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Abstract 

The scarcity of clean water has been a worldwide issue. Water pollution by non-

biodegradable organic pollutants caused by human activities has further boosted the 

pressure on clean water supply. To effectively address this pressing situation, novel 

materials and techniques for water remediation have been extensively studied in the last 

few decades. Recently, carbon-based materials, for example, graphene, carbon nanotube, 

nanodiamond, and porous carbon, have become attractive candidates owing to their 

unique physical and chemical properties, high stability and environmental friendliness. 

Among them, special attention has been paid to porous carbons because of their large 

specific surface areas (SSA), abundant porosities, tuneable surface chemistry and low cost. 

These attributes offer them enormous advantages to effectively remove organic pollutants 

in wastewater by direct physical adsorption or by efficient catalytic degradation, known 

as advanced oxidation processes (AOPs). 

 

Driven by the desire of lower cost, higher efficiency, and green synthesis with minimal 

environmental impact, this study innovatively develops several large-surface-area, porous 

carbons with controllable features (for example, N or N, S doping, cobalt modification), 

using sustainable and inexpensive glucose or flour as the carbon precursors. Structural 

control is sophisticatedly conducted at different experimental parameters (for instance, 

various synthesis temperatures or precursor ratios) and the derived samples were carefully 

characterized, to deliver the optimum craft for the high-performance sample. The resulting 

porous-carbon-based nanoarchitectures with three-dimensional (3D) and interconnected 

frameworks can not only serve as excellent adsorbents for organics in wastewater but also 

work efficiently in AOPs for catalyzing potassium persulfate (PS) or peroxymonosulfate 

(PMS) to produce strongly oxidizing radicals for complete removal of pollutants. Despite 

that these porous carbons are designed for water remediation, they are also examined for 

other applications including CO2 uptake, supercapacitors and oxygen reduction reaction 

(ORR), demonstrating the fascinating features of the resultant samples.
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Chapter 1 Introduction 

1.1 Background  

Clean water scarcity has become a pervasive global issue, exerting a worldwide impact on 

human society.[1] Although that most of the Earth's surface is covered by water, approximately 

97% of water reserve is sea water, which is unsuitable for direct drinking needs. About 3% 

remains as freshwater, of which 79% is stored in polar ice caps or glaciers, while merely 21% 

is useable for human stored in groundwater (20%) or approachable surface water (1%).[2] In 

the last few decades, the ever-increasing population and non-stopping industrialization put 

more demands on the dwindling clean water. It has been pointed out that approximately 80% 

of the population all over the globe is in the face of water security menace.[3] In addition, 

freshwater resources are becoming increasingly scarce because of water contamination arising 

from anthropogenic activities, such as discharges from domestic, agricultural and industrial 

effluents. Water pollution can arise from heavy metals, dyes, oil spills, and organic compounds. 

Especially, dumping of wastewater which contains non-biodegradable persistent organic 

pollutants (POPs) into the environment, has posed great threats to the well-being of wildlife 

and human health.[4, 5] The majority of POPs are toxic, and they can disrupt endocrine of 

humans, aquatic life and animals even at low concentrations.[6] Prompt actions are required to 

mitigate the impact of water pollution around the world.  

 

To date, a variety of water purification techniques have been proposed, including ion exchange, 

adsorption/seperation, electrolysis, photocatalytic degradation, membrane filtration, and 

advanced oxidation processes (AOPs).[7, 8] Among these methods, direct adsorption is the 

most economical and facile method to conduct, but it has its limitations due to the existence of 

adsorption-desorption equilibrium, and it tends to be difficult to capture pollutants with an 

ultralow concentration. It is worth noting that advanced oxidation processes (AOPs) have 

attracted tremendous research interests because of the powerful ability for complete removal 

of organics.[9, 10] Specifically, strong oxidizing species such as hydroxyl radicals (•OH), 

singlet oxygen (1O2) and sulfate radicals (SO4
•–) are generated in AOPs.[9] These radicals can 

work selectively or nonselectively to oxidize most organic pollutants and decompose them into 

nontoxic compounds, water and carbon dioxide.[11] Conventional Fenton reactions produce 
•OH radicals by activating hydrogen peroxide (H2O2). By contrast, •OH, 1O2, and SO4

•– can be 

produced simultaneously via the chemical activation of oxidants like peroxymonosulfate 
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(HSO5
−, PMS) or potassium persulfate (S2O8

2−, PS), allowing the process to be much more 

stable, efficient as well as non-selective.[12-14] 

 

PS or PMS could be successfully activated by different routes, for instance, light irradiation,[15]  

heating,[16] and chemical catalysis.[17] Extensive studies have shown that chemical catalysis 

can be the most efficient. Multifarious metal ions like Fe2+, Co2+, Ni2+, Mn2+, Ce3+, and Ru3+ 

have been reported for PMS activation.[18] Unfortunately, the leaching of these metal ions in 

water tends to be toxic and hazardous, causing potential second pollution to the ecosystem if 

handled improperly.[19] On account of this, heterogeneous catalysts are particularly desirable. 

For instance, alternative metal oxides (MnO2, Co3O4, and Fe3O4, etc.) and carbon-based 

materials have been developed for PMS activation in AOPs recently.[15, 16, 20-26] Special 

attention has been given to functionalized green carbon-based samples such as graphene, 

carbon nanotubes, and porous carbon, which exhibit not only superior efficiencies in activating 

PMS but also avoid secondary contamination.[14, 19, 27, 28] Note that the synthesis processes 

of graphene or carbon nanotubes are generally involved with high cost multi-steps, and harsh 

treatment, porous carbon materials are more appealing as they can be readily prepared by 

scalable, economical and facile approaches. The fascinating properties of porous carbons in 

terms of large specific surface areas (SSAs), high stability, and desirable environmental 

benignity,[29, 30] make them ideal adsorbents for POPs. For catalysis, as pristine carbons have 

limited activity, surface modifications are widely employed to tailor the carbon structure by 

the introduction of heteroatoms (for example, B, N, S, P) or metal species (like Co, Fe), 

endowing them with enhanced catalytic abilities.[31-33] Apart from water treatment issues, 

functional porous carbons with excellent electrical conductivity, good chemical stability are 

also highly attractive in CO2 (one of the major green-house gases causing global warming) 

capture, supercapacitors and oxygen reaction reduction.[34-36] 

 

1.2 Research Objectives 

This research aims to develop novel methods to synthesize several kinds of porous-carbon-

based nanoarchitectures with large surface areas and excellent properties under the assistance 

of N, or N, S doping, and metal catalysis. The as-prepared products were used for removal of 

several common POPs by adsorption and AOPs. In addition, the different mechanisms in AOPs 

were elaborately studied by investigating the main radical species. Finally, the performance of 
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the synthesized samples was also evaluated in CO2 uptake, supercapacitors and ORR where 

applicable. 

 

The specific objectives are as follows： 

1) Develop sustainable, scalable, cost-effective, easily-handled strategies to synthesize 

hierarchically porous carbons.  

2) Employ different carbon sources with the characteristics of environmental friendliness, great 

abundance, low value, easy access and rapid regeneration, together with other precursors to 

synthesize several porous carbons with different functional features. 

3) Tune the synthesis crafts to derive optimum porous carbons with large SSAs, abundant 

porosity, and well-defined surface chemistry. 

4) Investigate the adsorptive and catalytic ability of the derived porous carbon samples on 

several representative organics in wastewater.  

5) Illustrate the mechanism of AOPs in different systems. 

6) Extend the applications of the resulting carbons to CO2 uptake and energy-related aspects 

to maximize their values. 

 

1.3 Thesis Organisation 

This thesis is composed of eight chapters, including introduction, literature review, results 

and discussions (five chapters), main conclusions with some perspectives for future studies. 

  

Chapter 1: Introduction 

This chapter summarizes current issues with clean water scarcity and water pollution. The 

promising solutions via adsorption or AOPs using porous carbons are proposed to address the 

contamination of POPs in wastewater. Also, research objectives and thesis organization are 

included in this chapter. 

 

Chapter 2: Literature Review 

This chapter outlines the recent advances in synthesizing porous carbons to obtain an overall 

concept of controlling porosities and chemical structures of porous carbons at different scales 
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in detail. This will provide valuable instructions on synthesizing porous carbons with desired 

physical or chemical structural features for water and wastewater treatment.   

  

Chapter 3: Template-Free Synthesis of N-doped Carbon with Pillared-Layered Pores as 

Bifunctional Materials for Supercapacitor and Environmental Applications (Adapted from 

Carbon 2017, 118: 98–105) 

This chapter describes the preparation of cross-linked, N-doped, pillared-layered porous 

carbons via a template-free pyrolysis process at 600 - 800 °C, which have multiple functional 

applications in sulfachloropyridazine (SCP) removal in wastewater and supercapacitors. 

 

Chapter 4: Nitrogen- and Sulfur-Codoped Hierarchically Porous Carbon for Adsorptive and 

Oxidative Removal of Pharmaceutical Contaminants (Adapted from ACS Appl. Mater. Inter. 

2016, 8(11): 7184–7193) 

This chapter reports the successful synthesis of N, S co-doped hierarchically porous carbons 

with large surface areas through direct pyrolysis of a mixture containing glucose, thiourea and 

sodium bicarbonate. The resulting products show high adsorption capacities on SCP and work 

effectively in PS activation for efficient oxidative degradation of SCP. 

 

Chapter 5: Heteroatom (N or N-S)-Doping Induced Layered and Honeycomb Microstructures 

of Porous Carbons for CO2 Capture and Energy Applications (Adapted from Adv. Funct. Mater. 

2016, 26 (47): 8651–866) 

In this chapter, two microstructured porous carbons, namely N-doped layered carbon and N, S 

co-doped honeycomb carbon were prepared by pyrolysis of mixed glucose, sodium bicarbonate, 

and urea or thiourea. The mechanism of different pore shapes formation is analysed. In addition, 

CO2 capture and ORR properties are evaluated on the resultant N or N, S codoped carbons. 

 

Chapter 6: One-Step Synthesis of Flour-Derived Functional Nanocarbons with Hierarchical 

Pores for Versatile Environmental Applications (Adapted from Chem. Eng. J. 2018, 347 : 432–

439) 

This chapter presents the synthesis of flour-derived N-doped porous carbon with super high 

surface areas. The porous structure can be tuned by adjusting precursor varieties and pyrolysis 

tempratures. The final products show superior CO2 storage capacities, efficient degradation of 

https://www.sciencedirect.com/science/journal/13858947/347/supp/C
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p-hydroxybenzoic acid (HBA) in PMS-activated AOPs. In a mixed solution of phenol and 

HBA, selective adsorption on HBA is observed, while both of them can be effectively degraded 

by AOPs.  

 

Chapter 7: Bread-Making Synthesis of Hierarchical Co@C Nanoarchitecture in Heteroatom 

Doped Porous Carbons for Oxidative Degradation of Emerging Contaminants (Adapted from 

Appl. Catal. B: Environ. 2018, 225: 76–83)  

This chapter presents a direct pyrolysis route for uniform assembly of Co@C core-shell 

nanoparticles with N and S doping into porous carbon frameworks, employing wheat flour, 

cysteine, sodium bicarbonate, and cobalt nitrate as precursors. The resulting products are highly 

efficient catalysts for the oxidative decomposition of HBA and phenol. 

 

Chapter 8: Conclusions and Perspectives 

This chapter provides a summary of the above research results and presents some perspectives 

for future research. 
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Chapter 2 Literature Review  

Over the past decade, continued development has been rapidly made in the synthesis of 

porous carbon nanoarchitectures ranging in pore sizes and structures. These porous carbon 

materials have wide applicability in various fields such as water remediation, gas or 

molecule separation, biomedicine, catalysis and energy conversion and storage. In this 

review, the most up to date strategies for structural control and functionalization of porous 

carbon are summarized, in terms of different porous structure, namely microporous, 

mesoporous, macroporous and hierarchically porous carbons with disordered or ordered, 

amorphous or graphitic structure. Although these porous carbons are not all designed for 

water remediation, the advanced properties of these materials provide promising design 

opportunities and make them potentially applicable in this area.  

 

2.1 Introduction 

Porous carbon materials have always drawn intensive scientific interests due to their 

outstanding properties such as large specific surface area (SSA) and pore volume, tuneable 

surface functionality and pore size distribution, endowing them with great potentials for 

various applications, including water purification processes,[1, 2] gas adsorption and 

separation,[3] active material loading,[4] energy conversion and storage,[5, 6] CO2 

electroreduction,[7] and so forth. Based on their average sizes, pores are classified into 

micropores if the internal diameter is less than 2 nm, mesopores if it is between 2 and 50 

nm, and macropores if it is larger than 50 nm by the International Union of Pure and 

Applied Chemistry (IUPAC).  

 

As illustrated in Chapter 1, our research will focus on developing novel functional carbons 

for water remediation by adsorption and AOPs. Therefore, a brief introduction will be first 

given on the requirement of water treatment, and then the various methods for 

synthesizing porous carbons will be elaborated and compared. 

 

2.1.1 Water Treatment 

In recent years, there is growing concern over freshwater shortage and the presence of 

contaminants in waste water.[8] Reutilization of wastewater is increasingly being viewed 



10 
 

as the major long-term strategy for saving limited freshwater resources. In addition, it 

serves to safeguard the aquatic environment which is threatened by persistent 

contaminants in wastewater.[9] The presence of emerging organic contaminants is of 

particular concern regarding the health of both human and the environment. 

Pharmaceuticals, fuel additives, plasticisers, flame-retardants, and other domestic, 

industrial or agricultural organic pollutants have been detected in elevated concentrations 

in surface and ground water.  Even at low concentrations (for example, in the range of ng 

L‒1), these persistent organic pollutants (POPs) could bring about adverse health and 

ecological impacts.[10] Extensive investigations have been conducted focusing on 

developing effective water treatment methods for efficient removal or degradation of 

existing pollutants. Among currently available techniques, direct adsorption is most facile 

to conduct while AOPs are most efficient in terms of complete degradation. It is important 

to understand how to improve the performance of porous carbon in adsorption and AOPs, 

so that a general strategy in designing these samples can be achieved. Specifically, 

adsorption and AOPs will mainly depend on the following attributes of porous carbons. 

 

Pore size distribution. SSA and porosity will directly affect the adsorption performance 

of porous carbon. More importantly, the accessibility of organic molecules toward the 

inner adsorbent surface that is related to pore size plays a critical role. Under the suitable 

experimental condition, micropores can be accessed by small molecules like phenol, while 

mesopores can be accessed by natural organic matter, and macropores can be accessed by 

large species such as bacteria. It is also suggested that pore sizes in a range close to the 

molecular size of the target pollutant determine the final adsorption capacity.[11] As a 

result, the suitability of given porous carbons in particular applications is determined by 

their present pore dimension ratios. For small molecular-weight organic contaminants, 

most of the adsorption tends to occur in micropores, contributed by the enhanced 

adsorption potential of pore walls and the diffusion through the micropores is the rate 

controlling step.[12] A well-defined meso- and macro- porosity is desired to fasten 

adsorption kinetics for larger molecules.  

 

Practically, the performance of AOPs will also depend on the high SSA (to enable the 

exposure of active sites) and accessibility of compounds (organic pollutants or PMS/PS 

involved in AOPs) to the active sites on the carbon media (so suitable pore size range is 

required). 
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Carbon surface chemistry. Despite that accessible high SSA and suitable porosity have 

been considered as important parameters defining the adsorption ability of porous carbons, 

it is increasingly realized that surface chemistry brought by heteroatoms (e.g. N, S, O) can 

also have a direct impact in the adsorptive behavior.[13] The surface functionalities of 

carbon can bond molecules by various forces. i) The adsorption could proceed by non-

electrostatic physical forces of the van der Waals kind, π-π interaction and hydrogen 

bonding. For example, it is reported that the interaction between sp2-C in carbon materials 

with delocalized π-bond of the target aromatic organic compounds is an important driving 

force for adsorption.[14, 15] ii) Adsorption could be driven by electrostatic interactions, 

which are of great importance for charged molecules. In this case, modifying chemical 

nature (e.g. acidity or charge) of activated carbon or the solvent will consequently affect 

the adsorbent-adsorbate interactions as well as the corresponding adsorptive 

properties.[14] 

 

Suitable surface chemistry of porous carbon is also highly desired for efficient AOPs 

because pristine carbons were generally poor in catalysis, which can be improved by 

heteroatom (e.g. N, S, B, P) doping.[16, 17]. For instance, density functional theory (DFT) 

calculations indicate that when N is doped into carbon skeletons, charge transfer can be 

induced from C to adjacent N atoms, creating positively charged C that is capable of 

enhancing the catalytic capability of the carbon.[17-20] In some cases, N, S codoping 

shows better performance than solely atom doping because of a synergistic effect.[17, 21-

23] 

 

To sum up, rational and precise control over pore size, surface area, and surface chemistry 

is required to obtain excellent adsorbents and catalysts for efficient water remediation. 

