

et al. and displayed fantastic Li-battery performance with an excellent 

reversible capacity, superb cyclic performance, and large rate capability, 

which highlighted that nanoparticles anchored on graphene sheets can 

utilize electrochemically active Co3O4 nanoparticles as well as graphene 

to a maximum extent in energy storage for high-performance LIBs.[30] 

Consequently, the carbon- and cobalt- based composite materials can be 

considered as desirable anode materials to improve the performance of 

LIBs. 

 

Although Co-based oxide materials, with or without carbon 

modification, have been investigated on the performance and reaction 

mechanism as LIBs anode, the exorbitant price of such an expensive 

metal is still a major barrier to its large-scale industrial production. 

Therefore, reducing the cost of Co-based electrode has become a new 

research hot spot. In this regard, one of promising approaches is the 

utilization of regeneration and activation processes to recycle the used 

Co-based materials as the anode of LIBs. 

 

In this chapter, pomegranate-like structural Co spheres@carbon sphere 

composite materials were successfully prepared by a combination of 

hydrothermal method and high temperature oxidation. After different 

oxidation treatment, partially oxidized carbon sphere (PC@CS) and fully 

oxidized carbon sphere (FC@CS) were respectively used in the 

application of water treatment and anode of LIBs. In addition, PC@CS 

with good magnetism can be successfully separated from reaction 

solutions after phenol degradation to avoid secondary contamination 

caused by metal-based catalysts. Moreover, it can subsequently be used 

as the anode of LIBs through a regeneration process, and thereby 
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achieved the goal of highly efficient regeneration and multi-field 

recycling. 

 

6.2 Experimental 

 

Materials and Chemicals. Sucrose, hexahydrate cobalt nitrate 

(Co(NO3)2•6H2O), potassium peroxymonosulfate 

(2KHSO5·3KHSO4·K2SO4, Oxone), 5,5-dimethylpyrroline-oxide 

(DMPO, >99.0%)  were purchased from Sigma-Aldrich. Phenol 

(>99.0%), acetone and ethanol were obtained from Chem-Supply. High 

purity nitrogen gas (99.999%) was obtained from BOC. Ultrapure water 

was used in all of the experiments. All chemicals used herein were of 

analytic grade and used as received without any further purification. 

 

Materials Synthesis. The PC@CS and FC@CS precursors were 

prepared via a simple one-pot hydrothermal synthesis. One gram of 

sucrose and 0.3 g of Co(NO3)2•6H2O were ground in ultrapure water 

using a high-energy ball mill (Pulverisette 6, Fritsch, Germany) at 400 

rpm for 0.5 h. After grinding, the obtained solution was transferred into a 

Teflon-lined stainless steel autoclave. The sealed autoclave was placed 

in an oven at 150 °C for 12 h and water-cooled down to the room 

temperature. The resultant black carbonaceous hydrogel monolith was 

heated under N2 atmosphere to 600 °C for 6 h to form the carbon 

precursor with embedded metallic cobalt nanoparticles. Then, the 

precursor was treated in a muffle furnace at 350 oC for 0.5 h or 3 h to 

obtain PC@CS or FC@CS, respectively. 

 

Materials Characterization. Field-emission scanning electron 

microscopy (Zeiss 1555 VP-FESEM) was used to characterize the 
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microscopic features of the samples. A FEI Titan G2 80–200 

TEM/STEM with ChemiSTEM Technology operating at 200 kV was 

used to evaluate high angle annular dark field scanning transmission 

electron microscopy imaging and element mapping. Energy dispersive 

X-ray spectroscopy was employed to obtain the elemental mapping with 

the utilization of a Super-X detector on the Titan under a probe size of 

≈1 nm along with a probe current of ≈0.4 nA. A Bruker D8 Advance 

X-Ray Diffractometer with Cu Kα radiation (λ = 1.5418 Å) was used to 

collect the XRD patterns of the products. The data were collected 

through a step-scan mode in a 2θ range of 10-90° at 0.02° per step. The 

Rietveld refinement was analyzed by TOPAS V5. Thermogravimetric 

analysis (TGA) was performed with a temperature ramp of 10 °C min-1 

under an air flow. The specific surface area and pore size distribution of 

the samples were evaluated by the BET equation and the Barrett–

Joyner–Halenda method on a TriStar II instrument, respectively. XPS 

was conducted on a ThermoEscalab 250 using an Al Kα X-ray source to 

detect the elemental composition of the carbon materials. The Raman 

spectra of the carbon materials were acquired from an ISA Raman 

spectrometer equipped with argon ion lasers at 514 nm to estimate the 

disorder degree of the carbon materials. 

 

Electrochemical Measurements. The battery tests were carried out in a 

half-cell configuration. The working electrode consists of active 

materials, conductivity agent (Carbon black, Super P), and polymer 

binder (polyvinylidene fluoride, PVDF) with a weight ratio of 80:10:10. 

The active mass loading on the electrode is about 2.5 mg cm-2. The 

electrolyte employed was a solution of 1 M LiPF6 in a mixture of 

ethylene carbonate/dimethyl carbonate (EC/DMC) with 1:1 vol ratio. A 

microporous polypropylene film (Celgard 2400) was used as the 
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separator. For the galvanostatic charging-discharging tests, the electrodes 

were punched into discs with a diameter of about 1.4 cm. Lithium chip 

was used as both counter electrode and reference electrode. The coin 

type half cells were assembled in an argon-filled glove box and then 

tested using a computer-controlled battery test station (NEWARE BTS-5 

V, 50 mA) between 0.01 and 3.00 V at different rates and under room 

temperature. A CHI 760a electrochemical workstation was used to 

record the CVs. 

 

Catalytic Oxidation of Phenol Solutions. The decomposition of phenol 

solution was implemented with a 250 mL glass bottle with certain 

concentrations of phenol solution, carbon catalysts and PMS in a 

temperature-controlled water bath. One mL phenol solution, withdrawn 

by a syringe and filtered by a 0.45 mm Millipore film, was finally 

injected into a glass vial at each time interval. Subsequently, a quenching 

agent of 0.5 mL methanol was added immediately. After shaking the vial 

vibrantly, the solution was analyzed by a Thermo-Fisher Scientific 3000 

UHPLC system (ultra-high performance liquid chromatograph with a 

UV detector at 270 nm. An Acclaim RSLC C-18 column was utilized 

and a mixture of 30% acetonitrile and 70% water was used as the mobile 

phase at a constant flow rate of 1 mL/min. 

 

Mechanistic Studies of the Catalytic Processes. An EMS-plus EPR 

instrument from Bruker was employed to detect the free radicals 

captured by 5,5-dimethyl-1-pyrroline (DMPO, ＞ 99.0%) during PMS 

activation, operating under the following conditions: center field, 3515 

G; sweep width, 100 G; microwave frequency, 9.87 GHz; power setting, 

18.75 mW; scan number, 3. The radical quantitative information was 

acquired from the Spin Fitting from Bruker Xenon Software Package. 
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6.3 Results and discussion 

 

 
Figure 6.1 (a) XRD patterns of FC@CS and PC@CS; (b) Rietveld 

refinement of XRD data for PC@CS; STEM and EDS mapping of the 

elemental species on the composite of (c) PC@CS and (d) FC@CS. 

 

It is well known that, due to its theoretical capacity during the lithium 

insertion/deinsertion conversion reaction, Co3O4 is an excellent anode 

material in the LIBs. However, the metal Co and CoO with lower 

valences are not ideal electrode materials in LIBs for their lower 

theoretical capacity.[44] However, as reductants, Co and CoO can be 

excellent catalysts for PMS activation to generate sulfate radicals in the 

treatment of wastewater containing phenolic compounds. During phenol 

degradation, the low valence Co-based materials can be oxidized to high 

valence Co-based oxides by PMS to purify wastewater. Two different 

types of cobalt nanospheres encapsulated in carbon spheres are tunably 

prepared by the combined methods of hydrothermal reaction and high-

temperature oxidation. The crystal structures of fully oxidized cobalt 
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nanospheres encapsulated in carbon sphere (FC@CS) and partially 

oxidized cobalt nanospheres encapsulated in carbon sphere (PC@CS) are 

investigated by X-ray diffraction (XRD) and the results are presented in 

Figure 6.1 (a). The characteristic peaks of the FC@CS correspond 

excellently to those of face-centered Co3O4 with a space group of Fd-3m 

(JCPDS no. 65-3107), and the additional peak at 25.9o comes from the 

carbon substrate. With respect to the XRD pattern of FC@CS, PC@CS 

displays some diffraction peaks in good agreement with metal Co with a 

space group of Fm-3m. Rietveld refinement fitting results of PC@CS are 

depicted in Figure 6.1 (b), which converge to lattice parameters of 

a=8.09 Å for Co3O4 and a=3.54 Å for Co with reliability factors of Rwp= 

0.9872 and Rp=0.7637 with goodness of fit=0.001. The weight ratios of 

these two phases in PC@CS are 77.3% and 22.7% for Co3O4 and Co, 

respectively. The results are further verified by the high-angle annular 

dark field scanning transmission electron microscopy image (HAADF-

STEM) and energy dispersive X-ray (EDX) elemental mappings. As 

shown in Figure 6.1 (c), the Co3O4 nanospheres are evenly distributed 

inside the carbon sphere substrate. The size of the carbon substrate is 

about 5 µm and the average size of Co3O4 nanospheres is 50-90 nm. 

However, Co nanospheres in the PC@CS exhibit a yolk-shell structure 

with an oxide layer of 5 nm thick, which completely covers the surface 

of metal Co nanospheres. It is indicated that the hydrothermal and 

calcination processes can simultaneously result in and improve sucrose 

carbonization at the conditions of high pressure and high temperature.  

Figure 6.2 shows typical scanning electron microscopic images for 

PC@CS and FC@CS. It is demonstrated that both the PC@CS and 

FC@CS have the spherical shape with an average diameter of 6 µm. 
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Figure 6.2 Representative SEM images of (a) PC@CS and (b) FC@CS. 

 

Some nanosized Co-based particles can be viewed on the relatively 

tough surface of the carbon substrate with an average size of 6 µm, 

corresponding to the results of STEM-EDS. Compared to the rough 

surface of FC@CS, PC@CS shows a relatively smooth surface, which 

may be attributed to the generation of defect carbon from the burning of 

partial carbon substrate at high temperature for longer calcination time. 

This phenomenon can further be confirmed by the TGA, BET and 

Raman. The generation of the disordered defects of graphitic carbon can 

also be verified by nitrogen adsorption-desorption isotherms.  

 

Figure 6.3 (a) and (b) display the nitrogen adsorption-desorption 

isotherms of PC@CS and FC@CS. Both samples display a typical IV 

isotherm with a H2-type hysteresis loop, elucidating the heterogeneous 

distribution of pore sizes and shapes. The Brunauer-Emmett-Teller 

(BET) surface areas of PC@CS and FC@CS were measured to be 

approximately 56.9 and 67.7 m2 g-1, respectively. Such large specific 

surface areas are vital for the enhancement in the active sites for both 

wastewater treatment and LIBs. Obviously, after the longer sintering 

time under air atmosphere, FC@CS displays a larger specific area, 



210 
 

demonstrating that more defect carbons are created during the oxidation 

process. 

 
Figure 6.3 Nitrogen adsorption-desorption isotherm of (a) PC@CS and 

(b) FC@CS; (c) Raman spectra for these two composites with fitting 

peaks; (d) TGA plots for PC@CS and B) FC@CS. 

 

Figure 6.3 (c) illustrates the Raman spectra of FC@CS and PC@CS. 