 

2.1.2 Synthetic Methods of Porous Carbon Materials 

There have been various approaches to synthesize porous carbon nanostructures, and 

Table 2.1 presents a comparison of some particular advantages and disadvantages of 

representative methods. These methods can be classified as hard-templating, soft-

templating, and template-free routes such as chemical and physical activation, salt melt 
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synthesis. Apart from the difference in sizes, pores can be formed in various shapes, such 

as closed or open, cylindrical (featured by plane walls), or slit-shaped. Also, the whole 

porous structure can be an ordered or a disordered network with amorphous or graphitic 

walls according to the protocols.  In principle, it is possible to design porous carbons with 

selected morphology, size, porosity, crystallinity, and chemical composition by utilizing, 

modifying or combining these methods. 

 

Table 2.1 A comparison of synthesis methods for porous carbon nanostructures. 

Methods Basic steps Advantages Disadvantages References 

Hard-
templating 
method 

Preformed 
Templates+ 
Precursor filling 
and conversion+ 
Template removal 

 Easy to control and 
highly applicable 

 Highly crystalline 
product 

 High quality product 
 Ordered structure 

 Multistep and time 
consuming 

 High cost 
 Corrosive for 

template removal 
 

[7] [24] [25] [26] [27] 
[28] [29] [30] [31] 
[32] [33] [34] [35] 

In-situ 
templating 
method 

Phase separation + 
In-situ templates 

 Simple and easy to 
operate 

 Low cost 

 Low quality 
 Hard to acquire 

order structures 

[36] [37] [38] [39] 
[40] 

Soft-
templating 
method 

Co-assembly 

+Surfactants+ 
Template removal 

 Controllable structures 
and pore sizes 

 High quality product 
 Easily handled 
 Scalable 

 Surfactant-directed 
 Relatively low 

crystallinity 
 Sensitive to the 

reaction conditions 

[7, 41] [42] [43] [44]  

Multiple-
templating 
method 

Multiple 
templates+ 
Precursor 
infiltration and 
conversion+ 
Template removal 

 Hierarchically porous 
structure 

 Requires multiple 
templates 

 High cost 
 Multiple steps and 

time consuming 

[45] [46] [47] [48] 
[49] [50] 

Self-
templating 
method 

Pyrolysis of 
zeolites, MOFs, 
cross-linked 
polymers, etc. 

 Unique and flexible 
structure 

 Hierarchical pores 
structure with high-
density active sites 

 Synthesis of MOF 
or zeolites requires 
high cost 

 Multi-step 
 

[51] [52]  [53] [54] 
[55]  [56]  [57] [58] 
[37] [59] [60] [61] 
[62] [63] [64] [65] 
[66] [67] [68] 

Activation 
Using physical or 
chemical 
activating agents 

 Simple synthesis 
 Hierarchically porous 

structure 
 Scalable 

 Hard to acquire 
ordered 
nanostructures 

[3] [69] [70] [71] [72] 
[73] [74] [75] [76] 
[77] [78] [79] [80] 
[81] [82] [83] [84] 
[85] [86] 

Salt melt 
synthesis 

Employs molten 
inorganic salts as 
the medium 

 Hierarchically porous 
structure 

 Facile steps 
 Scalable 

 Hard to acquire 
ordered 
nanostructures 

[38] [39] [87] [88] 
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Hard-templating method. Nanocasting, adopting hard templates is regarded as the most 

effective approach to create ordered porous structures. Many kinds of rigid structures can 

be adopted as hard templates including fibres, films, powders, silica, colloidal particles 

and biological materials. Typically, there are four steps in hard-templating route: 1) 

synthesize preformed hard templates and a precursor solution where the precursors are 

closely cross-linked; 2) fill or coat the hard templates with precursors. This can be 

completed by infiltrating the precursors in the voids of the porous hard templates, which 

leads to the final 3D porous structure (Figure 2.1a). In addition, if spherical solids are used 

as hard templates and soaked in the precursor solution, a coating process happens and 

results in hollow spheres ultimately (Figure 2.1b). Hard templates with various structures 

and morphologies result in different porous carbon structures. It is noted that the wetness 

of precursors on the template surface is highly important and there are several ways to fill 

or coat substrates into templates, including melt infusion, solvent evaporation 

impregnation, chemical vapor deposition, and the incipient wetness method;[46] 3) 

chemical or thermal treatments to transform the precursors into solid carbon phases; and 

4) remove the sacrificial template by HF or NaOH etching.  

 

Heteroatoms precursors can be introduced with hard templates, and thus porous carbon 

nanostructures with appropriate heteroatom doping can be fabricated and optimized after 

carbonation for enhanced properties in many applications such as water remediation, fuel 

cells, supercapacitor, and CO2 capture.[6] Although the hard-templating method is 

universally applicable as the choice for acquiring negative replicas of various templates, 

it has its limitations due to the complex and tedious process, and the use of hazardous 

chemicals for template removal seems time-consuming and harmful to the environment.[5, 

89] 

 

 
Figure 2.1 Schemes detailing the hard-templating process. Left: An example of hard 

templating conducted using an infiltration process. Right: An example of hard templating 

a) b) 

3D Porous 
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conducted via a coating process.[90] Copyright 2013, the Royal Society of Chemistry 

2013. 

 

In-situ templating method. Instead of always being prepared beforehand, it is pointed 

that hard templates can be in-situ generated via phase separation (for example, ice crystals 

formed by freeze-drying) from chemical species in the precursor solutions during the 

chemical or thermal treatments,[90] as shown in Figure 2.2. For in situ templates, the 

infiltration and coating steps can be avoided. However, pores produced by these in-situ 

templates are usually irregular or randomly distributed. Therefore, rational control of the 

templates is required for preparing high-quality porous carbon materials. 

 
Figure 2.2 The in-situ-templating methods for synthesizing porous materials.[5] 

Copyright 2016, Macmillan Publishers Limited.  

 

Soft-templating method. Soft-templating strategy which was initiated by the pioneering 

works of the Dai group,[91, 92] Zhao group,[93, 94] and Nishiyama group,[95] does not 

involve the synthesis and removal of hard templates. The soft-templating route adopts 

thermally decomposable surfactants like amphiphilic block copolymers, which are co-

assembled with carbon precursors and solvent molecules (such as water, ethanol) into 

cylindrical or spherical micelles at elevated concentration or temperature (Figure 2.3). 

Three major categories of anionic, cationic, and non-ionic surfactants can be utilized for 

soft-templating.[90] Typically, ionic surfactants generate micropore or small mesopores 

(2 ~ 4 nm), while non-ionics result in mesopores ranging in size from several to over 10 

nm.[96] Ionic surfactants interact with precursors and solvent molecules mainly by 

electrostatic interactions, while the self-assembly with non-ionic surfactants proceeds 

primarily by van der Waals force and hydrogen bonding interactions. The assembly 

between surfactant molecules and guest species to develop micelles and/or a liquid 

crystalline phase is critical, which can be realised by a hydrothermal process, cooperative 

assembly, or evaporation-induced self-assembly (EISA) process.[97, 98] Among these 

assembly strategies, EISA provides a more versatile process for large-scale production.[43] 

Further chemical or thermal treatment helps remove the surfactant templates and residual 

Precursors 
Phase separation 

+ 
In-situ templates 

Template 
removal 
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solvent and carbonize the material. Ordered mesostructured carbon materials with open 

networks, tailorable morphologies and surface properties can be thus produced.  

  
Figure 2.3 The soft-templating methods for synthesizing porous materials.[5] Copyright 

2016, Macmillan Publishers Limited.  

 

Multiple-templating method. Combining hard- and soft-templating approaches can 

induce dramatic changes in the template mesostructure and generate structural hierarchy 

with the ordered network (Figure 2.4), which are particularly useful in some applications 

such as supercapacitors and batteries. 

  
Figure 2.4 The multiple-templating methods for synthesizing porous materials.[5] 

Copyright 2016, Macmillan Publishers Limited.  

 

Self-templating method. This route typically utilizes the direct carbonization of porous 

materials such as zeolites, metal organic frameworks (MOFs), covalent organic 

frameworks (COFs) and porous organic polymers to prepare highly porous carbon. The 

intriguing structural features[99] of these porous solids permit their use in fabricating 

high-quality porous carbons. The pore structure and surface functionality of the final 

carbon can also be optimized by introducing additional sources of carbons or heteroatoms 

into the porous channels. The graphitic degree of porous-solid-derived carbon is closely 

related with the involved metal species and carbon precursors. Carbon materials, typically 

with abundant porosities, unique structural and compositional features in nanometer or 

micrometer scale can be created, bringing unique and improved properties that are 

unexpected in their counterparts obtained by conventional routes.[100]  

 

Activation method. Activation methods include physical activation, chemical activation 

and a combination of them. Physical activation can be achieved by reactions with gaseous 

etchants like CO2, NH3 or H2O.[70, 101, 102] During chemical activation, carbon 

precursors are impregnated with activating agents such as KOH, ZnCl2, Na2CO3, K2CO3, 

Precursors 
Co-assembly 

+ 
Surfactants 

Template 
removal 

Precursors 

Multiple templates 
+ 

Precursor 
infiltration 

 

Template 
removal 
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NaHCO3, NaOH, H3PO4 and H2SO4.[103-106] It is considered as a well-established 

approach to synthesize highly porous carbon structures with super high specific surface 

areas (for instance, over 3000 m2 g‒1). In addition, renewable, inexpensive biomass or bio-

waste are highly preferred to be adopted as precursors for activation. The formation of 

porous structures can be realized after carbonization of the precursors first, followed by 

an activation process. It is also common to introduce activating agents into carbon 

precursors and make activation and carbonation happen simultaneously. Chemical 

activation has the merits of simple operation, high yield and cheap as well as flexible 

activating agents. Although porous carbon with a hierarchical structure and high SSA can 

be easily acquired by this method, it is hard to acquire ordered nanostructures by this 

method.  

 

Salt melt synthesis. Salt melt synthesis (SMS) usually adopts different types of salts, and 

the operation temperature should be higher than the melting point of the salts. Molten salts 

may act as hard templates in the carbonization process. Some highly active molten salts 

may serve as activating agents to react with carbon framework and generate pores. This 

method has the advantages of easy isolation of the product as the salts are water soluble. 

Besides, many of the salts are not harmful and can be easily recycled.[107] Hierarchically 

porous carbon can be generated. However, similar to the activation method, pores 

generated from SMS are generally randomly distributed and disordered.  

 

2.1.3 Main Content of This Review 

In this review, the most up to date strategies for structural control and functionalization of 

porous carbons are summarized, in terms of different porous structures, namely 

microporous, mesoporous, macroporous and hierarchically porous carbons with 

disordered or ordered, amorphous or graphitic structure, which will have a direct influence 

on the performance of adsorption and AOPs (as described in 2.1.1). The main methods 

for deriving favorable structural parameters in porous carbons are systematically 

summarized, and some outstanding examples in each type are selected and discussed in 

detail, since going over every accessed approach is beyond the scope of this work.  

 

On the other hand, there are increasing evidence indicating that global warming (that 

mainly arises from CO2 emission by fossil fuel combustion and geological activities) will 
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aggravate the situation of freshwater shortage in the future, as more frequent and serious 

droughts will be expected across many areas of the world. Impressively, efficient CO2 

capture and storage technique can mitigate the impact of global warming, while deploying 

clean energy resources (e.g. H2) will also help in reducing CO2 emission. In this regard, 

although this review focus on the controllable synthesis of porous carbon, their 

multifunctional applications are also included where appropriate in CO2 uptake and 

energy conversion and storage technologies related with batteries, oxygen reduction 

reaction (ORR), hydrogen evolution reaction (HER), oxygen evolution reaction (OER), 

CO2 electroreduction, and supercapacitors. These applications will help alleviate water 

shortage indirectly. In many cases, the activities of porous carbons in different 

applications are potentially related. The outlined advanced properties of these materials 

will provide various perspectives and promising opportunities to design adsorbents and 

catalysts in water treatment. 

 

2.2 Microporous Carbon Nanostructures 

2.2.1 Disordered Microporous Carbons 

Microporous carbons, also known as molecular sieving carbons, have been used in various 

fields including organic adsorption, gas separation, supercapacitor electrodes, and 

batteries. Representative synthesis approaches for microporous carbons include, but not 

limited to pyrolysis of porous solid precursors and chemical activation. 

 

The microporous structure can generally be retained in the derived carbon from pyrolysis 

of porous solids (for example, porous cross-linked polymers). Recently, microporous 

polymer networks have been discovered as precursors to generate microporous carbons. 

For instance, Wang et al.[108] described the design of conjugated microporous 

polycarbazole networks by oxidation with FeCl3 in nitromethane/chloroform mixtures, 

which acted as novel carbon precursors. By a direct pyrolysis method, the derived N-

doped microcarbons exhibited a large surface area (1280 m2 g−1), with a large micropore 

volume (1.64 cm3 g−1) and ultramicropore sizes in the range of 0.7 - 1 nm. These carbons 

displayed reversible and efficient CO2 uptake (can store 20.4 wt.% at 1 bar, 273 K), and 

a high electrochemical capacity (558 F g−1 in 6 M KOH) with a fast charge/discharge rate 

and excellent cycle stability. Besides, rational design of hollow microporous carbon 
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spheres was reported,[109] in which pyrrole-aniline copolymer and Triton X-100 were 

selected as the carbon source and soft template, respectively. Ammonium persulfate (APS) 

was also added to promote oxidative polymerization of the precursors. As a result, 

abundant micropores (1 - 2 nm in diameters) were generated after carbonization removal 

of Triton X-100 tails. Hollow core formed due to the difference in hydrophobicity between 

pyrrole and aniline monomers. It was described that an onion-like microporous carbon 

could be prepared by direct carbonization of the diamond-like porous aromatic framework 

(PAN-1)[61] that possessed a high surface area of 3800 m2 g‒1 and microporous texture 

with pore size centred at 1.26 nm.[110] The derived carbon sample showed a curved 

graphitic structure with a specific surface area of 1084 m2 g‒1 and micropores peaked at 

0.5 and 1.2 - 1.3 nm, demonstrating an excellent performance when it was used as an 

electrode material for supercapacitors.  

 

Zeolites with a uniform pore wall thickness generally < 1 nm have been employed as 

inorganic templates to generate microporous carbons. For instance, pyrolysis of ZIF-8 

filled with furfuryl alcohol (as a second carbon source) generated microporous carbon (90 

- 95% microporosity) after template etching.[66] Besides, direct carbonization of ZIF-8 

(a framework by coordination of Zn2+ with 2-methylimidazolate) can produce 

microporous carbon. N-doped microporous carbon with a specific surface area of 1135.1 

m2 g−1 and narrow pore sizes (< 1 nm) centring at about 0.5 nm was reported, by direct 

pyrolysis of ZIF-8.[56] Carbonization temperature and heating rate have significant 

effects on the textural properties of the samples, and as a result, some mesopores were 

sometimes produced. In another study,[67] ZIF-8 derived carbons showed a narrow pore 

size distribution peaked at 1.1 nm, accompanied by some mesopores (with sizes of 2.0 - 

3.0 nm). The micropores contributed up to 89% of the total surface area.  

 

Gong et al.[60] described the preparation of N-doped microporous carbon fibres where N 

was only deposited on the surface of microporous carbon fibres, utilizing a poly(ionic 

liquid) for N coating and mild activation for micropores via a self-templating 

mechanism.[111] The optimum sample delivered a surface area of 1476.3 m2 g‒1 and pore 

volume of 0.58 cm3 g‒1 with a pore size ranging from 0.6 to 2.2 nm, indicating the 

dominance of micropores. A carbon/carbon heterojunction was produced in the as-

prepared sample, which favours the interaction of carbon fibre with CO2 promoted by 
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electronic effects. A super high CO2 adsorption capacity (6.9 mmol g‒1) at 273 K and 1 

bar with an excellent CO2/N2 selectivity of 44 were observed on the final sample. 

 

Although KOH activation is widely used to prepare activated carbon, hierarchically 

porous structures with both micro- and meso- porosities were obtained in most cases.[73-

75] In fact, the porous nature of final activated carbon is closely related with the type of 

carbon sources. For instance, Blankenship et al. presented cellulose acetate-derived 

oxygen-rich microporous carbons by KOH activation.[79] A hydrothermal treatment was 

conducted on cellulose acetate first, followed by KOH activation in flowing N2. The 

derived carbon exhibited a high surface area (3800 m2 g−1) and a large pore volume (1.8 

cm3 g−1) that were mainly contributed (> 90%) by micropores. The micropores were 

composed of ultramicropores (0.6 - 0.7 nm), small micropores (0.85 nm) and certain 

medium-sized micropores centred at 1.2 nm, endowing them with exceptional hydrogen 

(H2) storage capacities. The carbons stored up to 1.2 wt% (total) and 0.8 wt% (excess) H2 

at 30 bar and room temperature. Similarly, in Ref.[80], layered microporous carbons were 

synthesized from coal tar and melamine by in-situ KOH activation. The final carbon 

sample exhibited a specific surface area up to 1865 m2 g‒1 with most of the pore diameters 

below 2 nm. The abundance of pores in size range of 0.6 - 1 nm contributed drastically to 

the high specific capacitance in supercapacitor test. Balahmar et al. discovered that the 

mechanochemical treatment of KOH and hydrochar biomass prior to thermal treatment 

enhanced the activation effect.[3] By decreasing the voids and maximizing the 

interactions between carbon source and KOH after compressing treatment, enhanced 

surface areas and pore volumes were obtained on the activated carbons. The final carbon 

possessed enhanced porosity dominated by ultramicropores (0.58 - 0.65 nm), resulting in 

a drastic increase for CO2 capture capacity at low pressures (up to 5.8 mmol g−1 at 25 °C 

and 1 bar). Zhou et al. proposed that the difference in metal species of alkali salts (MOH, 

M ion varied from Li+, Na+, K+, Rb+ to Cs+) would result in adjustable ultramicropore 

diameters.[81] The ultramicropore diameters could be subtly adjusted in the range of 0.60 

- 0.76 nm due to the various alkali ion sizes and different activating strength.  

 

2.2.2 Microporous Carbons with Ordered Graphitic Walls 

Due to possibly combining the unique features of graphene with a porous structure, 3D 

graphene structure with regular nanopores has attracted great research interests.[112] Note 
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that large surface areas, unique pore channels and excellent electronic conductivity can be 

achieved in such structures. To prepare microporous carbons not only with uniform pore 

arrays but also with graphitic pore walls, rigid inorganic templates such as zeolites are 

generally used. Zeolites are crystalline microporous aluminosilicate materials with well-

defined pore networks and a wall thickness of less than 1 nm.[33] Since nanocasting of 

zeolites was presented by Kyotani and coworkers,[113] various well-defined 3D ordered 

graphitic channels have been duplicated into microporous carbon materials. Chemical 

vapor deposition (CVD) is widely used for zeolite nanocasting, through which carbon 

atoms can be introduced and deposited along the walls of the microporous zeolite channels.  

 

Recently, Ryoo group studied in detail for the synthesis of microporous graphene-like 

carbons by carbonization of ethylene or acetylene gas in zeolite templates at 600 °C, 

followed by a further thermal treatment at 850 °C and template etching.[34] It was 

discovered that lanthanum (La) ions laid in zeolite pores could bring down the 

carbonization temperature and increase the deposition rate of ethylene or acetylene gas, 

permitting carbon deposition inside the zeolite template with pore diameters less than 1 

nm. This catalysis also applies to yttrium (Y) and calcium (Ca). As such, well-ordered 

carbon can be reproduced, corresponding to various zeolite pore sizes and morphologies. 

Attributed to this effect, a microporous structure with high thermal stability can be derived, 

and the graphene-like structure was verified by selected-area electron-diffraction (SAED) 

pattern showing graphene (100) and (110) reflections (Figure 2.5). In essence, the 

graphene-like structure is built by hexagonal atomic C rings deposited along curved 

zeolite pore walls, and the degree of imperfections depends on the synthesis parameters. 

The LaY-templated graphene-like microporous carbon displayed a two-order-higher 

electrical conductivity than amorphous mesoporous carbon. 

 
Figure 2.5 Structures of 3D graphene-like microporous carbons. a-c) Transmission 

electron microscopy (TEM) images and Fourier diffractograms (insets) of carbon 
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generated using a template of La3+-ion-exchanged zeolites.[34] Copyright 2016, 

Macmillan Publishers Limited. 

 

Following this work, Sazama et al. reported 3D microporous graphene-like carbons 

(denoted as β- and Y-carbon) by nanocasting of beta (*BEA) and faujasite (FAU) zeolite 

templates, with propylene as a carbon source for CVD.[33] Resembling the ordered 

channels of the zeolites, single-atom graphene layers assembled a 3D porous system with 

similar specific surface areas of 2454 and 2443 m2 g−1 for β- and Y-carbon. Y-carbon 

replicated the channel system of zeolite to a high level with a total pore volume of 1.35 

cm3 g−1, predominantly arising from micropores (1.25 cm3 g−1). By contrast, considerable 

mesopores generated in β-carbon, which might result from the sectional collapse of carbon 

framework. The resulting β- and Y-carbon served as effective catalysts for the 

hydrogenation of alkenes, and cycloalkenes, accompanied by intramolecular catalytic 

realignment. Similarly, Kovalenko and coworkers synthesized a highly graphitic 

microporous carbon utilizing the Na+-exchanged zeolite Y (zeolite NaY) as templates and 

furfuryl alcohol and propylene as carbon sources by CVD method.[57] The product was 

further heat treated at 900 °C and freed by HF etching. According to previous research, 

the thermal treatment after the CVD process boosts a long-range ordering arrangement of 

carbon inside the zeolite.[114] It is noted that a high specific surface area and pore-to-

pore regularity can be achieved by optimizing CVD time to reduce carbon deposition on 

the external surface of zeolite and maximize carbon deposition inside the template. The 

optimum sample delivered an ordered porous structure with a micropore volume of 1.40 

mL g−1, SSA of > 3500 m2 g−1 and uniform pore sizes of around 1.2 nm. The ordered 

structure which corresponds to graphitic carbon was confirmed by X-ray powder 

diffraction (XRD) tests. When used as a cathode for ionic liquid based aluminum batteries 

(ABs), the derived microporous carbon exhibited high volumetric (30 Wh L−1) as well as 

gravimetric energy storage capacities (up to 64 Wh kg−1). 

 

Apart from zeolites, microporous graphitic carbon can be derived using mesoporous silica 

spheres as the templates and precursors.[32] Cetylpyridinium bromide aligned inside the 

mesopores of silica template acted as the only carbon source, which resulted in N-doped 

microporous carbon nanospheres with graphitic nature and uniform pore sizes of 0.62 - 

0.72 nm after carbonization and silica removal (Figure 2.6).  
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Figure 2.6 TEM images of different magnifications.[32] Copyright 2015, Elsevier Ltd. 

 

2.3 Mesoporous Carbon Nanostructures 

Over the last few decades, tremendous progress has been made in developing advanced 

mesoporous carbons, which are appealing materials in many important applications 

including adsorption for large molecules, energy conversion and storage devices, catalyst 

supports, sensors, and biomedicine. 

 

 2.3.1 Mesoporous Carbons with Irregular Porous Structure 

Mesoporous carbon can be fabricated by an in-situ templating method with the assistance 

of freeze-drying.[36] Briefly, the mesoporous expanded gel of alginic acid was first 

prepared, followed by freeze drying for solvent removal and subsequent pyrolysis at 

800 °C. The key step to obtain mesoporous structure was the addition of tert-butyl alcohol 

and water to obtain eutectic mixture during gelatinization before freeze drying. Heating 

rate in the pyrolysis process played a vital role in determining the final mesopore volume. 

The derived mesoporous carbon was used as carbon additives to improve the conductivity 

of Li4Ti5O12 nanoparticles, and the mesopores provide channels for the electrolyte to 

access the active material, leading to high performances as the negative Li-ion battery 

electrode. 

 

ZnCl2 is an excellent activating agent to produce mesopores and Zn2+ is normally reduced 

to Zn by C during pyrolysis. Zn can either be removed by etching or by volatilization at 

higher temperatures. Singh et al. reported a single-step activation of biomass arundo 

donax by solid ZnCl2 to synthesize mesoporous biocarbons.[69] The micro and 

mesoporous structure can be simply adjusted via tuning ZnCl2 to biomass ratio while the 
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mesoporosity increased dramatically with a higher ZnCl2 amount. Under the optimized 

carbonization temperature (500 °C) and precursor configuration, almost 100% 

mesoporosity with pore width centering at 3.5 nm can be developed, accompanied by a 

super high SSA of 3298 m2 g−1 and a large pore volume of 1.9 cm3 g−1. In addition, ZnCl2 

can be combined with hard templates (SiO2, nanocellulose fillers, or filter pap) to produce 

mesoporous carbons.[47] Polyacrylonitrile (PAN) is an ideal precursor for carbon 

materials as it delivers a high N content and has a high degree of graphitization. However, 

PAN is relatively insoluble, which limits its application in hard templating approaches 

where filtration of dissolved precursors is needed. Matyjaszewski and coworkers 

synthesized N-doped porous carbons by pyrolysis of ZnCl2/SiO2/PAN, revealing that 

ZnCl2 can not only act as a porogen but also promote the cosolubilization of PAN within 

SiO2 suspension since Zn2+ as a divalent cation can serve as an ionic cross-linker for 

PAN.[47] Under the synergistic effect of ZnCl2 activation (that produced mesopores 

centred at 2.3 nm) and SiO2 templating (that generated mesopores peaked at 10.2 and 12.5 

nm), a high mesopore volume was produced that accounted for 84 - 90% of the total 

surface area (up to 1776 m2 g−1). 

 

MOF materials with a high density of Zn cations can be used as self-templates to produce 

mesoporous carbon. For instance, N-doped hierarchically mesoporous carbon structure 

with a bimodal pore size distribution was obtained by the pyrolysis of  nonporous 

[Zn2(TPT)(BDC)2]·H2O (SCUT-11).[51] Also, N-doped mesoporous carbon was 

prepared from pyrolyzing the mixture of oxygen-abundant Zn-MOF-74 and melamine.[52] 

Compared to previously low-oxygen-containing MOF-derived nanocarbons, adopting Zn-

MOF-74 as a precursor and template possessed its superiority in producing larger 

mesopores. This can be attributed to the high oxygen content in Zn-MOF-74, which would 

boost the release of gaseous products (H2O and CO2) during calcination, creating 

mesopores with large pore sizes (9.3 - 12.7 nm). Suitable N-doping and large mesopores 

made the derived carbon nanomaterial a high-performance ORR electrocatalyst that is 

comparable to or better than Pt/C in pH-universal media. It is noted that mesoporous 

carbons with large pore sizes (> 10 nm) are acquisitive in particular fields. They can ensure 

a fast mass transport in catalysis and serve as excellent supports for metallic nanoparticles 

or large-sized guest molecules (protein, gene, dye and RNA). To meet these demands, 

Wei et al. summarized the tailored synthesis of large-pore ordered mesoporous materials 

via the soft-templating method in detail.[43] 
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2.3.2 Ordered Mesoporous Carbons 

Ordered meso-structure can be well-formed by soft-templates like Pluronic F127 and 

hard-templates like mesoporous silica materials. The dimension and porous structure of 

the mesoporous silica materials could be readily controlled by adjusting the experimental 

parameters, such as the chain length of surfactants, and the ratio of surfactants to the silica 

precursor. Hexagonally ordered mesoporous silica SBA-15 is widely used as hard 

templates to prepare ordered mesoporous carbons.  

 

Since the development of the organic-organic self-assembly strategy, it is generally 

restricted to the wet processing. For instance, F127 was self-assembled with carbon 

precursors (o-aminophenol and hexamine) in aqueous solution by evaporation-induced 

self-assembly (EISA) process. Followed by a one-step pyrolysis process, N-doped carbon 

spheres can be prepared, with ordered mesopores centering at about 5.0 nm that were 

created by the thermal removal of F127.[41] Different from the wet processing, Zhang et 

al.[42] reported a solid-state mechanochemical assembly route without any solvents. 

Using a vibrating ball miller, biomss-derived tannin were ground together with F127 and 

transition metal acetates, forming a cross-linked network in a homogeneous gel-like 

mixture. Both F127 and metal salts are important for the successful self-assembly. This 

route has several advantages. The mechanochemical process proceeds in solid condition, 

enabling the assembly time shorter than that in the solution route. In addition, the solid-

state assembly allows for using insoluble precursors, especially inexpensive biomasses to 

replace toxic organic precursors, making the method more versatile. Solvent waste can be 

avoided, making the process more environmentally friendly. Uniform, ordered and 

adjustable mesopores (4 - 10 nm) with cylindrical structures were created in the final 

carbons after carbonization. Nickel nanoparticles (5.4 nm) could be introduced, confined 

and dispersed to the cylindrical carbon nanochannels, which exhibited good thermal 

stability and exceptional performance in the selective hydrogenation of bulky molecules 

(2 nm). 

 

As described before, heteroatoms play a vital role in modifying the properties of pristine 

carbon. Qiang et al. presented an example of incorporating high concentrations of various 

heteroatoms (up to 26 at.% N, 15 at.% B, 7 at.% P, or 4 at.% S) into an ordered mesoporous 
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carbon.[45] A combined soft-hard templating method was adopted using cross-linked 

mesoporous resol-silica as the starting material, followed by melt infiltration of suitable 

dopants and subsequent carbonation process. Pluronic F127 served as the soft-template 

for ordered mesopores, while silica nanoparticles transformed from tetraethyl orthosilicate 

(TEOS) can reinforce the nanostructure to prevent the collapse or distortion of the ordered 

mesostructure during pyrolysis.  

 

The difference in the morphologies of templates results in pores of various shapes. 

Interestingly, Song et al. suggested that pore channel configuration has an impact on the 

catalytic behavior of mesoporous carbon.[7] N-doped mesoporous carbon (c-NC) was 

synthesized using self-assembled resol (the carbon source), dicyandiamide (the nitrogen 

source) and F127. Ordered cylindrical pore channels with pore diameter centering at 5.1 

nm were produced in c-NC (a1, a2 in Figure 2.7B). For comparison, N-doped carbon with 

an inverse mesoporous morphology (i-NC, as described by the models in Figure 2.7A) 

was fabricated using SBA-15 as the hard template and quinoline-polymerized pitch as the 

precursor. i-NC possessed similar pore parameters (b1, b2 in Figure 2.7B) with c-NC, 

with pore width peaked at 3.3 nm after template removal. As described in Figure 2.7A, c-

NC and i-NC with different structure configurations displayed various electrocatalytic 

activities in CO2 electroreduction. c-NC with cylindrical channel structures containing 

pyridinic/pyrrolic N sites exhibited its superiority in selectively facilitating CO* 

dimerization and ethanol generation.  

 
Figure 2.7 A) Illustration of c-NC and i-NC for CO2 electroreduction. B) TEM images of 

(a1, a2) c-NC and (b1, b2) i-NC viewed along (a1, b1) [110] and (a2, b2) [100] 

directions.[7] Copyright 2017, Wiley-VCH Verlag GmbH & Co.  
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2.3.3 Mesoporous Carbons with Graphitic Pore Walls 

As illustrated before, the interaction between sp2-C and delocalized π-bond of aromatic 

organic compounds is one kind of driving force for adsorption.[14, 15] On account of this, 

a high-surface area mesoporous carbon with a higher graphitic degree might be beneficial 

to achieve enhanced adsorption capability. This high level of graphitization in mesoporous 

carbon products also makes them attractive for some electrochemical applications due to 

its stability and excellent electrical conductivity. Actually, the graphitic degree of the 

derived carbon is closely related with the involved transition metal species and carbon 

precursors. 