Distinctive D and G bands are observed in the Raman spectrum for these 

two samples. The D band gives evidence of defects on the structure, 

while the G band provides information on the vibration of sp2 hybridized 

carbon. Thus, the intensity ratio of D peak to G peak is always used as an 

index to disclose the degree of graphitization or the extent of structural 

disorder. The obtained values of ID/IG for FC@CS and PC@CS are 2.78 

and 1.96, respectively; manifesting well-crystallized graphitic structures 

are obtained for both the samples. Such high graphitization degrees 
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provide a good electronic conductive phase for the loaded Co-based 

nanospheres. The PC@CS displays a more intensive Raman peak and a 

lower ID/IG index value than those of FC@CS, suggesting that the defect 

carbon on the sphere surface can be created by the burn-off of carbon 

substrate for longer calcination under ambient air atmosphere. Thus, 

FC@CS exhibits a much lower degree of graphitic carbon and a 

relatively larger amount of disordered phase than that of PC@CS. In 

addition, it is also suggested that the calcination time is essential to the 

carbonization of the composite materials. The thermogravimetric curves 

of FC@CS and PC@CS are exhibited in Figure 6.3 (d). Two regions in 

the weight loss profiles are observed for FC@CS. The first weight loss 

of about 2% occurs up to 100 oC, corresponding to the elimination of 

water molecules intercalated and adsorbed on the surface or bulk of the 

sample. The second weight loss of 37.4% occurs between 320 oC and 

500 oC, which may be attributed to the dehydration of Co3O4 and 

decomposition of carbonaceous materials. Above 600 oC, the weight loss 

continues, but is relatively small and thus can be ignored. The 

thermogravimetric curve of PC@CS displays a similar process with that 

of FC@CS, but demonstrating a bigger weight loss of 44.1% in the 

temperature range from 320 to 500 oC, which may be due to the partial 

burning of carbonaceous materials in the longer oxidation process at 

high temperature.  

 

X-ray photoelectron spectroscopy (XPS) characterization was performed 

to study the valence of cobalt ion and chemical states of carbon in 

FC@CS and PC@CS. As it is well-known, the binding energy of 

element grows with its valence state.[45] Theoretically, the binding 

energy of Co is approximately at 778.2 eV for Co0, 779.7 eV for Co2+ 

and 780.0 eV for Co3+. Figure 6.4 displays the XPS spectra of Co 2p in 
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FC@CS and PC@CS samples. In FC@CS, the Co 2p3/2 XPS spectrum 

can be fitted into four peaks, that is, the peak of Co2+ at 779.3 eV, the 

peak of Co3+ at 780.7 eV and 782.1 eV and the satellite peak of Co2+/3+ at 

788.9 eV, corresponding to the signals of Co3O4. The fitting result 

indicates that the valence state of the Co element is 2+ and 3+ in the 

FC@CS with longer oxidation time. Based on the fitment of Co 2p XPS 

spectrum, the ratio of Co2+ : Co3+ is 35.2 : 64.8 in the FC@CS. 

 
Figure 6.4 XPS analyses of Co 2p in (a) PC@CS and (b)FC@CS and C 

1s regions of (c) PC@CS and (d)FC@CS. 

 

In comparison, the Co 2p spectrum of PC@CS can also be fitted into 

four different peaks, namely, one metal Co peak at 778.3 eV, two 

primary and perspicuous peaks at 780.3 eV and 782.7 eV, in respective 

agreement to Co2+ and Co3+, and a representative satellite line at about 

787.2 eV. This result expounds that Co0 was the exclusive valence state 
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in the partial oxidation sample. The ratio of the three types of Co ion 

with different valence (Co0 : Co2+ : Co3+) is 19.2 : 49.1 : 31.7 in PC@CS, 

exhibiting Co0 is come from the core part of the core-shell structured 

PC@CS and all of the Co elements in the FC@CS are oxidized for 

longer treatment time. Moreover, as shown in Figure 6.4 (c), the C 1s 

XPS peaks centred at the binding energies of 284.4, 285.5 and 288.2 eV 

are allocated to the C-C, C-O-C and O-C=O, respectively. It can be 

clearly seen that most carbon atoms were sp2-hybridized, and due to the 

short treatment of PC@CS in air at high temperature, the intensity of 

oxygenated functional groups (C-O-C and O-C=O) in the PC@CS was 

obviously decreased compared with that of FC@CS.  

 

According to the above phase and component analysis of FC@CS and 

PC@CS, we can predict that FC@CS, owing to the high theoretical 

capacity, is more suitable for anode materials in lithium ion battery. 

However, the lower valence of Co in PC@CS sample are beneficial to 

PMS activation, which is because Co2+ and Co0 ions with stronger 

reducibility can improve their reaction with PMS, and such an in-depth 

reaction will accelerate the degradation of phenol. In addition, owing to 

its magnetic properties, PC@CS can be easily separated using an 

external magnetic field, avoiding secondary contamination caused by the 

catalyst residues and thus indicating great potentials for practical 

applications.  

 

Based on the high theoretical capacity of Co3O4, FC@CS is more 

suitable to be as an anode material in LIBs. In order to investigate the 

applicability of FC@CS composites in LIBs, the electrochemical 

properties in terms of Li insertion/extraction are investigated. The 

electrochemical properties of mechanical mixture of FC@CS composites 
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and commercial Co3O4 were investigated for comparison. Figure 6.5 (a) 

displays the representative cyclic voltammogram (CV) curves of 

FC@CS composites anode at room temperature from 0.01 to 3.00V at a 

scan rate of 0.1 mV s-1. It can be clearly seen that the CV curve of the 

first cycle shows a great difference to those of subsequent cycles, 

especially for the discharge branch. The similar phenomenon also exists 

on other Co based anode and metal oxide anode materials.[30] 

 
Figure 6.5 (a) Cyclic voltammograms of FC@CS composite at a 

scanning rate of 0.1 mV s-1; (b) galvanostatic charge-discharge curves of 

FC@CS; (c) rate capability of FC@CS at various current densities 

between 50 and 1000 mA g-1; (d) comparison of the cycling performance 

of FC@CS at current densities 50 and 500 mA g-1, and commercial 

Co3O4. 
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In terms of the first discharge cycle, a broad peak is seen from 0.75 to 

1.25 V in the first cathodic polarization process, which is attributed to 

initial insertion of lithium into crystal structure and Co2+/3+ reduction to 

Co0. Two anodic peaks are observed at 2.06 and 2.45 V, in 

correspondence to the reversible oxidation of Co0 to Co2+/3+. The 

following electrochemical reactions describe the formation of Co and 

Li2O and the re-formation of Co3O4. 

 

𝐶𝐶𝐶𝐶3𝑂𝑂4 + 8𝐿𝐿𝐿𝐿+ + 8𝑒𝑒− ↔ 4𝐿𝐿𝐿𝐿2𝑂𝑂 + 3𝐶𝐶𝐶𝐶0                                       (Eq. 6.1) 

8𝐿𝐿𝐿𝐿 ↔ 8𝐿𝐿𝐿𝐿+ + 8𝑒𝑒−                                                                        (Eq. 6.2) 

𝐶𝐶𝐶𝐶3𝑂𝑂4 + 8𝐿𝐿𝐿𝐿 ↔ 4𝐿𝐿𝐿𝐿2𝑂𝑂 + 3𝐶𝐶𝐶𝐶0                                                    (Eq. 6.3) 

 

Side reactions occurring on both electrode surfaces and interfaces are 

normally regarded as the position of special redox peaks in the first 

cycle. The peak intensity decreases apparently and significantly in the 

second cycle, indicating the occurrence of some irreversible reactions 

accompanied by the formation of a SEI film. Notably, the voltage-

current curves almost overlap after the first cycle, indicating the 

formation of a stable SEI film on the surfaces and interfaces of 

pomegranate-like carbon shells in the first cycle. This can prevent the 

direct contact between encased Co3O4 nanoparticles and electrolyte and 

safeguard the structural integrity of inner Co3O4 during the subsequent 

charge-discharge cycles, which eventually results in a high Coulombic 

efficiency, good stability and noticeable reversibility of the sample. The 

decrease in the redox peak intensity implies that the capacity reduced 

during cycling. 

 



216 
 

Figure 6.5 (b) displays discharge-charge curves of FC@CS at various 

cycles measured at a current density of 50 mA g-1 with the potential 

ranging from 0.01 to 3.00 V (vs Li/Li+). With increasing current density, 

the charge potential of FC@CS anode decreases but the discharge 

potential increases, demonstrating higher overpotential. In the first 

discharge process, an obvious plateau of nearly 2.0 V is obtained, which 

is replaced by a slope from 2.0 to 1.8 V in the following cycle in terms 

of the CV results. The as-prepared FC@CS sample has initial discharge 

and charge capacities of 1224.1 and 933.2 mAh g-1 at 50 mA g-1, 

respectively. The irreversible capacity is believed to be arisen from the 

consumption of lithium ions during the formation of SEI film, 

incomplete re-oxidation of Co metal and the irreversible lithium 

insertion and extraction from graphite lattice. After 50 cycles, the 

reversible capacity is still as high as 871.4 mAh g-1. Moreover, FC@CS 

anode material still retains a high reversible capacity of 828.9 mAh g-1 

after 100 cycles. The rate capacity of the anode materials is also a 

decisive factor for electrochemical performance. Figure 6.5 (c) shows the 

rate capability of FC@CS from the current density of 50 mA g-1 to 1000 

mA g-1. FC@CS composite demonstrates a superior performance, 

particularly at the current density of 1000 mA g-1, the specific capacity 

of FC@CS composite still retains 533.6 mAh g-1, which is 43.6% of the 

initial capacity. The excellent rate capability could be attributed to the 

nanosized Co3O4 particles and low resistance resulted from the carbon 

shell.[30] 

 

To highlight the superiority of FC@CS composite in the application of 

anode materials for LIBs, the cycle performance of the composite 

electrode was measured at a current density of 50 mA g-1 and 500 mA g-

1. The commercial Co3O4 composite was also investigated under the 
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same condition for comparison. As displayed in Figure 6.5 (d), an 

exceptionally better cyclic retention is presented by FC@CS composite 

electrode than that of commercial Co3O4. FC@CS displays a high 

reversible capacity of 871 mAh g-1 after 50 cycles and 828 mAh g-1 even 

after 100 cycles, about 93.2% and 88.6% of the initial capacity, 

respectively. In addition, their Coulombic efficiency increases instantly 

from 76.8% at the first cycle to approximately 100% after 2 cycles and 

maintains approximately 100% after 100 cycles, demonstrating the 

successful lithium insertion/extraction in association with efficient 

transport of ions and electrons in the electrodes. For the commercial 

Co3O4 with larger average diameter of about 500-1000 nm, their capacity 

decreases quickly for the first few cycles. The close interaction of 

graphene substrates with Co3O4 nanoparticles directly grown on them are 

the mainly responsible for the high capacity, good rate capability and 

excellent cycling stability of FC@CS hybrid. These superb properties 

make Co3O4 electrochemically active due to the effective and rapid 

conduction of charge carries from Co3O4 nanoparticle to current 

collector back and forth via three-dimensional graphite network with 

high conduction. For FC@CS hybrid materials, the expansion of Co3O4 

nanoparticles upon lithiation can be achieved with no break of the carbon 

shell due to its carbon shell and porous carbon structure. In addition, as it 

is known to all, reversible conversion reaction between the lithium ion 

and Co3O4 achieves high lithium storage capacity of Co3O4 and the 

dispersion of Co nanocrystal in the Li2O matrix, which are beneficial for 

the carbon shell to restrain the formed Co nanocrystal from decomposing 

the outer SEI. This in turn enables a stable SEI to grow on the carbon 

shell surface and inhibit the continuing rupture and reformation of SEI. 