 

Knossalla et al. provided a detailed description of the synthesis of mesoporous graphitic 

hollow spheres.[46] These mesoporous graphitic spheres were prepared in a combination 

of various templating strategies and heat treatment. Basically, using the soft-templating 

method, porous core-shell silica template was prepared and acted as a scaffold for the 

following nanocasting. Divinylbenzene as the carbon source and iron as the graphitization 

catalyst were penetrated into the pores of silicas. During the carbonization, iron catalyzed 

the formation of graphitic domains in the final samples. After removing silica and iron, 

graphitic porous hollow spheres were finally received (Figure 2.8). The graphitization can 

be verified via XRD and TEM. Without a transition metal catalyst, disordered amorphous 

carbon will be formed in the resulting hollow spheres.  

 
Figure 2.8 Collection of micrographs with of the HGS (red arrows pointing at the 

characteristic features of the graphitic domains, which can be detected by TEM).[46] 

Copyright 2017, American Chemical Society. 
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Benzigar et al. proposed a new method to prepare mesoporous structure with crystalline 

C60 walls, by using mesoporous silica SBA-15 as the inorganic template, and 1-

chloronaphthalene as the solvent wherein C60 is highly solubilized and can fill in the pores 

of SBA-15.[24] It is known that the poor solubility of C60 in most solvents makes it 

difficult to create ordered pores by nanocasting since it is hard for C60 to fill in the voids 

of the inorganic templates. Remarkably, this solvent promotes the formation of crystalline 

fullerene framework by boosting the polymerization via cross-linking of C60. After 

carbonization and etching the silica template, the derived C60 exhibits well-ordered, and 

rod-shaped mesoporous structure with crystalline C60 walls. 

 

2.4 Macroporous Carbon Nanostructures 

Macroporous carbon materials can be prepared by templating and template-assisted freeze 

drying methods. Submicrometer-sized spherical polymers or silica particles have been 

employed as templates to prepare macroporous carbon materials. By tuning the particle 

diameter of the spherical particles, the pore size of the resultant macroporous carbon 

materials could be adjusted accordingly.  

 

Gueon et al. synthesized macroporous carbon spheres using polymer spheres (PS with an 

even diameter of 700 nm) as the soft templates.[44] In brief, PS and carbon nanotubes 

(CNTs) were dispersed in deionized (DI) water to form a suspension, which was sprayed 

at 140 °C using a spray dryer. Followed by a heat-treatment of the mixture at 500 °C under 

the inert condition, the PS template was removed, and macropores in hundreds of 

nanometers were produced. It was also reported that using 100 nm-sized polystyrene 

nanobeads as a template and polyvinylpyrrolidone as a carbon source, macroporous 

carbon microspheres (with macropore size of 50 - 90 nm) were achieved by one-pot spray 

pyrolysis.[26] Yin et al. reported a unique technique by combining electrospinning with a 

hard templating method.[25] Briefly, silica spheres were dispersed into a polymer shell of 

polyacrylonitrile in dimethylformamide (DMF) solution. Then, the as-prepared solution 

was electrospun to generate precursor textile, followed by pre-oxidation, carbonization 

and de-templating using hydrofluoric acid. Hollow carbon fibers composed of 

macroscopic carbon spheres (180 nm in diameter) were thus achieved. 
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In addition, 3D macroporous carbon materials can be obtained using a salt melt method 

combined with freeze-drying. As reported, interconnected 3D macroporous architecture 

composed of cubic NaCl crystals surrounded by C6H8O7–SnCl2–NH2-CSNH2 complexes 

were prepared, assisted by a freeze-drying process. After carbonation and removal of NaCl 

template, macropores of 1 - 3 µm are produced.[38] Wang et al. also reported the synthesis 

of macroporous carbon using NaCl and freeze-drying, which formed 

Fe/polyvinylpyrrolidone-enclosed NaCl crystallites.[39] The melting point of NaCl is 

around 800 °C. Carbonization of the precursors below 800 °C produces macropores after 

removing NaCl templates. If the temperature is higher than 800 °C, the melting of NaCl 

crystallites can create mesopores. 

 

Macroporous carbons can also be derived from direct pyrolysis of some biomass materials. 

For instance, interconnected macroporous carbon tube structure was synthesized by freeze 

drying and followed carbonization of eggplant under N2.[37]  

 

Xu et al. demonstrated the formation of few-layer ordered macroporous carbons using 

multiple templates.[48] In brief, harnessing polymethylmethacrylate (PMMA) 

microspheres with a diameter of 220 nm, a self-assembled organic cubic-opal template 

was prepared. This template was then filled by nickel nitrate (for graphene formation 

catalysis), F-127 (a surfactant), Al(NO3)3•9H2O (provide cations for gelation), 

dicyandiamide (a nitrogen source) and ethyl silicate (TEOS, the source of silicon) to form 

a multiple organic-inorganic template, followed by a gelation process. The organic 

template was decomposed by a calcination course up to 1000 ºC, followed by a CVD 

process under a gas flow of CH4 at 1000 ºC and N doping could be realized by adding an 

NH3 flow during the CVD. The inorganic substance was removed by acid etching finally. 

By adjusting TEOS amount, the macropore shapes evolved from circular, square to 

honeycomb network structures (Figure 2.9). Ordered macropores of about 170 nm were 

obtained with few-layer graphene pore walls formed by Ni catalysis. The ordered 

macroporous carbon has a large accessible surface area to the electrolyte, which plays a 

critical role for capacitor performance at high current densities. To elevate the specific 

surface area of macroporous carbon, micro- and meso- pores can be integrated to ordered 

macropore walls. 
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Figure 2.9 (a) Schematic diagram of the preparation of few-layer ordered macroporous 

carbon. (b-d) Scanning electron microscopy (SEM) images of the samples. (b) Ordered 

circular network structure of FOMC-0, (c) ordered square network structure of FOMC-1 

and (d) ordered honeycomb network structure of the FOMC-2 sample.[48] Copyright 

2017, The Royal Society of Chemistry. 

 

2.5 Hierarchically Porous Carbon Nanostructures 

3D hierarchical porous carbon materials contain pores of different scales from micro-, 

meso- to macro-pores, which are of critical importance to gain optimal performance and 

properties in versatile applications. This is because such porous nanostructures integrate 

high SSAs with unique functionalities and appropriate channels, allowing for fast 

diffusion and better contact of any substances (e.g. liquid organic or gas adsorbates, 

electrolytes etc.) to the entire surface.[115] High microporosity ensuring a high SSA can 

provide the exposure of abundant active sites while rich meso/macropores are favorable 

for substance transport. This is expected in various applications such as pollutant 

adsorption in wastewater, catalytic POP degradation in AOPs, gas capture, ORR and 

supercapacitors.[76] 

 

2.5.1 MOF-Derived Porous Carbons 

Over the past decades, MOFs (including ZIFs) as typical inorganic-organic crystalline 

hybrids coordinated with metal ions, have emerged as interesting self-templates and 

carbon precursors to create functional nanoporous carbons.[64, 116] In a general process, 

MOFs are pyrolyzed in an inert atmosphere, followed by acid-etching (this step can be 

avoided if the metal species are vaporized).[53, 117] Extra precursors (for example, 
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polyvinyl pyrrolidone or furfuryl alcohol) might also be incorporated to the pore channels 

in MOF or ZIF thereby optimizing the structure and functionality of resulting carbon.[58, 

118, 119] The moderate thermal stability of MOFs makes it possible to obtain derived 

structures in a tuneable manner. Typically, highly porous and/or hollow/or framework-

like carbons with high surface areas can be acquired due to the high porosity of MOFs, 

template removal and pyrolysis of organic moieties create abundant cavities. For instance, 

the specific surface area of the resultant carbon from nanocasting of ZIF-8 with furfuryl 

alcohol can reach a super high value (3405 m2 g−1), which showed excellent hydrogen 

sorption capacities.[119] In addition, Yang et al.[53] prepared hierarchically porous 

carbons by a facile heat adjustment of highly crystalline MOFs without any other carbon 

source. The MOF-derived carbon materials exhibited an exceptional porosity with a high 

ultramicroporosity (< 0.8 nm, up to 0.63 cm3 g−1), large surface area (up to 3174 m2 g‒1), 

and super high total pore volume (up to 4 cm3 g−1), which synergistically contributed to 

the unique H2 storage capacities at low and high pressures. 

 

The diversities in structures, morphologies and properties of parental MOFs, together with 

the different conversion methods, determine the qualities of the resulting porous carbon 

materials. Unique morphologies and structures can be obtained in the final functional 

carbon in the micrometer/nanometer scale, which has been a key incentive for developing 

MOF-based synthetic strategies. Recently, it was indicated that direct carbonization of a 

rod-like MOF precursor (MOF-74-Rod) created carbon nanorods, which were 

transformed into graphene nanoribbons by a subsequent KOH treatment (Figure 

2.10A).[64] The derived carbon nanorods and graphene nanoribbons exhibited surface 

areas of 1559 and 1492 m2 g−1, respectively. The graphene nanoribbons (electrical 

conductivity = 4.93 S cm−1) delivered a better conductivity and electrochemical capacitive 

properties than the nanorods (electrical conductivity = 3.47 S cm−1). 

 

The graphitic degree of carbon is closely related with the metal species in MOF 

precursors.[65, 120] Yamauchi and coworkers presented hybrid particles with an N-doped 

amorphous C core and a highly graphitic C shell, by thermal treatment (at 800 °C) of core-

shell ZIF-8@ZIF-67 particles that were constructed by two isostructural MOFs (Figure 

2.10B, C).[65] This work verified the simultaneous generation of graphitic carbon with 

the catalytic assistance of transition metals (Co contained in ZIF-67) and N-doping from 

N-containing imidazole linkers (ZIF-8). The hybrid carbon materials exhibited a well-
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developed hierarchically structure with interconnected micro/mesopores and surface area 

up to 1276 m2 g‒1. Electrochemical tests suggested that the unique nanoarchitecture 

integrated the advanced properties of both carbon forms, with specific capacitance up to 

270 F g‒1 obtained at 2 A g‒1 as supercapacitors electrode in a three-electrode system.  

 

Similarly, Liu et al.[55] described double-shelled nanocages (Figure 2.10D) with inner 

shells of N-doped microporous carbon and outer shells of Co-N-doped graphitic carbon 

as a bifunctional electrocatalyst for ORR and OER. There were inner cavities within the 

carbon shells. The nanocages were synthesized by the controlled pyrolysis of core-shell 

metal-organic framework, which consisted of core-shell ZIF-8 (with Zn coordination) 

@ZIF-67 (with Co coordination) particles. The ZIF-8-derived inner amorphous shells 

were generated by the decomposition of ZIF-8 to ZnO/carbon composite and subsequent 

reduction and vaporization of Zn with the temperature rise. The ZIF-67-obtained outer 

shells possessed relatively loose graphitic carbon embedded with short carbon nanotubes 

(CNTs) formed by the catalytic effect of Co.  

 

Liu et al.[54] reported the synthesis of uniform hollow carbon nanocubes (HMCNCs) with 

inner mesoporous walls and outer microporous shells by pyrolysis of silica-coated ZIF-8 

nanocubes. Interestingly, the different thicknesses of coated mesoporous SiO2 on ZIF-8 

resulted in different structures. In brief, direct pyrolysis of ZIF-8 nanocubes generated 

dominant microporous carbon. Carbonization of ZIF-8 with a thick SiO2 layer produced 

HMCNCs with a hollow cavity after silica removal, while a thin layer of SiO2 on ZIF-8 

resulted in mesoporous carbon nanotubes (SMCNCs) with concave faces and no hollow 

cavity (Figure 2.10E). The SSAs and pore volumes of HMCNCs and SMCNCs were 

tested to be 1085 m2 g‒1 and 3.77 cm3 g‒1, 1141 m2 g‒1 and 1.92 cm3 g‒1, respectively. The 

pore size of HMCNCs peaked at 24.6 nm, while a broader pore size distribution centring 

at 12.5 nm was observed for SMCNCs. The unique structure of HMCNCs endowed it with 

better properties than SMCNCs to accommodate selenium sulfide (SeS2) guests, showing 

an outstanding rate capability and excellent cyclic stability in Li-ion battery applications. 
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Figure 2.10 A) Schematic synthesis of MOF-74-Rod, carbon nanorods and graphene 

nanoribbons.[64] Copyright 2016, Macmillan Publishers Limited. B) Synthetic scheme 

for the preparation of core-shell ZIF-8@ZIF-67 crystals and the hybrid nanocages 

(NC@GC); and C) SEM, TEM and HRTEM images of the NC@GC.[65] Copyright 2015, 

American Chemical Society. D) Schematic illustration of the synthesis of NC@Co-NGC 

DSNCs.[55] E) Schematic illustration of the fabrication of 1 hollow mesoporous carbon 

nanocubes (HMCNCs) and 2 mesoporous carbon nanocubes (SMCNCs).[54] D, E) 

Copyright 2017, WILEY-VCH Verlag GmbH & Co.  

 

Although MOFs act as a critical platform for developing advanced functional porous 

carbon materials, this method is multi-step, costly and difficult for large-scale production. 

Regardlessly, it remains an area of intense research interest. This is because novel 

properties and features can be brought to MOF-derived carbon materials and this strategy 

has tremendous advantages in compositional and structural controls of the resulting 
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carbons.[121] Specifically, the MOF-based route is efficient and unique to produce porous 

and/or hollow nanostructures/microstructures with tightly coupled carbon/metal moieties. 

From a practical viewpoint, it would be more appealing to simplify the procedures and 

design low-cost MOFs, which can serve as self-templates to derive functional carbons 

easily. 

 

2.5.2 3D Hierarchical Porous Carbon Nanospheres  

By virtue of low densities, unique nanoporous shapes and large interior void space 

fractions, hollow carbon nanospheres ranging in diameters from nano- to micro- metres, 

have attracted much scientific and technological research attention. Designing a well-

established porous structure in hollow carbon spheres plays a key role for their potential 

applications in adsorption and separation systems, nanoreactors, catalyst supports, and 

electrodes for supercapacitors and batteries.[63]  

 

Figure 2.11 shows the synthesis of hierarchical, hollow, nanoporous carbon spheres by 

the surface-coating hard-templating method. Different shaped porous carbon nanospheres 

can be designed, by controlling the structure of hard templates. Based on Figure 2.11a, 

Zhang et al. [28] developed double-shell pomegranate-like hollow carbon microspheres 

utilizing double templates. In brief, calcium carbonate@silica (CaCO3@SiO2) 

microspheres were prepared in a controlled manner, followed by acetylene deposition, 

calcination and removal of CaCO3 and SiO2 templates. N-doped double carbon-shell 

structure was obtained with integrated outer carbon layers containing inner interconnected 

hollow carbon nanospheres (Figure 2.11b). These features endow the samples with 

enhanced electrochemical properties in Li-ion batteries.  
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Figure 2.11 Hollow carbon spheres obtained by surface coating hard-templating method. 

a) Schematic synthesis and b) TEM images of double-shell pomegranate-like porous 

carbon microspheres.[28] c) Schematic synthesis and d) TEM image of hollow carbon 

spheres.[31] Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. e) 

Schematic synthesis and f) TEM image of flower-like hierarchical carbon nanospheres.[35] 

Copyright 2017, The Royal Society of Chemistry 2017.  

 

Bottger-Hiller et al.[31] described the synthesis of size-adjustable hollow carbon spheres 

(HCSs) with controllable meso- or miro- porous shells by template-assisted twin 

polymerization. 2, 2’-Spirobi [4H-1, 3, 2-benzodioxasiline] (denoted as monomer 1) and 

tetrafurfuryloxysilane (named as monomer 2) were employed as carbon precursors. 

Methanesulfonic acid served as a surface catalyst, which can be adsorbed on SiO2 particles 

(the hard templates). As presented in Figure 2.11c, spherical SiO2 particles were encircled 

by methanesulfonic acid and twin monomer (1 or 2). After carbonization of the hybrid 

materials, microporous shells are produced in HCSs when using twin monomer 1, while 

mainly mesoporous shells when 2 was used. On the other hand, template removal 

generated the inner hollow pores, thus the diameters of which can be precisely controlled 

by adjusting the sizes of SiO2. The morphology, pore texture and shell thickness of the 

final HCSs can be tuned by changing the monomer/template ratio. The final HCSs (Figure 

c) 

e) 

a) b) 

 c 

CaCO3@SiO2 C@CaCO3@SiO2 
Hollow carbon 

nanobead 
d) 

f) 
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2.11d) possessed SSAs of 690 - 1370 m2 g‒1 and pore volumes of 0.49 - 2.33 cm3 g‒1. 