Their capacity maintains excellently after the formation of the stable SEI 

and therefore the anode of FC@CS composites exhibits exceptionally 
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excellent cycling performance. However, pure commercial Co3O4 

sample will cause SEI rupture because in the processes of lithium 

extraction, volume expansion and contraction generate great mechanical 

strain, giving rise to the cyclical exposure of the electrode surface to the 

electrolyte. This will further lead to the successive formation of very 

thick SEI films and consecutive consumption of electrolyte. In addition, 

low Coulombic efficiency, greater resistance to ionic transportation, and 

bad electronic conductivity of the electrode can be resulted from the 

cyclical rupture and SEI growth. Consequently, the pure commercial 

Co3O4 does not exhibit a stable cycle performance for the long-term 

charge-discharge process.  

 

In the wastewater treatment, the mechanism of phenol decomposition is 

based on the reaction between Co-based catalyst as a reductant and PMS 

as an oxidant. From this point of view, Co at low valence state is more 

reactive than those at high state. Therefore, we employ partially oxidized 

PC@CS as a catalyst to degrade phenol solution by activation of PMS. 

Figure 6.6 (a) indicates that without a solid catalyst, PMS itself can 

hardly induce phenol oxidation. Meanwhile, only about 11% phenol was 

removed by the adsorption of PC@CS without PMS. Complete phenol 

removal was achieved on PC@CS in only 10 min, exhibiting a better 

catalytic performance than Co3O4-graphene (100% phenol degradation in 

30 min),[46] nanoscaled zerovalent iron encapsulated in carbon spheres ( 

100% phenol decomposition in 15 min)[47] and exceptionally better than 

some other metal-based materials such as MnO2 (15% phenol 

degradation in 180 min),[48] Fe3O4 (10% phenol degradation in 180 

min),[49] Co3O4 prepared by thermal decomposition of cobalt nitrate 

(24% phenol degradation in 180 min),[50] MnO2 supported Co3O4 

(100% phenol degradation in 120 min),[51] magnetic core/shell 
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nanosphere supported manganese catalyst (100% phenol degradation in 

120 min).[52] 

 

 
Figure 6.6 (a) Phenol degradation of PC@CS under various reaction 

conditions; (b) Stability and recyclability studies of PC@CS; 

(Condtions: phenol 50 ppm, catalyst 0.2 g/L, PMS 2 g/L, temperature 

25 oC) (c) The effect of temperature on phenol removal; (Conditions: 

phenol 50 ppm, catalyst 0.2 g/L, PMS 2 g/L) (d) The effect of catalyst 

loading on phenol removal (Conditions: phenol 50 ppm, PMS 2 g/L, 

temperature 25 oC). 

 

The results strongly suggested that the encapsulated partially oxidized 

Co3O4 and Co0 and the outside carbon spheres may result in a synergistic 

effect that stimulates higher phenol removal efficiency of PC@CS.[53] 
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SEM, TEM and Raman characterizations show strong attachment of Co0 

encapsulated Co3O4 on carbon sphere and carbon defects. The distinctive 

core-shell structure and inner Co0 would activate the outside carbon 

sphere and alter the electronic structure of nearby carbon atoms, and 

accelerate the electron transfer for the catalytic processes 

accordingly.[54] Compared to base Co3O4 catalyst, the outside carbon 

sphere provides an environment to obstruct aggregation of Co0 

encapsulated Co3O4 and prevents the loss of activity. The improved 

activity of PC@CS to degrade phenol may be in connection with the 

strong interaction (Co-O-C) between Co0 encapsulated Co3O4 and carbon 

sphere and excellent dispersion of Co0 encapsulated Co3O4 particles in 

the hybrids.[55] The Co-O-C sites will facilitate OH formation on Co3O4 

and stimulate HSO5
•− activation for the generation of sulfate radicals.[56]  

A pseudo-first-order reaction was applied to estimate the kinetic rates of 

PC@CS, as shown below: 

 

ln(𝐶𝐶 𝐶𝐶0⁄ ) =  −𝑘𝑘𝑘𝑘                                                                          (Eq. 6.4) 

 

where C0 and C represent phenol concentrations at initial and different 

time, t symbolizes the reaction time and k indicates the reaction rate 

constant. 

 

The reaction rate constant (k) of phenol oxidation on PC@CS was 

evaluated to be 0.423 min-1, much faster than NG-700 (0.319 min-1), 

rGO-700 (0.004 min-1), GNs (0.00138 min-1), Mn/N2-MCS (0.0418 min-

1), superior to the popular metal-based catalyst of crystalline Co3O4 

(0.0173 min-1) with more than 24 times enhancement. 
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Practical applications rely heavily on the stability of a catalyst. The 

stability and reusability were evaluated on PC@CS by successive tests 

under the same conditions and the results are shown in Figure 6.6 (b). 

Phenol removal at 100% was attained in 20 and 30 min for the second 

and third runs, respectively, compared to complete decomposition of 

phenol in 10 min for the fresh catalyst. Even after the 10th run, PC@CS 

could still degrade approximately 30% phenol in 180 min. In a similar 

study, the activity of nanoscaled zerovalent iron encapsulated in carbon 

spheres rapidly decreased after the second and third runs, providing 

31.7% and 13.4% phenol removal, respectively,[49] while the fresh 

sample completely degraded phenol in just 15 min. The excellent 

stability may be due to the inner stability and close integration of Co3O4 

and Co0 with supported carbon spheres, which led to little conversion of 

Co0 into Co2+/Co3+ in the reaction. The encapsulated Co0 did not 

consume much after successive reactions and were still sufficient enough 

to activate the surrounding carbon sphere shell to degrade phenol in the 

following runs. However, the gradual decreases in phenol degradation 

were observed on PC@CS, which is mainly attributed to the attachment 

of intermediates generated in the reaction on the surface of the catalyst, 

leading to a reduction in the active sites and surface area of the catalyst. 

The effect of solution temperature on phenol degradation by FC@CS is 

displayed in Figure 6.6 (c). Phenol degradation efficiency, as observed, 

is significantly increased by elevated temperatures. To be specific, 

complete phenol removal was attained in 90 min, 45 min, 20 min, 10 

min and 5 min at 5 oC, 10 oC, 15 oC, 25 oC and 35 oC, respectively. It is 

generally believed that elevated temperature can stimulate phenol 

adsorption and facilitate electron transfer to generate more reactive 

radicals. The activation energy of PC@CS for phenol oxidation was 

calculated to be 33.0 kJ/mol, much lower than other Co-based materials 
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in the references.[57] Therefore, in light of excellent activity and low 

activation energy, PC@CS is regarded as a promising catalytic material 

for oxidation processes. 

 

Figure 6.6 (d) reveals the influence of catalyst loading on phenol 

removal. At 0.1 g/L, complete phenol removal can be achieved in 30 

min, which can dramatically be reduced to 10 and 5 min with 0.2 and 0.5 

g/L loadings, respectively. Because of the minor influence of PC@CS 

adsorption, the enhancement of catalytic efficiency was ascribed to more 

active sites provided by more catalyst to activate PMS. 

 

 
Figure 6.7 (a) EPR spectra of DMPO adducts under different conditions 

(●: DMPO-OH; ◆: DMPO-SO4); (b) Quenching tests of PC@CS on 

phenol degradation (Conditions: phenol 50 ppm, catalyst loading 0.2 

g/L, PMS 2g/L, temperature 25 oC). 

 

Many investigations have demonstrated that either homogeneous or 

heterogeneous activation can generate both hydroxyl radicals (•OH) and 

sulfate radicals (SO4
•−).[58, 59] Electron paramagnetic resonance (EPR) 

with 5,5-dimethylpyrroline-oxide (DMPO) as a radical spin trapping 

agent was utilized as a powerful tool to evaluate the generation of 
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reactive radicals and probe the dominant radicals from PMS activation 

on PC@CS for phenol oxidation process.  

Figure 6.7 (a) demonstrates that PMS itself can barely generate active 

radicals with no catalyst but PC@CS can initiate PMS activation 

efficiently to generate both SO4
•− and •OH. Many SO4

•− were produced 

quickly in the first 1 min, and subsequently its amount increased 

continuously after 5 min. However, in 10 min, its amount dropped, 

which may be ascribed to the consumption by phenol degradation. 

Conversely, the amount of •OH increased in 10 min, which is resulted 

from the accumulation of PMS and the transformation from SO4
•−.  

To further investigate the generation of radicals responsible for phenol 

degradation, classical quenching experiments with ethanol as a radical 

scavenger were carried out. It is reported that ethanol is able to react 

rapidly with both hydroxyl and sulfate radicals in the activation process, 

which are vital for the degradation of organic pollutants in most AOPs. 

As a result, if ethanol is present in reaction solution, phenol degradation 

would be substantially reduced or prevented.[13, 60] Figure 6.7 (b) 

shows the effect of ethanol on the catalytic decomposition of phenol by 

PC@CS. Based on the above studies, 50 ppm phenol is completely 

removed in just 10 min at standard reaction conditions. However, the 

efficiency reduced dramatically at a molar ratio of 500:1 (ethanol : 

PMS). Specifically, only around 23% of phenol was removed in 180 

min. In addition, it can be seen that the efficiency decreased significantly 

with increasing amount of ethanol in the solution and phenol cannot be 

removed when the solution was completely replaced by ethanol. This 

indicates that ethanol quenched the generated radicals rapidly before 

they reacted with phenol molecules. Therefore, it can be deduced that 

both SO4
•− and •OH play a dominant role in the phenol oxidation process 

activated by PC@CS, which can be defined as a radical-based process. 
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The mechanisms of PMS activation on PC@CS for phenol removal 

might be proposed as follows.[61] 

 

𝐶𝐶𝐶𝐶2+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝐶𝐶𝐶𝐶3+ +  𝑆𝑆𝑂𝑂4

•− +  𝑂𝑂𝐻𝐻−                                   (Eq. 6.5) 

𝐶𝐶𝐶𝐶2+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝐶𝐶𝐶𝐶3+ +  𝑆𝑆𝑂𝑂4

2− +  𝑂𝑂𝐻𝐻•                                   (Eq. 6.6) 

𝐶𝐶𝐶𝐶3+ +  𝐻𝐻𝑆𝑆𝑂𝑂5
−  →  𝐶𝐶𝐶𝐶2+ +  𝑆𝑆𝑂𝑂5

•− +  𝐻𝐻+                                      (Eq. 6.7) 

𝑆𝑆𝑂𝑂4
•− +  OH• + phenol →  [… 𝑚𝑚𝑚𝑚𝑀𝑀𝑚𝑚 𝑠𝑠𝑘𝑘𝑒𝑒𝑠𝑠𝑠𝑠 … ]  →  𝐶𝐶𝑂𝑂2 +  𝐻𝐻2𝑂𝑂             

                                                                                                       (Eq. 6.8) 

 

From the thermodynamic point, the reaction is circulatory until the 

complete consumption of PMS at enough time because Co3+ can be 

reversibly transferred to Co2+.[62]  

 

 
Figure 6.8 (a) Comparison of the cycling performance of r-PC@CS at 

current densities 50 and 500 mA g-1; (b) Rate capability of r-PC@CS at 

various current densities between 50 and 1000 mA g-1. 

 

Cobalt is considered as a metal with growing demand in the technology, 

health and energy industries of the modern society in the future. 
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Specifically, Co is a primary component in various novel rechargeable 

batteries such as electric cars, mobile phones, and laptop computers. 

Plenty of LIBs contain up to 60% Co. However, cobalt can only be 

produced in a limited number of countries and the increasing cobalt 

prices will be maintained as cobalt consumers react to increasing Co 

demand, producer country risk and depleting mine grades in near future. 