Selected HCSs were employed for H2 storage, and HCSs melted with sulphur as C/S8 

hybrid materials were tested in lithium-sulfur batteries, where a capacity of 850 mAh g‒1 

was achieved.  

 

As shown in Figure 2.11e, homogeneous N-doped flower-like carbon hollow nanospheres 

were designed using urchin-like silica spheres as the hard templates.[35] The 3D urchin-

like silica spheres were first prepared and modified through surface grafting of the 

aminopropyltrimethoxysilane template, which was then coated with glucose by a 

hydrothermal treatment. After subsequent carbonization and the removal of the silicon, 

the relevant flower-like carbon nanospheres were produced successfully (Figure 2.11f). 

By introduction of an NH3 flow during carbonation, N doping was realized on the final 

product, which exhibited a large pore volume (2.33 cm3 g‒1) and SSA (1223 m2 g‒1) for 

sulphur accommodation for lithium/sulphur battery cathodes, showing an excellent 

cycling stability and rate capability of 829 mA h g‒1 at 5C.  

 

Apart from tuning the structure of templates, it is suggested that slight adjustment in 

carbon precursors can produce various features in the resulting hollow carbons.[30] Using 

SiO2 nanospheres as the hard template and polydopamine as the carbon source, the derived 

porous carbon displayed a uniform hollow spherical structure with a smooth surface. By 

contrast, the use of N-enriched dopamine analogue as a carbon source resulted in defect-

rich porous carbon with a large SSA, numerous meso/micropores in carbon sphere shells 

and rich pyridinic N. The derived carbon can act as a superb bifunctional metal-free 

catalyst for both OER and HER in alkaline electrolyte.  

 

Recently, self-templating methods received much attention to synthesize carbon spheres 

with unique structure from pyrolysis of controlled organic polymers (Figure 2.12). 

According to Figure 2.12a, Wu and co-workers developed a simple self-templating 

strategy by carbonization of polyaniline-co-polypyrrole hollow spheres.[63] When the 

carbonization time was extended from 3 to 20 h or the heating rate was increased from 2 

to 10 °C min‒1, the surface area was elevated drastically. Hollow carbon spheres with 

optimum nanoporous structure showed a superior SSA of 3022 m2 g‒1, abundant 

micropores and small mesopores (with the size peaked at 2.5 nm). Accompanying single 

hollow core of about 26 nm, a uniform outer size as small as 69 nm was acquired (Figure 
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2.12b). This is highly desirable noting that it is generally hard to synthesize carbon spheres 

below the size of 100 nm, a diameter that is required to produce many valued nanoscale 

effects. The derived sample exhibited an excellent electrical conductivity of 3.5 S cm‒1, 

larger than that of commercial activated carbons (0.6 S cm‒1 or 1.07 S cm‒1), and plenty 

of other nanocarbons.[122-124] For applications, the sample not only performed very well 

in adsorption of environmentally concerned organic vapours (methanol and toluene), but 

also served as well-defined cathode host materials for lithium-sulfur (Li-S) batteries and 

electrodes for supercapacitors. In addition, Xu et al.[68] presented the synthesis of carbon 

superstructures with polyimides (PIs) as the crucial polymer precursor, as shown in Figure 

2.12a. The assembly of PI can be readily regulated by changing polymerization conditions, 

generating various hierarchical superstructures. Due to their excellent thermal stability, 

these PI hierarchical structures can be maintained while transforming into N-doped porous 

carbon by pyrolysis and NH3 activation. 3D hierarchical crystalized carbon frameworks 

with flower-like, disk-like, and lantern-shaped morphologies were prepared, constructed 

by graphitic 2D nanosheets (i-iii in Figure 2.12). By using different monomers to prepare 

PI, the building block of the flower-like carbon sphere changed from nanosheets to 

nanobelts (iv in Figure 2.12), induced by different polymer-polymer and polymer-solvent 

interactions. The derived flower-like carbon architecture exhibited a high specific surface 

area (1375 m 2 g‒1), excellent catalytic activity for ORR, outstanding capacitive and cyclic 

performance as an electrode material for supercapacitors. 

 
Figure 2.12 Hierarchical porous carbon nanospheres derived by the self-templating 

approach. a) Schematic synthesis and b) TEM image of the hollow carbon spheres.[63] 

a) b) 

c) ii) 

iii) iv) 

i) 
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Copyright 2015, Macmillan Publishers Limited. c) Schematic synthesis and SEM images 

of PI-derived hierarchical structured carbon spheres with i) nanosheet-built-flower-like, 

ii) disk-like, iii) lantern-shaped and iv) nanobelt-constructed-flower-like 

morphologies.[68] Copyright 2016, WILEY-VCH Verlag GmbH & Co. 

 

2.5.3 Hierarchically Porous Carbons with Ordered Structures 

Porous carbons with ordered hierarchical structures are generally prepared via multiple 

templating routes. As reported by Guo et al.,[49] ordered macroporous silica frameworks 

were first prepared, using polystyrene spheres as the soft template and silica alkoxide as 

the precursor. F127 and resol were then filled into the voids of the macroporous silica, 

followed by heat treatment of the mixture. Ordered interconnected carbon spheres (about 

200 nm in diameter) were produced after silica template removal. The carbon spheres 

possessed a mesoporous structure (8 nm mesopores with 3 nm wall thickness), while the 

voids between these carbon spheres formed 60 nm macropores (Figure 2.13). The ordered 

mesopores can boost effective Li+ diffusion and electron transfer, while the macropores 

can provide channels for O2 diffusion in rechargeable Li-O2 batteries. 

 
Figure 2.13 TEM images of the as-prepared porous carbon samples with different 

magnifications.[49] Copyright 2013, WILEY-VCH Verlag GmbH & Co.  
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2.5.4 Hierarchically Porous Carbons with Graphitic Walls 

Hierarchical porous carbons with graphitic walls can either be transformed from high-

graphitizing precursors such as pitch, polyacrylonitrile (PAN),[50] or be generated by 

transition metal (e.g., Co, Fe, Ni) catalysis. Estevez et al. described a strategy to engineer 

hierarchical graphitic porous carbon using PAN by multiple templates of ice and colloidal 

silica.[50] The use of ice templating was very critical for the highly porous structure, 

which not only enabled macropore formation but also allowed for the heavy loading of 

the silica template to the PAN precursor. The final carbon displayed competing textural 

features including a large SSA (> 2500 m2 g‒1) and super high pore volume (> 11 cm3 g‒

1, with mesopore volume up to 7.53 cm3 g‒1), making it applicable for oil adsorption and 

supercapacitors.  

 

Histidine, as one kind of amino acid, is also a precursor that can produce carbon of a high 

graphitization degree. Using this chemical, N-doped ordered macroporous frameworks 

with ultrathin micro/mesoporous graphene-like pore walls were constructed by a surface 

coating hard-templating method (Figure 2.14).[27] Histidine possesses a strong binding 

affinity with silica. Benefited from this, the opal that is composed of packed silica spheres 

was uniformly coated by thin histidine molecule layers. After subsequent carbonization 

and template removal, graphene-like ultrathin carbon layers (2.8 nm thick) were achieved 

with hierarchically porous structures.  

 

a b 

c d 

f e 
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Figure 2.14 a, b) SEM; c, d) TEM; e) HRTEM and f) selected area electron diffraction 

(SAED) pattern of the representative N-doped porous carbon sample.[27] Copyright 2017, 

The Royal Society of Chemistry. 

 

Gong et al. developed a biomass-derived three-dimensional porous graphitic carbon from 

a single-step route.[72] Bamboo char served as the carbon source, while potassium ferrate 

(K2FeO4) was used as activating agent (K) and catalyst (Fe species) for graphitization. 

Carbonization of the original bamboo char resulted in a hollow elongated morphology 

with few pores on its surface. When K2FeO4 was introduced, the original hollow structure 

was retained in the as-prepared sample, accompanied by large SSA (1732 m2 g‒1), 

graphitic walls, and abundant porosities.  

 

2.5.5 Biomass and Biowaste-Derived Hierarchically Porous Carbons 

Disordered 3D hierarchically porous carbons can be easily synthesized by various 

methods, including, but not limited to templating, molten salt, physical or chemical 

activation approaches. Special attention was given to biomass and biowaste-derived 

hierarchical porous carbons. Biomass or biowaste derived from agricultural or forest crops 

and residues, marine wastes, industrial wastes and domestic wastes, which are economical, 

ecofriendly and renewable, have been employed as carbon sources to develop scalable 

porous carbon materials. Until now, carbonaceous materials have been demonstrated to 

be produced from a wide variety of precursors including lignin, corncob, willow leaves, 

ginkgo leaves, corn starch, sweet potato, cornstalk, bacterial cellulose, peanut shells, 

willow catkins, banana skins, pinecone hull, cherry stones, ox horns, sea shells, bamboo 

chopsticks, and sea shells. Several critical strategies have been developed for creating 

porous nanostructures with modified surface functionalities. 

 

KOH activation has been most widely used to convert biomass or biowaste into 

hierarchically porous carbons. Balahmar et al. demonstrated the conversion of various 

biomass materials such as sawdust, seaweed, or paeonia lactiflora to activated carbons 

with high yields by direct KOH activation processes.[75] Activated carbon with primarily 

small micropore sizes (0.5 - 0.7 nm) was synthesized that favored postcombustion CO2 

capture (4.6 mmol g‒1 at 25 °C, 1 bar). In addition, activated carbon containing high-

proportioned large micropores (1 - 2 nm) and small mesopore (2 - 3 nm) can be developed 
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for excellent precombustion CO2 uptake at higher pressures (up to 22 mmol g‒1 at 25 °C, 

20 bar). Similarly, to satisfy the different needs for low pressure CO2 uptake (that requires 

small micropores) and high pressure CO2 capture (that demands high surface area), 

various activated carbons have been prepared from other biomass materials such as Jujun 

grass, Camellia japonica,[83] pine core shells[84] by KOH activation.  

 

Biomass of willow catkin was also successfully converted into interconnected carbon 

nanosheets by KOH activation, followed by effective N and S co-doping (with thiourea 

as the doping agent).[86] The final sample exhibited an SSA of 1533 m2 g−1 and excellent 

rate performance with a high specific capacitance of 298 F g−1 at 0.5 A g−1 while 233 F 

g−1 at 50 A g−1 in a three-electrode supercapacitor test. Rehman et al. reported a unique 

porous nanoarchitecture of vertically aligned carbon nanosheets by direct carbonization 

of agar/KOH.[82] The resulted porous carbon had an SSA of 1750 m2 g−1 and 

interconnected microporous carbon nanosheets with 3D channels of macrovoids and 

mesopores that allowed enough sulfur loading for enhanced performance in Lithium-

Sulfur Batteries (LSBs). Huang et al. reported chitosan-derived hierarchically porous 

carbon with an ultrahigh SSA of 3532 m2 g‒1 by combining hydrothermal treatment with 

KOH activation.[74] The addition of acetic acid during hydrothermal carbonization was 

critical in helping construct a conducive environment that would benefit the subsequent 

KOH activation. A high capacitance (455 F g‒1 at 0.5 A g‒1) with excellent cycling 

stability (99% capacity retention over 20000 cycles) was achieved in the final carbon 

when used as a supercapacitor electrode in 6 M KOH and a three-electrode system. 

Nitrogen-doped activated carbons were obtained from corncobs through a one-step KOH 

activation under N2 flow with NH3 introduced for another activating agent and N 

doping.[85] The obtained samples displayed high SSAs up to 2900 m2 g‒1 with an N 

content of up to 4 wt.%. 
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Figure 2.15 Morphologies of biomass-derived carbon. a) SEM and b) TEM images of 

hollow bundled structure derived from dandelion fluff (B/N-PCTB).[73] Copyright 2017, 

The Royal Society of Chemistry. c) SEM and d) TEM images of cotton-derived N-doped 

porous carbon microtubes.[78] e, f) SEM images of N-doped hollow porous carbon 

microspheres derived from pre-cultivated yeast cells.[62] Copyright 2016, The Royal 

Society of Chemistry 2016.  

 

In some cases, special morphologies can be inherited from the porous structure of natural 

sources, as presented in Figure 2.15. Interestingly, direct carbonization of dandelion fluff 

resulted in a hollow bundled structure with thin-walls (PCTB).[73] Each carbon 

microbundle consists of several hollow and thin-wall carbon nanotubes. After KOH 

activation and B, N co-doping, the bundled tube structure can be retained in the as-

prepared carbon with numerous micropores and mesopores on the walls (B/N-PCTB, 

Figure 2.15a, b). Owing to the impressive open hollow channels, low tortuosity, and 

abundant porosity, the optimized sample delivered a specific capacitance of 355 F g‒1 at 

1 A g‒1 in a three-electrode system of supercapacitor tests. In addition, Li et al. synthesized 

a flexible N-doped 3D porous carbon microtube sponge by direct pyrolysis of cotton under 

NH3 atmosphere.[78] The hollow core of micron-scale (2 - 5 µm) was inherited from 

macrostructure of cotton (Figure 2.15c, d). The inner part of the tubular structure consisted 

of a combined meso/micropore volume of 1.34 cm3 g‒1, arising from NH3 etching during 

pyrolysis. The derived unique carbon materials with a high surface area (2358 m2 g‒1), 

a b 

c d 

f e 
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well-graphitized texture and high density of pyridinic and quaternary N, demonstrated 

excellent activities for both ORR and OER. Yeast, which is self-duplicable, cost-effective 

and N-rich, can be used for synthesizing porous carbon microspheres by heat treatment of 

the cultivated yeast cells (Figure 2.15e, f).[62] The self-templating-derived sample 

contained abundant micropores centering at 0.8 and 1.4 nm and mesopores (2 - 13 nm) 

and served as an excellent carbon host to load sulfur, forming a cathode material for Li-S 

batteries. The micropores and small mesopores can strongly enhance the contact of carbon 

with sulfur while large mesopores favor ion transport and electrolyte diffusion.  

 

There are also extensive studies on other activating methods. The molten salt method was 

reported in Ref. [88] by employing the eutectic mixture of LiCl/KCl (with a melting point 

of 353 °C) as the inert chloride salts, and glucose as the carbon source. Reactive salts 

including LiNO3 or Na2S2O3 were added for N or S doping, which can increase the SSAs 

of the final carbons greatly. Highly porous heteroatom-doped carbons can be produced 

from the cooperative effect of the inert chloride and reactive salts. SSAs reached the 

maxima (up to 3250 m2 g−1) at about 800 or 900 °C. Graglia et al. illustrated a salt melting 

strategy to prepare N-doped micro-, meso-, and macroporous functional carbons with a 

high SSA of 1589 m2 g‒1, employing lignin as a precursor. Lignin was extracted from 

beech wood and functionalized by aromatic nitration.[87] Then, it was ionothermally 

carbonized with a eutectic salt melts of KCl/ZnCl2 to synthesize N-doped functional 

carbon as an excellent electrocatalyst for ORR, with a half-wave potential of 0.85 V (vs 

RHE) and 4 e− selectivity in 0.1 M KOH. In Ref.[76], different chemical agents (KOH, 

H3PO4, or ZnCl2) were applied for the activation of cinnamon sticks. All the as-prepared 

carbons displayed an irregular shape, amorphous structure with disordered hierarchically 

porous structure. Sample CDC-1 (by KOH activation) possessed open porous structure 

and high surface area (3405 m2 g−1), with both micropores and mesopores (3 to 4 nm). 

Sample CDC-2 (by ZnCl2 activation) had a surface area of 2440 m2 g−1 with micropores 

and large mesopores found over a wider size range. CDC-3 (by H3PO4 activation) had a 

surface area of 1810 m2 g−1, a narrow pore-size distribution and almost no pores larger 

than 3 nm. The activation effect on pore size distribution also depends on the sources of 

biomass or biowaste. Ref. [77] described the synthesis of N and O dual-doped functional 

carbons from activation of poplar catkins by ZnCl2. The optimized final carbon displayed 

a surface area of 1462.5 m2 g−1, a pore volume of 1.31 cm3 g−1 and meso-/micropores 

structure with its pore size centering at around 3.6 nm.[77]  
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It is noted that some bio-wastes can generate porous carbons in some cases by a direct 

pyrolysis process without additional activation or templating agents. As presented in Ref. 