Therefore, considering cost reductions, positive impacts on the 

environment, the conservation of natural resources and energy savings, 

the recycling of Co-based materials is obviously beneficial for the 

application of lithium ion battery. After phenol degradation, PC@CS 

material is completely collected by a magnet to prevent the secondary 

contamination. Subsequently, the used catalyst is regenerated in a tube 

furnace for calcination at 600 oC under hydrogen atmosphere and then 

cooling down to 300 oC and switch to air atmosphere to calcination for 2 

h to remove the absorbed intermediates in the process of phenol 

decomposition. Because PC@CS undergoes an oxidizing reaction with 

PMS as well as a regeneration process in the air, all of the metal Co can 

be converted to Co3O4, which is a suitable anode material with high 

theoretical capacity for the lithium ion battery. Figure 6.8 (a) exhibits the 

lithium storage performance and cycling stability of regenerative 

PC@CS catalyst after phenol degradation (r-PC@CS) at a galvanostatic 

charge/discharge current of 50 mAh g-1 and 500 mAh g-1 between 0.01 V 

and 3.0 V (vs Li+/Li). Figure 6.8 (a) indicates that r-PC@CS displays 

similar discharge and charge capacity with FC@CS. At the current 

density of 50 mAh g-1, r-PC@CS displays an initial discharge capacity of 

1160.9 mAh g-1 and an initial Coulombic efficiency of 74.2%. At the 50th 

cycle, the discharge capacity can still maintain a value of 98.1%. For the 

discharge capacity at 500 mA g-1, r-PC@CS demonstrates a discharge 

capacity of 797.4 mAh g-1 and a charge capacity of 613.9 mAh g-1 on the 
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first cycle, corresponding to a Coulombic efficiency of 76.9%. From the 

2nd cycle to 100th cycle, the capacity reduces gradually and slightly. 

After 50 cycles, the discharge capacity can be kept at a value of 556.6 

mAh g-1 until the 100th cycle. In terms of the rate capability tests 

displayed in Figure 6.8 (b), the average specific capacities of r-PC@CS 

composite after regeneration are 880.8, 727.6, 661.6, and 559.5 mAh g-1 

at the current densities of 50, 150, 250, and 500 mA g-1, respectively. 

Even at a very large current density of 1000 mA g-1, specific capacity is 

still as high as 480.6 mAh g-1, which is nearly 1.5 times higher than the 

theoretical capacity of commercial graphite, displaying superb rate 

capability of r-PC@CS.  

 

6.4 Conclusion 

 

In summary, the pomegranate-like structural PC@CS and FC@CS 

composites are developed by the combination of a hydrothermal method 

and a controllable oxidation process. Different compositions and 

characteristics are presented by PC@CS and FC@CS composites. 

FC@CS is used as the anode of LIBs due to its high theoretical capacity 

and stable structure during the Li ion insertion/extraction. It exhibits a 

large reversible capacity of 933.2 mAh g-1 at 50 mA g-1 and 533.6 mAh 

g-1 at 1000 mA g-1, excellent cyclic performance at both high and low 

current density, high Coulombic efficiency and good rate capability. On 

the other hand, PC@CS is employed as an excellent metal-based catalyst 

in phenol degradation with no secondary contamination. Not only 

outstanding catalytic performance but also superb stability is displayed 

by PC@CS. EPR spectra and quenching tests suggest that both SO4
•− 

and •OH were generated and played a vital role in phenol removal. After 

the degradation of phenol, the inactive PC@CS was regenerated in 
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hydrogen and air atmospheres at high temperature, and applied to LIBs 

anode, which exhibits a comparable capacitance and 100 cycles stability 

at at 50 mA g-1 and 500 mA g-1, a good rate capacity at various current 

densities between 50 and 1000 mA g-1. These results reach the aim of 

materials recycle in environmental protection and reduce the production 

cost of LIBs. 
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Chapter 7 Conclusions and Perspectives 

 
7.1 Conclusions 

 

In this thesis, nitrogen-doped carbon nanomaterials and Co-based 

nanospheres have successfully prepared via green and simple methods 

and demonstrated outstanding performances toward heterogeneous 

activation of peroxymonosulfate (PMS) for phenol degradation. The 

main objectives described in the first chapter have been achieved 

satisfactorily with comprehensive research. Nitrogen-doped graphene, 

nitrogen-doped carbon nanotubes with encapsulated iron carbide and 

nitrogen-doped mesoporous carbon nanostructures have been 

synthesized via direct pyrolysis of iron chloride and different nitridation 

agents. Pomegranate-like structural Co sphere @carbon sphere 

composite materials have been prepared by a one-step hydrothermal 

method. All of these catalysts were characterized by various techniques 

and tested for catalytic oxidation of phenol solutions by PMS activation 

to generate hydroxyl radicals, sulfate radicals and singlet oxygen. In 

addition, Co sphere@carbon sphere with different degrees of oxidation 

treatment were also used in the application of anode of lithium ion 

battery. Nitrogen-doping can significantly promote the catalytic activity 

of carbon materials for PMS activation. Electron paramagnetic resonance 

(EPR) proved that both hydroxyl and sulfate radicals were produced and 

responsible for the degradation of organic pollutants during the PMS 

activation processes. In addition, non-radical oxidation pathway was 

discovered upon ferric carbide nanocrystals encapsulated in nitrogen-

doped carbon nanotubes for aqueous oxidation with PMS. The 

comprehensive mechanism studies of PMS activation with carbocatalysis 

are illuminated with different quenching experiments. 
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7.1.1 One pot synthesis of N-doped graphene for metal-free 

advanced oxidation processes 

 A green and feasible synthesis was developed to fabricate 

nitrogen-doped graphene with both structural and compositional 

modifications. This approach can produce both high-quality and a 

quantity of graphene without involving strong oxidants and acids.  

 The prepared N-doped graphene has a low oxygen content but 

relatively high nitrogen content.  

 N-doped graphene presented an excellent performance in catalytic 

activation of PMS for phenol oxidation, and was superior to rGO 

from Hummers’ method.  

 Kinetic studies indicated that catalyst loading will influence the 

degradation efficiency, whereas the temperature showed a 

marginal effect.  

 EPR spectra suggested that both SO4
•− and •OH were generated 

during the activation and oxidation processes and played essential 

roles in phenol removal.  