[59], direct carbonization of sodium lignosulfonate, an industrial by-product of 

lignocelluloses, can result in a hierarchically porous carbon. The as-prepared carbon 

sample showed a moderate specific surface area (903 m2 g−1) with narrow micropores 

(pore size < 2 nm) and meso-/macro-pores (2 - 7 nm and 20 - 100 nm). The porous 

structure was generated by the activation by inorganic salts (NaCl, KCl, Na2SO4 and 

Na2CO3) derived from SLS.  

 

2.6 Conclusions and Outlook 

In conclusion, the chapter compiles and reviews some newly developed strategies mainly 

via templating and activation, for the controllable synthesis of functional carbons ranging 

in pore sizes from micro-, meso-, macro- to hierarchically porous structure. The 

outstanding features of porous carbons have led them to be widely applied in various fields, 

including water remediation, CO2 capture, H2 storage, electrodes or electrode hosts for 

fuel cells, batteries, and supercapacitors. This review is expected to provide us with a 

better understanding on the various approaches to obtain porous carbon with large SSAs, 

desirable porous textures, suitable graphitization degree, satisfying surface chemistry, 

which are potentially applicable in the treatment of different organic molecules in waste 

water. Porous carbons with various pore sizes, controllable ordered or disordered 

structures have been synthesized by different types of designed hard, soft, multiple or self 

templates. Compared to most templating routes, activation generally resulted in 

disordered, hierarchical, porous structures, but it possesses its advantages of scalability 

and simplicity, and it is able to produce porous carbons with super high SSAs.  

 

For future research of porous carbons, it is highly critical to more precisely relate the 

structure features of functional porous carbons with specific application fields and make 

it more facile to realize different structure design requirements. For applying the porous 

carbons in water remediation, the first challenge is to produce high-surface-area porous 

carbons with tailored porosities and surface chemistry through cost-effective, 

reproducible, and scalable methods. Furthermore, it is essential to reduce the cost of 

production to the greatest extent, by exploring precursors which are renewable, low-cost 
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and readily available. Last but not least, a fundamental problem associated with using 

nanomaterials for environmental applications is large volume of waste streams generated 

during the preparation process, which are difficult to treat with through conventional and 

economical technologies, such as bioprocesses. This challenge has to be addressed in the 

future research or to apply life cycle analysis.  

 

Based on this review, this thesis aims to adopt cost-effective raw materials and develop 

green, scalable, and easily-handled approaches that produce few wastes to synthesize 

hierarchically porous carbons with high surface areas and suitable surface chemistry for 

environmental and some other related applications. 
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Chapter 3. Template-Free Synthesis of N-doped Carbon with 

Pillared-Layered Pores as Bifunctional Materials for 

Supercapacitor and Environmental Applications 

 

Abstract 

Using glucose, sodium bicarbonate and urea as the precursors, cross-linked, N-doped, 

pillared-layered porous carbons (NCs) were prepared via a one-pot, template-free 

pyrolysis process at 600 (NC600), 700 (NC700) and 800 °C (NC800), which have 

bifunctional applications in supercapacitors and environmental remediation. NC700 

displayed a high surface area (2118 m2 g−1) and a specific capacitance of 305 F g−1 at 

0.2 A g−1 in a two-electrode setup. The maximum energy density of NC700 was 20.4 W 

h/kg at a power density of 139 W kg−1, and 89.1% capacitance was retained after 10000 

cycles of charge-discharge at 5 A g−1. For water remediation, NC800 displayed high 

adsorption capacities towards flame retardant tetrabromobisphenol A (TBBPA, 372 mg 

g−1) and antibiotic sulfachloropyridazine (SCP, 288 mg g−1) in solutions, while NC700 

showed the most efficient SCP oxidation removal. These results demonstrate the versatile 

applications of low-cost and green carbon materials as electrodes in energy storage 

devices, metal-free adsorbents as well as catalysts for high efficient removal of emerging 

contaminants in aqueous solution. 

 

3.1 Introduction 

Recently, the development of renewable energy resources to alleviate environmental 

issues from the over-depletion of fossil fuels has accelerated intensive research efforts on 

technologies such as electrical energy storage devices.[1, 2] As the promising devices in 

this community, electrical double layer capacitors, also known as supercapacitors, have 

drawn enormous attention due to the capability to deliver high power density with long 

cycling life.[3, 4] Supercapacitors play a pivotal role in clean-energy device systems, 

ranging from lighting on roads, electrical motors in hybrid electric vehicles, lasers, and 

portable electronics, to name a few.[1, 5, 6] Because of their low cost, high specific surface 

areas and well-developed porous structure, porous activated carbons have been considered 
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as first candidate electrode materials for supercapacitors.[7] Direct pyrolysis to synthesize 

porous carbons without any further activation process represents the most promising 

method for large-scale production.[8] Until now, such reports are rather limited. For 

coping with commercial market guidance, the search is still on to exploit high-surface-

area porous carbon materials with a facile synthesis method.[9] 

 

Apart from energy, environment issue is another serious challenge that humanity will face 

with the development of human society. It is noted that severe threat has been posed to 

the planet Earth and mankind by fresh water contamination.[10] Emerging water 

contaminants such as SCP antibiotics used in human medicine and aquaculture, or 

TBBPA, a commercial flame retardant in plastics and electronics, have induced a highly 

toxic effect on aquatic life and human health.[10] Hopefully, porous carbons bring in new 

prospects as metal-free materials for the management of these pollutants in effluents. On 

the one hand, high-surface-area porous carbons can remove the target pollutants by 

physical adsorption. On the other hand, they can be applied in AOPs by activation of some 

peroxides such as persulfate (S2O8
2−, PS) for complete removal of these organics.[12] 

Glaze in 1987 proposed that AOPs are tied to the production of hydroxyl radicals, which 

bring out the oxidation of organic compounds.[13] Since the 1990s, various reactive 

oxygen species including sulfate radical, superoxide anion radical, hydrogen peroxide, 

and singlet oxygen have been proposed.[14] The mechanisms of different AOPs were also 

studied in terms of the radical species. 

 

This study found that sodium bicarbonate is an excellent in-situ porogen for the synthesis 

of porous carbon and the critical influence of synthesis temperature on the 

physicochemical property and microstructure of these porous carbons was explored. In 

this chapter, NCs are studied at varying synthesis temperatures of 600, 700 and 800 ºC. 

The process is one-step, time-saving, and mild without harsh treatments such as KOH 

activation, which is extensively used in the activation process of carbon materials,[15-17] 

or HF washing for multistep hard-template routes.[18] The synthesized pillared-layered 

porous carbons were proved to be well-defined bifunctional materials in supercapacitors 

and water remediation.  
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3.2 Experimental Details 

3.2.1 Sample Preparation 

Briefly, glucose (1.8 g), sodium bicarbonate (1.8 g), and urea (1.8 g) were dissolved in 60 

mL deionized water to form a transparent aqueous solution, which was then put in an oven 

without stirring and heated at 100 °C for 24 h until dried. Subsequently, the remained 

mixture was annealed at 600, 700 and 800 °C, respectively, for 2 h in a tubular furnace 

under a nitrogen atmosphere with a heating rate of 5 °C min–1. Finally, to remove residual 

inorganic salts, the obtained carbon materials were washed with water as well as ethanol, 

and then, dried at 80 °C. The collected samples were denoted as NC600, NC700 and 

NC800, respectively. 

 

3.2.2 Material Characterizations 

The morphologies of all the samples were revealed by scanning electron microscopy 

(SEM, FEI Verios XHR 460) and transmission electron microscopy (TEM, JEOL 2100). 

High angle annular dark field scanning TEM (HAADF-STEM) images and energy-

dispersive X-ray spectroscopy (EDX) elemental mapping were obtained by FEI Titan G2 

80-200 TEM/STEM. X-ray photoelectron spectroscopy (XPS) was conducted on a Kratos 

Axis Ultra DLD system under ultra-high vacuum (UHV) conditions. Kratos Vision and 

Casa XPS software were adopted to process the obtained XPS spectra, and all spectra 

were calibrated based on a primary C 1s component at 284.6 eV. Raman spectroscopy 

was characterized on WITec alpha 300RA+. The Brunauer-Emmett-Teller (BET) specific 

surface area and the pore size distribution of the samples were determined by N2 

adsorption/desorption at –196 °C using a Micromertics Tristar 3000. The samples were 

degassed in vacuum at 110 °C overnight before the test. Electron paramagnetic resonance 

(EPR) was performed on a Bruker EMS-plus instrument to detect the free radicals, with 

5, 5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping agent and the quantitative 

information was analyzed by Xeon software (Bruker). 

 

3.2.3 Electrochemical Measurements 

In a typical electrochemical measurement, 2 mg carbon powder was dispersed in a mixture 

of 500 µL isopropanol and 25 µL of Nafion® 117 solution by ultra-sonication. To prepare 
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the working electrode, 10 µL of the dispersion (containing 36 µg of catalyst) was 

deposited on a glassy carbon electrode (5.0 mm in diameter) and dried under air. 

Electrochemical measurements were performed on a Gamry electrochemical workstation 

(Reference 3000) in 6 M NaOH solution using a standard three-electrode configuration 

with Ag/AgCl (4 M KCl) as the reference electrode and a Pt wire as the counter electrode. 

The electrochemical performance comparison of the samples was evaluated by 

electrochemical impedance spectroscopy (EIS) tests from 10 mHz to 100 KHz.  

 

As an alternative approach to analyze the supercapacitor frequency behaviour, the real 

and imaginary parts of the capacitance were analysed using the EIS data based on the 

following equations:  

Z(ω) =  
1

jωC(ω)                              (3.1) 

C(ω) = C′(ω) − jC″′(ω)                (3.2) 

C′(ω) =
– Z″(ω)
ω|Z(ω)|2                               (3.3) 

C″(ω) =
Z″(ω)

ω|Z(ω)|2                              (3.4) 

Where C′(ω) and C″(ω) represent the real and imaginary parts of the accessible 

capacitance, respectively.  

 

Two-electrode system tests were carried out using two nearly identical (symmetric by size 

and weight) electrodes assembled with a separator between them. The working electrode 

consists of NC700, acetylene black and polytetrafluoroethylene in a weight ratio of 

80:10:10. The area of the electrodes is about 1 × 1 cm2 with a mass loading of 2.8 - 3.6 

mg. Nickel foam was used as the current collector. Cyclic voltammetry (CV), 

Galvanostatic charge-discharge tests (GCD), EIS and cycling stability tests of the device 

were carried out in 6 M NaOH solution. The specific capacitance of a single electrode (Cs, 

F g–1) was calculated from the GCD discharge curve based on: 

CS =
4I ∙ ∆t
m ∙ ∆V                                       (3.5) 



61 
 

Where m (mg) is the total mass loading of the active materials on both electrodes; ∆V (V) 

refers to the discharge voltage range excluding the IR drop.[19] The energy density (E, W 

h kg–1) and powder density (P, W kg–1) was calculated based on: 

E =
1
8 CS ∙ (∆V)2 ∙

1
3.6                     (3.6) 

P =
E
∆t × 3600                                  (3.7) 

3.2.4 Environmental Applications 

Adsorptive experiments were performed by dispersing 10 mg the carbon samples in 200 

mL TBBPA solution (20 mg L–1) at 25 oC with constant stirring. The concentration of 

TBBPA at different time intervals were acquired by measuring the UV-Vis 

adsorption spectra collected on a Cary 100 UV-Visible Spectrophotometer.  

 

Adsorptive experiments on SCP solutions (20 mg L–1, pH 7) were also performed by 

similar procedures. At different time intervals, the solution was taken, filtered and then 

tested by using an ultra-high performance liquid chromatography (UHPLC) to determine 

the SCP concentration. 

 

For SCP oxidative tests at 25 oC, 10 mg carbon sample and 0.35 g potassium persulfate 

were added together into 200 mL SCP solutions to initiate the reaction.  At certain time 

intervals, 1.0 mL of solution was withdrawn, filtered and quenched instantly by mixing 

with 0.5 mL of sodium nitrite solution (0.1 M). Each experiment was repeated at least 

three times, and the results were reproducible.  

 

3.3 Results and Discussion 

3.3.1 Characterization of NCs 

Figures 3.1-3.3 display that NC600, NC700 and NC800 present 3D porous structure, with 

open pores distributed continuously along the pillared pore channels. It is known that 

blocked pore texture in conventional activated carbons greatly restricts the pore 

accessibility of electrolyte ions,[15] while carbon materials with open pore networks are 

desirable for supercapacitors. Such nano-architecture can not only shorten diffusion 

pathways to accelerate ion transport, but also provide a continuous electron pathway for 
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electrical contact.[20] Long, curved graphite ribbons are clearly observed in the HRTEM 

images of all samples, indicating the amorphous nature with the existence of sp2-bonded 

C that is especially favourable to electrical conductivity.[21]  

 

 
Figure 3.1 a, b) SEM, c) TEM and d) HRTEM images of NC600. 

 

 
Figure 3.2 a, b) SEM, c) TEM and d) HRTEM micrographs of NC700. 

a b 

c d 

a b 

c d 
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Figure 3.3 a, b) SEM, c) TEM and d) HRTEM images of NC800.  

 
Figure 3.4 a) XPS survey, b) high resolution N 1s survey, c) the evolution of different N 

species versus synthesis temperature and d) Raman spectra. HAADF-STEM and 

corresponding EDX elemental mapping images of e) NC 600, f) NC700 and g) NC800. 

a b 

c d 
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The surface chemical states of NCs were probed by XPS analysis and summarized in 

Figure 3.4 and Table 3.1. Nitrogen content decreased from 9.0 at.% for NC600, 7.0 at.% 

for NC700 to 2.6 at.% in NC800. Oxygen content showed a similar trend, descending 

from 8.1 at.%, 3.0 at.% to 2.2 at.%, correspondingly, possibly due to the instability and 

decomposition of some functional groups at higher temperatures. The elemental mapping 

tests indicated that C, N and O elements distributed uniformly along the pore frameworks 

of NCs (Figure 3.4e-f). N 1s spectra (Figure 3.4b) were fitted into four individual peaks 

located at around 398, 400, 401 and 404 eV, in accordance with pyridinic-, pyrrolic-, 

graphitic- and oxidized-N, respectively.[11, 22, 23] Figure 3.4c illustrates that, with the 

increase of the temperature, pyridinic-N and pyrrolic-N contents declined greatly while 

graphitic- and oxidized-N were more thermally stable. Raman spectra (Figure 3.4d) show 

the decrease in ID/IG ratios from NC600 to NC800, suggesting a more ordered, graphitic 

crystalline structure and fewer defects with the rise of synthesis temperatures. 

 

Table 3.1 Physical and chemical properties of NC600, NC700 and NC800. 

Samples SBET 
a) / m2 g−1 Vt 

b) / cm3 g−1 Vmic
c) / cm3 g−1 C / at.% N / at.% O / at.% 

NC600 1227.2 0.77 0.42 82.9 9.0 8.1 

NC700 2118.3 1.25 0.40 90.0 7.0 3.0 

NC800 1392.2 0.84 0.29 95.2 2.6 2.2 
a) Specific BET surface area. 
b) Total pore volume calculated at P/P0 = 0.99. 
c) Micropore volume obtained by the t-plot method. 
 

 
 Figure 3.5 a) N2 sorption isotherms and b) BJH pore size distribution. 

 

N2 sorption isotherms of NCs were provided in Figure 3.5, which proved the excellent 

porogen role of sodium bicarbonate. Notably, NCs displayed well-defined plateaus in the 
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low-pressure range, illustrating the presence of abundant micropores. A narrow pore size 

distribution is observed in NCs (Figure 3.5b), with the majority of pores below 3.0 nm, 

while minority large mesopores also distributed continuously over a wider range. It is 

noting that narrow pore size distribution is profitable to achieve a higher capacitance in 

supercapacitors.[5] The textural properties of NCs were compared in Table 3.1. The total 

pore volume (Vt) of the samples increased first and then declined with elevated synthesis 

temperatures. Both Vt and BET surface area (SBET) reached the maximum in NC700. With 

increasing synthesis temperatures, micropore volumes did not change much from 600 to 

700 °C but decreased obviously at 800 °C, while mesopore volume maximized at 700 °C. 