7.1.2 Ferric carbide nanocrystals encapsulated in nitrogen-doped 

carbon nanotubes as an outstanding environmental catalyst 

 Nitrogen-doped carbon nanotubes with encapsulated Fe3C 

nanoparticles (Fe3C@NCNT) were successfully prepared through 

a simple and green pyrolysis process of melamine and iron 

chlorides.  

 The characterization results showed that Fe3C nanocrystals were 

mainly encapsulated in the interior of Fe3C@NCNT composites.  

 The as-prepared Fe3C@NCNT catalysts exhibited both excellent 

catalytic performance and outstanding stability in phenol 

degradation. The quaternary and pyridinic N, synergetic effects 
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between inner Fe3C and outside carbon as well as trace amount of 

Fe on the surface may be the active sites to enhance catalytic 

degradation.  

 Quenching experiments were used to observe the generated 

reactive radicals and 1O2 and •O2
− were proven to be the major 

radicals in catalytic phenol degradation.  

7.1.3 Morphological control of nitrogen-doped carbon 

nanostructures and their environmental application 

 A green and facile pyrolysis synthesis of iron chloride, melamine 

and glucose was applied to fabricate nitrogen-doped mesoporous 

carbon nanostructures with morphology modifications from 

graphene to carbon nanotube.  

 The prepared materials have low oxygen content and high 

nitrogen content with large specific surface area.  

 NMCN-50 and NMCN-75 exhibited excellent performance in 

catalytic oxidation of PMS to degrade phenol solutions.  

 The specific surface area as well as the amount of nitrogen 

precursors play a combined role in the enhancement of catalytic 

performance. However, excess nitrogen sources somehow prevent 

nitrogen from incorporating into the interior and thus decrease the 

defective sites, specific surface area and the amount of quaternary 

nitrogen, further limiting the improvement of catalytic 

performance.  

 Quenching tests were employed to investigate the generated 

reactive species, and 1O2 were demonstrated to be the dominant 

oxygen species in catalytic phenol oxidation. It was concluded that 

this catalyst follows major non-radical and minor radical processes 

to activate PMS to degrade phenol.  
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7.1.4 Co-based nanospheres supported on carbon sphere with a 

tunable oxidation layer in the applications of lithium ion battery and 

wastewater treatment 

 The pomegranate-like structural PC@CS and FC@CS composites 

are developed by the combination of a hydrothermal method and a 

controllable oxidation process.  

 Different compositions and characteristics are presented by 

PC@CS and FC@CS composites.  

 FC@CS is used as the anode of LIBs due to its high theoretical 

capacity and stable structure during the Li ion insertion/extraction. 

It exhibits a large reversible capacity of 933.2 mAh g-1 at 50 mA 

g-1 and 533.6 mAh g-1 at 1000 mA g-1, excellent cyclic 

performance at both high and low current density, high Coulombic 

efficiency and good rate capability.  

 PC@CS is employed as an excellent metal-based catalyst in 

phenol degradation with no secondary contamination. Not only 

outstanding catalytic performance but also superb stability is 

displayed by PC@CS.  

 EPR spectra and quenching tests suggest that both SO4
•− and •OH 

were generated and played a vital role in phenol removal.  

 After the degradation of phenol, the inactive PC@CS was 

regenerated in hydrogen and air atmospheres at high temperature, 

and applied to LIBs anode, which exhibits a comparable 

capacitance and 100 cycles stability at at 50 mA g-1 and 500 mA g-

1, a good rate capacity at various current densities between 50 and 

1000 mA g-1.  

 

7.2 Perspectives and suggestions for future research 
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Due to deficient understanding of the rich surface chemistry of 

nanocarbons, their possible application in industrial catalysts has been 

considered questionable. Therefore, it is of vital significance to carry out 

controlled synthesis in terms of not only the type of materials and 

nanoarchitecture but especially uniform characteristics, including type 

and density of defects. 

 

Meanwhile, the reaction conditions and dosage of PMS and 

carbocatalysts need to be adjusted and optimized in the real wastewater 

applications. The total cost of mineralization effectiveness, recovery and 

post-treatment of the deactivated catalysts should be taken into 

considerations. 

 

The reactivity of nancarbons is largely associated with the presence of 

defects and edge sites, doping heteroatoms, and the interaction between 

these sites. The systematic studies of the relationship between the nature 

of the active sites in nanocarbons and their catalytic reactivity are still 

limited. 

 

Inherent problem of PMS is still remained which is related to sulfate ion 

release as the main by-product. This issue is exacerbated by two other 

salts (K2SO4, KHSO4) which are applied along with PMS in Oxone salt 

structure. Here the solution might be the application of a subsequent 

process (ion exchange, membrane, etc.) after PMS-based processes with 

high PMS dosages for sulfate removal. In addition, optimization of PMS 

dosage is a suitable strategy to avoid excessive PMS thereby reducing 

the amounts of sulfate within the effluent. 
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The application discussed in the thesis is the catalytic oxidation of 

phenol solutions. Catalytic oxidation by strong oxidants such as PMS, 

PDS or H2O2 activation should be done using different variety of organic 

pollutants, such as 2,4,6-trichlorophenol (TCP), sulfachloropyridazine 

(SCP) and p-hydroxybenzoic acid (PHBA). A further detailed 

understanding of the surface properties of defects and other functional 

sites in nanocarbons and the possibility of their tailored tuning will open 

the door to new development area for oxygen reduction reaction and 

advanced electrodes, as well as in selective oxidation and hydrogenation 

reactions. 

 

The heterogeneous activation of PMS by carbon materials is an intricate 

process. In addition to •OH and SO4
•−, other reactive species may also 

contribute to the catalytic performance of phenol degradation. 

Meanwhile, their respective contributions to the phenol removal are not 

quantified. Therefore, the combination of EPR, various quenching 

experiments and theoretical modelling are needed to understand the 

reaction mechanism and the reasons for the remarkable catalytic activity. 
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