It is thus projected that 600 °C might be too low for optimal activation by 

NaHCO3/Na2CO3, whereas pores will collapse at higher temperatures (800 °C). Therefore, 

700 °C is the supreme activation temperature for synthesizing porous carbons with 

excellent textural properties in this system. Remarkably, all the samples possessed large 

SBET in the range between 1227.2 and 2118.3 m2 g−1, which are critical for supercapacitor 

and organic contaminant adsorption applications.  

 

3.3.2 Electrochemical Properties of NCs 

Electrochemical performances of NCs were first evaluated by EIS measurement in a 

typical three-electrode setup in 6 M NaOH. Nyquist plots were obtained from EIS tests 

(Figure 3.6a) to understand the electrochemical performance. There were no semicircles 

(inset image) in the high frequency region of NCs, suggesting the low charge transfer 

resistance, excellent electrical conductivity and fast ion diffusion during charge/discharge 

operation.[24] The steep slopes of NC700 and NC800 in the low frequency region, 

indicated their near-ideal capacitive response,[25] better than NC600. The real and 

imaginary parts of the capacitance as a function of the frequency are presented in Figure 

3.6b and c. From the peak frequency in the evolution curve of C″, a relaxation time 

constant (τ0 = 1/2πf) was obtained,[26] which is defined as the minimum time to discharge 

its storage energy with an efficiency higher than 50%.[24, 25] NC600, NC700, and NC800 

exhibited operating frequencies of 5.5, 15.9 and 23.6 Hz, respectively. NC700 showed a 

small τ0 (0.01s) (similar to NC800 while lower than NC600), with much higher areal 

capacitance than NC600 and NC800, suggesting that it can deliver high power rapidly 

with a larger energy capacity.[24] It is also reported that a large specific surface area is 

conducive to acquire a high capacitance, promising for excellent energy performance.[3, 
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4] Based on the above EIS analysis, NC700 with the highest SBET is the first-candidate 

electrode material among NCs for supercapacitors.   

 
Figure 3.6 EIS characterization of NCs in 6 M NaOH. a) Nyquist plots, b) the real, and c) 

imaginary part of capacitance versus frequency. 

 

3.3.3 Supercapacitor Measurement of NC700 in a Two-Electrode Setup 

Utilizing NC700, a symmetric supercapacitor was assembled and tested in 6 M NaOH. 

The inset image of CV curves in Figure 3.7a exhibits that there was no obvious increase 

of anodic current even at an operating window of 0 - 1.4 V, which is much higher than 

typical symmetric supercapacitors in an aqueous system (in general ≤ 1.0 V).[27] The 

rectangular nature of CV curves illustrated the double-layer formation at 

electrode/electrolyte interface with no obvious redox reaction and a well-defined current 

response. GCD curves (Figure 3.7b) were triangular in nature, further confirming the 

efficient ion transport and low internal resistance.[25] Calculated from the GCD profiles, 

the specific capacitances for current densities from 0.2 - 20 A g−1 are given in Figure 3.7c. 

NC700 delivered an impressive specific capacitance of 305 F g−1 at 0.2 A g−1, and retained 

183 F g−1 at a higher current density of 20 A g−1, which are among the highest values of 

carbon-based materials, as compared in Table 3.2. 60% specific capacitance was retained 

when elevating the discharge rate 100 times, exhibiting decent rate capability. The voltage 

drop was 0.01 V at the start of a discharge curve at 0.2 A g–1, indicating a very low 

resistance in the assembled supercapacitor. Nyquist plots of the device were shown in 

Figure 3.7d. The short x-intercept (0.16 Ω), small equivalent series resistance (0.33 Ω) 

assessed via the linear interpolation method (as depicted in the inset graph),[28] and the 

steep slope at low frequency region indicated that NC700 electrode possessed low internal 

and charge-transfer resistance, as well as superior pore accessibility to the electrolyte.[19] 
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Figure 3.7 Electrochemical capacitive behavior of NC700 symmetric supercapacitor in 6 

M NaOH: a) CV curves in different voltage windows at a scan rate of 50 mV s−1 (inset) 

and CV curves at different scan rates, b) GCD profiles, c) specific capacitance as a 

function of current density, d) Nyquist plot, e) cyclability and columbic efficiency over 

10000 cycles at 5 A g−1 and f) Ragone plot of our device in comparison of other reports. 

[29-39]   

 

Figure 3.7e shows the cycling performance of this symmetric cell, which illustrated 

capacitance retention of about 89.1% after 10000 charge-discharge cycles at 5 A g−1, with 

high columbic efficiency maintaining around 99.7%. More importantly, the assembled 

symmetric cell displayed a high energy density of 20.4 W h kg−1 at a power density of 139 

W kg−1, while 9.6 W h/kg at the highest power density of 12213 W kg−1. This performance 

is superior to those of previously reported symmetric carbon-based supercapacitors in 

aqueous electrolyte (Figure 3.7f).[29-39]  
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Table 3.2 Comparison of specific capacitances with recently reported literature in a 

symmetric two-electrode system. 

Samples SBET / 
m2 g−1 

Specific electrode 
capacitance (F g−1) Rate capability 

Voltage 
windows 

(V) 

Electrolyt
e Test method 

B/N-CS 416 223 at 0.1 A g−1 
223 - 100 F g−1 
at 0.1 - 100 A 

g−1 
-1 - -0.1 6 M KOH 2-GCD [29] 

THPC 2870 200.8 at 5 A g−1 
236.3- 182.3 F 
g−1 at 2 - 30 A 

g−1 
0 - 1 6 M KOH 2-GCD [19] 

A-HHPC 2666 124 at 5 A g−1 214 - 120 F g−1 
at 0.2 - 10 A g−1 -1 - 0 6 M KOH 2-GCD [40] 

UCM-1 1267.2 226.5 at 0.5 A g−1 - 0 - 1 6 M KOH 2-GCD [41] 

A850-6-
3 2294 225 at 0.5 A g−1 225 - 192 F g−1 

at 0.5 - 10 A g−1 0 - 1 6 M KOH 2-GCD [32] 

HPC 353 204 at 0.5 A g−1 204 - 152 F g−1   
at 0.5 - 32 A g−1 0 - 0.8 6 M KOH 2-GCD [33] 

TC-1 2115 217.6 at 0.5 A g−1 
217.6 - 175.2 F 
g−1 at 0.5 - 1 A 

g−1 
0 - 1 6 M KOH 2-GCD [42] 

FGH-150 1006 180 at 1 A g−1 - 0 - 1 6 M KOH 2-GCD [36] 

HP-CF 1175 237.6 at 0.5 A g−1 - 0 - 1 3 M KOH 2-GCD [43] 

A-p-BC– 
N-x 312.5 195.4 at 1 A g−1 - 0 - 1 2 M 

H2SO4 
2-GCD [44] 

IMPC 1327 254 at 0.5 A g−1 254-140 F g−1 at 
0.5 - 30 A g−1 0-1 1 M 

H2SO4 
2-GCD [9] 

NC 700 2118 256 at 0.5 A g−1 305 - 183 F g−1 
at 0.2 - 20 A g−1 0 - 1.4 6 M 

NaOH 
2-GCD, This 

work 

 

The above results suggest that the synthesized pillared-layered porous carbon is an 

excellent electrode material for supercapacitors. The well-defined supercapacitor 

performance can be ascribed to the following attributes: (i) oxygenated or N 

functionalities promote surface wettability while curved graphitic texture endows it with 

outstanding electrical conductivity and ultrafast charge-discharge ability;[19] (ii) high 

surface area as well as abundant micropores wetted by the electrolyte can serve as 

electrochemically active sites for ion adsorption and electrical-double-layer formation;[45] 

(iii) the cross-linked, pillared-layered mesopores can provide continuous channels for fast 

electrolyte ion transport to promote excellent power performance.[2]  
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3.3.4 Environmental Application of NCs for Water Remediation 

 

 

Figure 3.8 Adsorption test on TBBPA using NCs. a-c) UV-vis absorption spectra of 

TBBPA solution after adding NCs at 25 oC at different time intervals. d) TBBPA removal 

by adsorption calculated from the peak value ratios of a-c. The insert image is the 

molecular structure of TBBPA. (Adsorbent: 0.05 g L–1, TBBPA: 20 mg L–1) 

 

Adsorption experiment was performed on TBBPA, as presented in Figure 3.8. Although 

the BET surface area of NC800 is not the highest, NC800 adsorbed 94% of TBBPA (20 

mg L–1), acquiring the highest adsorption capacity of 372 mg g–1, followed by NC700 

(364 mg g–1) and NC600 (287 mg g–1). The adsorption capability of NC800 is more 

superior after normalized with BET surface area (Table 3.3). Similar adsorption 

experiment using NCs was conducted on SCP and provided in Figure 3.9. Also, NC800 

exhibited the best adsorption performance and provided 77% of SCP removal, followed 

by NC700 (69%) and NC600 (40%). The calculated adsorption capacity of NC800 on 

SCP (288 mg g−1) is 96, 9.6, and 3.6 times better than other common metal-free adsorbents 

including graphene oxide (GO), reduced graphene oxide (rGO) and single-walled carbon 

nanotube (SWCNT), as compared in Table 3.3. After normalizing with SBET, the 

adsorption capabilities of NC600 and NC700 were similar to GO and rGO, while NC800 
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was much higher, approaching SWCNT. Generally, the adsorption ability involves several 

aspects, e.g. interaction with surface O-functional groups, van der Waals forces, π-π 

interaction.[46-48] It is deduced that the higher graphitic degree in NC800 (as confirmed 

by Raman results) makes for its elevated adsorption capability. It is widely agreed that the 

interaction between sp2-bonded carbon atoms and delocalized π-bond of the organic 

aromatic compounds is a crucial adsorption driving force.[47, 48] 

 

Table 3.3 Comparison in adsorption with different carbon forms. 

 GO[11] rGO[11] SWCNT[11] NC600 NC700 NC800 

Adsorption capacity for 

SCP (qm, mg g‒1) 
3 30 80 148 260 288 

SBET (m2 g−1) 30 255 366 1227 2118 1392 

qm/SBET for SCP (mg m‒2) 0.10 0.12 0.22 0.12 0.12 0.21 

Adsorption capacity for 

TBBPA (qm, mg g‒1) 
- - - 287 364 372 

 

As aforementioned, AOPs via PS activation is a more efficient approach compared to 

adsorption for removing organic pollutant completely in wastewater. PS is stable at room 

temperature, and it can be activated via different techniques like heating, UV light 

irradiation, carbon-based catalysts, transition metals, etc.[49] Highly reactive sulfate 

radicals (SO4
•–) will be formed through PS activation, as shown in Equation 3.8. 

S2O8
2− + activator →  SO4

⦁− + (SO4
•− or SO4

2−)      (3.8)        

 

Sulfate radicals will react with water and generate hydroxyl radicals (Equation 3.9). It is 

reported that sulfate and hydroxyl radicals (•OH) take part in the reactions of AOPs 

equally. 

SO4
•− +  H2O →  SO4

2− +  ⦁OH +  H+                   (3.9)                          

 

Here this study also tested the catalytic ability of NCs for PS activation. For SCP removal 

by AOPs, PS alone could hardly affect SCP decomposition as shown in Figure 3.9a. 

Remarkably, after addition with NC600, NC700 and NC800, complete SCP removal was 

achieved in 30, 5 and 25 min. The following pseudo-first-order reaction was used to 

calculate the kinetic reaction rates during these PS-activated AOPs.  
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ln(C C0⁄ ) =  −kt                      (4.0) 

Here C0 and C represent the initial concentration and that after different reaction time, 

while k refers to the reaction rate constant. 

 

NC600, NC700 and NC800 delivered a reaction rate constant of 0.12, 0.51 and 0.21 min−1, 

respectively. NC700 displayed a really powerful catalytic degradation capability with 

such a low concentration (0.05 g L−1) in 20 mg L−1 SCP solution. PS activation over 

NC700 was also conducted at 25, 35, and 45 oC (Figure 3.9b), suggesting that higher 

reaction rate could be achieved at a higher temperature. Although NC700 loading was 

halved, 100% SCP removal was still achieved in 30 min at 35 oC while 10 min at 45 oC. 

Using the Arrhenius equation (4.1), the activation energy (Ea) of NC700 for SCP 

degradation was estimated to be 76.1 kJ mol−1 (Figure 3.9c, R2 = 0.97).  

ln(k) =  −
Ea
RT + ln(A)        (4.1) 

Here k is the reaction rate constant, R is the gas constant, T is the reaction temperature, 

and A is a rate constant. Plot a straight line using ln(k) versus T −1, whose gradient and 

intercept are adopted to evaluate Ea and A. 

 

To make clear which radical species dominate the powerful AOP process, in-situ electron 

paramagnetic resonance (EPR) was performed. 5, 5-dimethyl-1-pyrroline N-oxide 

(DMPO) was utilized as a spin trapping agent to capture the generated radicals. As shown 

in Figure 3.9d, apart from DMPOX which was denoted as the oxidized DMPO, strongly 

oxidizing sulfate radicals (SO4
•−) and strong signals of hydroxyl radicals (•OH) were 

detected after PS and NC700 addition. Therefore, as described in Scheme 3.1, NC 700 

work effectively in catalyzing PS to produce SO4
•− and •OH, which contributed 

collectively to the efficient oxidation and degradation of SCP. 

 

Generally, the excellent catalytic ability of NC700 in activating PS can be analysed in 

several aspects. i) Effective N doping is widely considered to benefit the catalytic ability. 

It is reported that negatively charged N species will affect the charge density of adjacent 

carbon, inducing more positively charged C for better reactivity in catalysis.[50-52] ii) 

The high SBET and interconnected pore structure allow more exposure of catalytically 

active sites. iii) Excellent adsorption also promotes better catalytic activity, but these are 

https://en.wikipedia.org/wiki/Gas_constant
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two process, and high adsorption capacity does not mean high catalytic ability. The final 

performance in AOPs is determined by the catalytic ability of NCs. As indicated in this 

work, NC700 possessed an inferior adsorption capacity but a better catalytic performance 

than NC800.  

 

Figure 3.9 a) SCP removal by adsorption and AOP degradation at 25 oC (Adsorbent or 

catalyst: 0.05 g L−1, SCP: 20 mg L−1, PS 6.5 mM); b) impact of solution temperature on 

the AOP process on SCP (Catalyst: NC700, 0.0025 g L−1, PS 6.5 mM, SCP: 20 mg L−1) 

and the insert is the molecular structure of SCP; c) estimation of the activation energy for 

NC700 and d) EPR test. 

 
Scheme 3.1 Schematic illustration of PS activation by N-doped porous carbon. (C: Grey; 

O: Red; N: Blue; S: Yellow; H: Green) 
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3.4 Conclusions 

In conclusion, N-doped, pillared-layered porous carbons were prepared at 600, 700 and 

800 ºC via a flexible and scalable pyrolysis process. Synthesis temperature induces a 

crucial impact on the physical, chemical properties as well as the corresponding 

supercapacitor, adsorption and AOP performance. The porous carbons were constructed 

of the 3D network with open pores consisting of graphitic domains and a narrow pore size 

distribution. NC700 exhibits a high specific capacitance, excellent power performance 

and attractive energy densities for supercapacitor application. NC800 shows a high 

adsorption capacity towards SCP and TBBPA, while NC700 is most effective to activate 

PS to generate sulfate and hydroxyl radicals for efficient SCP removal in AOPs. NCs 

show great potential for application in flexible energy storage system and can serve as a 

promising metal-free candidate for environmental pollution management. 
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Chapter 4. Synthesis of Nitrogen and Sulfur Co-Doped Porous 

Carbon for Adsorptive and Oxidative Removal of 

Pharmaceutical Contaminants  

    

Abstract 

In Chapter 3, N-doped porous carbons were prepared by one-step pyrolysis of glucose, 

sodium bicarbonate and urea. In this Chapter, N and S co-doped porous carbons with 

high surface areas and hierarchically porous structures are further synthesized via direct 

pyrolysis of a mixture containing glucose, sodium bicarbonate and thiourea. The resulting 

N-S co-doped porous carbons (N-S-PCs) exhibit excellent adsorption abilities and are 

highly efficient for potassium persulfate (PS) activation when employed as catalysts for 

oxidative degradation of sulfachloropyridazine (SCP) solutions. The adsorption 

capacities of N-S-PC-2 (which contains 4.51 at.% of N and 0.22 at.% of S, and exhibits 

SBET of 1608 m2 g−1) are 73, 7 and 3 times higher than graphene oxide (GO), reduced-

graphene oxide (rGO) and commercial single-walled carbon nanotube (SWCNT), 

respectively. For oxidation, the reaction rate constant of N-S-PC-2 is 0.28 min−1. This 

facile approach not only contributes to the large-scale production and application of 

high-quality catalysts in water remediation but also provides an innovative strategy for 

production of heteroatom-doped porous carbons for energy applications. 
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4.1 Introduction  

The heavy pressure caused by the fresh water scarcity and increasing water consumption 

have urged rigorous pollution control and effective remediation technologies.[1] 

Particular attention should be paid to emerging contaminants. More recently, worldwide 

discharge of pharmaceuticals in municipal waste water has been recognized as one of the 

emerging environmental issues.[2-6] Among these pharmaceuticals, sulfonamide 

antibiotics have become one of the major contributors. Sulfonamides have been among 

the most extensively used antibiotics in aquaculture, animal husbandry and also in human 

medicine since they were discovered in 1930s.[7] Sulfonamides are polar amphoteric 

compounds that are water-soluble and are easy to migrate in the environment.[1, 2] 

Sulfonamides would not undergo biodegradation neither under aerobic nor anaerobic 

conditions.[8] In addition, due to their anionic character and antibacterial nature, they may 

bypass the depuration activity in municipal sewage treatment plants.[1, 9] As a result, 

sulphonamides are regularly detected in the environment such as hospital waste dumps, 

fish farming wastewaters, animal manure effluents, and manure waste lagoons from swine 

farms.[10] Continuous exposure to the sulphonamides contained in water supplies, even 

in trace amounts, could induce high levels of microbial resistance in wildlife and 

humans.[2-6] Moreover, the highly toxic effects of sulfadiazine on daphnia magna, green 

algae and lemna minor have already been observed.[11, 12] Also, more evidence have 

suggested the antibiotic resistance transfer between aquatic bacteria and human 

pathogens.[13]  

 

It is therefore critical to develop and apply efficient water treatment method to remove 

sulfonamides from various effluents. So far, several trials have been reported in the 

removal of sulfonamides, such as adsorption,[7, 14, 15] membrane filtration,[16] chemical 

remediation and photocatalytic degradation.[8] As mentioned in Chapter 1 and 3, 

adsorption is feasible and economical to conduct, yet it has been limited by the capability 

for ultralow pollutant concentration because of the adsorption-desorption equilibrium. It 

also requires a proper post-treatment. In pursuit of complete decomposition of the target 

organic pollutants into harmless substances, AOPs have demonstrated competing 

capabilities.[9, 17] Carbon-based materials such as graphene, carbon nanotubes, porous 

carbon and activated carbons, have received much attention for water remediation recently, 

because of their high efficiencies in pollutant removal and prevention of potential 
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secondary contamination from toxic metal leaching.[25] Chemically reduced graphene 

oxide, graphene, and carbon nanotubes all showed high efficiency to activate PMS or PS 

for phenol degradation.[18-20] However, the preparation of graphene oxides and carbon 

nanotubes commonly involves multi-steps, high cost and harsh treatment (such as using 

sulphuric acid). For widespread applications, scalable, economical and simple synthesis 

would make such carbon-based catalysts more appealing.  

    

Hierarchically porous carbon materials with a high surface area, well-defined porosity, 

tuneable surface chemistry, good electrical conductivity and excellent chemical stability 

are attracting great attention on account of their potentials in addressing energy and 

environmental issues.[26-28] Typical approaches include hard or soft templating 

processes, and the porosity can be generated by removing those hard or soft sacrificial 

constituents after carbonization.[26-28] 

 

However, there exist some common drawbacks with the hard-templating method.[26] 

Although soft-templating methods are more facile, most of the already explored soft-

templates are based on rather expensive and non-renewable surfactants or block-

copolymers.[26, 28] Therefore, it is highly desirable to develop scalable, economical, 

efficient and feasible methods to fabricate hierarchically porous carbon structures. Since 

pristine carbons are very poor in their catalytic performance such as oxygen reduction 

reaction or the activation of oxidants in AOPs, heteroatom doping has been widely 

adopted to improve their catalytic abilities, and nitrogen is recognized as a preeminent 

dopant.[25, 29] Very recently, sulfur is receiving intensive attention as a complementing 

element to N.[29] As is known, N is able to tune electronic properties of the carbon 

materials, whereas S is able to induce high chemical reactivity.[29] More importantly, 

both experimental studies and quantum calculations have proven that catalysts dually 

doped with N and S exhibited better performances than that with solely N or S doping due 

to a synergistic effect.[29-32] Therefore, for efficient catalysis, the introduction of N, S 

atoms into the structure of porous carbons is promising. 

 

The study in chapter 2 has demonstrated the facile synthesis of N-doped layered porous 

carbon for water treatment and supercapacitors. In this chapter, the author continues to 

describe a facile method for synthesis of N-S co-doped porous carbons with well-defined 

pore structures by a pyrolysis process of glucose, sodium bicarbonate and thiourea at 700 
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oC under nitrogen flow. Glucose was used as the carbon source, which is of great 

significance because of its low value, a huge amount, easy access, rapid regeneration and 

environmental friendliness. With similar attributes, sodium bicarbonate, one of the most 

widely used osteoporosis agent in the food industry, was applied as the pore-forming 

agents. Thiourea was also used to allow for dual doping of nitrogen and sulfur. Compared 

to the hard-templating method, the craft adopted in this thesis is more feasible, economical 

and involves no harsh treatment. On the other hand, sodium bicarbonate is also cost-

effective compared with the expensive soft templates.[26, 28] The N, S co-doped porous 

carbons (N-S-PCs) were applied for adsorption and degradation of SCP, a broad spectrum 

of sulfonamide. It was observed that N-S-PC-2 (which contains 4.51 at.% of N and 0.22 

at.% of S and exhibits SBET of 1608 m2 g−1) demonstrated not only excellent adsorption 

ability but also a remarkable catalytic oxidation capability for SCP removal, making it an 

attractive alternative for water remediation. The mechanism of adsorption and degradation 

was also discussed. 

 

4.2 Experimental Section 

4.2a .1 Chemical Reagents  

D-(+)-glucose (≥ 99.5%), sodium bicarbonate (≥ 99.7%), thiourea (≥ 99.0%), potassium 

persulfate (≥ 99.0 %), sodium nitrite (≥ 99.0 %), and 5, 5-dimethyl-1-pyrroline N-oxide 

(≥ 97.0%) were purchased from Sigma-Aldrich. Commercial single-walled carbon 

nanotube (SWCNT, ≥ 95.0%) was purchased from Chengdu Organic Chemicals, China. 

All chemicals were used without further purification. 

4.2.2 Preparation of Carbon Materials  

For the synthesis of N-S-PCs, glucose, sodium bicarbonate and thiourea were firstly 

dissolved in pure water, followed by evaporation of the aqueous solution at 105 oC in the 

air. After that, the dried mixture was put into a tube furnace and calcined at 700 oC for 2 

h with a heating rate of 5 °C/min under N2 flow. The carbonized materials were grinded 

to powder and then washed by water and ethanol for several times. The final carbon 

samples were obtained after drying. In this process, the mass ratio between glucose and 

sodium bicarbonate was kept constant to be 1:1. The mass proportion of thiourea in the 

mixture varied from 5, 15 to 25% to manipulate the doping level so as to tune the 

functionality of the porous carbons. Accordingly, the samples were referred to as N-S-
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PC-1, N-S-PC-2 and N-S-PC-3. For reference samples, blank porous carbon (PC) with no 

heteroatom doping was prepared by calcination of glucose and sodium bicarbonate, while 

non-porous carbon (NONPC) was obtained by calcining pure glucose only. GO was 

produced from a natural graphite powder by the modified Hummers’ method,[18] while 

rGO was prepared according to our previous synthesis method.[19]  

 

4.2.3 Characterization  

SEM, TEM, XPS, N2 sorption, EPR measurements can refer to Chapter 3. X-ray 

diffraction (XRD) patterns were conducted on a Bruker D8-Advanced X-ray instrument. 

A thermogravimetric analysis instrument (TGA/DSC1 STARe system, METTLER-

TOLEDO) was also employed.  

 

4.2.4 Adsorption and Catalytic Oxidation Procedures 

Typical adsorption experiments were carried out at 25 oC by dispersing the carbon samples 

(0.05 g L–1) in SCP solutions (20 mg L–1, pH 7). At certain time intervals, 1 mL of the 

solution was withdrawn using a syringe and filtered by filters with 0.45 μm millipore films. 

The concentrations of these samples were determined by an ultra-high performance liquid 

chromatography (UHPLC). 

 

SCP oxidation tests were conducted in a 500 mL glass reactor at 25 oC. The carbon 

samples (0.05 g L–1) and PS (6.5 mM) were added to the SCP (20 mg L–1, pH 7) solutions 

together to initiate the reaction. At each time interval, 1.0 mL solution of water samples 

were taken, filtered and quenched immediately by mixing with 0.5 mL of sodium nitrite 

solution (0.1 M). Each experiment was repeated, and the results were reproducible. For 

the reusability tests, the catalyst was collected by vacuum filtration after each of 3 h 

reaction, then washed with deionized water for several times and dried in an oven at 60 °C.  
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4.3 Results and Discussion 

 

Figure 4.1 a) TGA and b) DTG curves of the precursors heated under argon atmosphere.   

 

TGA and DTG were conducted by heating the precursors to synthesize NONPC, PC and 

N-S-PC-2 under an argon atmosphere to gain insights into the formation mechanism of 

porous carbon during pyrolysis (Figure 4.1). As indicated by the curves of pure glucose, 

there was a mild weight loss between 180 and 250 °C, which could be ascribed to the 

dehydration of glucose. Following that, a further larger decomposition process was 

observed with an apparent weight loss occurred between 250 and 400 °C. After that, the 

curve was flat to 900 °C. However, in terms of glucose/sodium bicarbonate as well as 

glucose/sodium bicarbonate/thiourea systems, their TGA and DTG curves were distinct 

from those of pure glucose, with weight loss happening only at one temperature interval. 

Apart from that, the beginning temperature was decreased to 115 °C while ended earlier 

at 280 °C. This indicated that the addition of sodium bicarbonate might promote the self-

assembly among the precursors before pyrolysis, which could facilitate the noncovalent 

interactions among them, such as hydrogen bonding, van der Waals forces and 

electrostatic interaction, thereby beneficial for the synthesis of high-quality carbons. The 

further mass loss above 700 °C could be attributed to the thermal decomposition of 

Na2CO3, removal of some heteroatoms or reduction of Na2CO3 at higher temperatures.[33] 

Therefore, to avoid such chemical loss, the fabrication temperature was set at 700 °C. 

 

With the assistance from TGA results, the overall procedures for the synthesis of N-S-PCs 

can be illustrated in Scheme 4.1. In the evaporation process at 105 °C, the self-assembly 

process of glucose, sodium bicarbonate and thiourea occurred. Then during the heat-
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treatment of the mixture at 700 °C under a nitrogen flow, well-defined hierarchically 

porous structures could be generated.  

 

 
Scheme 4.1 Synthesis of N, S co-doped porous carbons. 

 

4.3.1 Characterization of Materials 
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Figure 4.2 Powder XRD patterns of synthesized carbons. 

 

XRD patterns of the prepared carbons depict two weak broad peaks located at about 25 

and 44°, typical for amorphous carbon (Figure 4.2). SEM images shown in Figure 4.3a 

confirm that NONPC from direct carbonization of glucose is nonporous, while porous 

carbon was successfully produced when sodium bicarbonate was applied (Figure 4.3b, PC) 

and N-S-PCs all possess highly porous structures (Figure 4.3 c-e). Representative TEM 

image (Figure 4.3f) demonstrates that N-S-PC-2 is composed of a three-dimensional 

interconnected pore system. There were evident macrospores on the surfaces of the porous 

carbons, and N-S-PC-3 possesses obviously wider pore walls than N-S-PC-1 and -2 

(Figure 4.4).  

 

Glucose/sodium 
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Figure 4.3 SEM images of a) NONPC, b) PC, c) N-S-PC-1, d) N-S-PC-2, and e) N-S-

PC-3. (f) Representative TEM image of N-S-PC-2. 

 

   
Figure 4.4 Magnified SEM images of N-S-PCs: (a) N-S-PC-1, (b) N-S-PC-2, (c) N-S-

PC-3. 

 

To further examine their distinctions, the BET specific surface areas and pore structure 

details of these samples were measured by N2 sorption, and corresponding results are 

summarized in Figure 4.5 and Table 4.1. The porous carbons show type-І isotherms with 

desorption hysteresis and a steep increase at relatively low pressures, followed by a 

moderate increase at intermediate relative pressures. This highlights the formation of a 

hierarchical pore architecture consisting of micro- (< 2 nm) and mesopores (2-50 nm).[27] 

 a  b 

 c  d  

 e 
 f 

 a  b   c  
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It is deduced that the macropores observed in SEM images only exist on the surface in 

low quantities. NONPC possesses an appreciable low BET surface area (2 m2 g−1) with 

virtually no pores. In contrast, a high BET surface area (SBET, 459 m2 g−1) and an improved 

total pore volume (Vt, 0.46 cm3 g−1) are obtained in PC. CO2 and H2O released from 

NaHCO3 decomposition created mainly mesopores in PC. Then Na2CO3 left in the inner 

pore channels was removed by water washing, which produced further porosities. 

Thiourea decomposition created both mesopores and micropores in N-S-PCs. The BET 

surface areas were enhanced to 1044 m2 g−1 in N-S-PC-1, reaching 1608 m2 g−1 in N-S-

PC-2, and then decreasing in N-S-PC-3 (1016 m2 g−1). The total pore volumes of N-S-PCs 

were also improved greatly compared to PC, with N-S-PC-2 having the highest total pore 

volume (1.0 cm3 g−1). As shown in Table 4.1, the micropore volume (Vmic) increases 

steadily with increasing N, S doping amount, while mesopore volume (Vmeso) increases 

first, and then decreases in N-S-PC-3. This is because the decomposition of thiourea is 

conducive for pore generation on one hand while on the other hand, heteroatom doping 

can potentially block the pore channels of porous carbons, leading to higher Vmic and 

lower Vmeso. It is also noted that the mesopores in these porous carbons were dominated 

by ponysize mesopores, peaked near 2 nm (Figure 4.5b).  
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Figure 4.5 a) Nitrogen sorption isotherms at –196 °C and b) BJH pore size distributions 

of the carbon samples. 

 

Table 4.1 Textural characteristics of the porous carbon samples. 

Samples 
SBET 

a / 

m2 g−1 

Smic
 b 

/ m2 g−1 

Vt c / cm3 

g−1 

Vmic b / 

cm3 g−1 

Vmeso
d / 

cm3 g−1 

NONPC 2 - 0.0035 - - 

PC 459 79 0.46 0.04 0.42 
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N-S-PC-1 1044 388 0.71 0.23 0.48 

N-S-PC-2 1608 550 1.00 0.33 0.67 

N-S-PC-3 1016 644 0.59 0.37 0.22 
a Surface area calculated using the BET method. 
b Evaluated by the t-plot method. 
c Total pore volume calculated at P/P0 = 0.99. 
d Mesopore volume obtained through the difference between Vt and Vmic. 
 

It was known that the functionalities of carbons are closely linked to their surface chemical 

states, especially to N, S-containing functional groups.[30, 34] XPS analysis of N-S-PCs 

was then performed to investigate the compositional information of the materials. The 

surface chemical compositions and the resulting spectra are presented in Figure 4.6. 

Specifically, the atomic ratios of N in N-S-PCs were determined to be from 3.42, 4.51 to 

9.61% for N-S-PC-1, -2 and -3, respectively. In the high-resolution N 1s spectra, the 

spectra were resolved to four peaks centred at around 398, 400, 401 and 405 eV, 

corresponding to pyridinic-N (N-1), pyrrolic-N (N-2), graphitic-N (N-3), and oxidized-N 

(N-4), respectively.[35, 36] With the increase of thiourea proportion, the contents of N-1 

and N-3 increased notably (Figure 4.6d). This might be meaningful considering that 

pyridinic N and graphitic N are conducive for enhanced catalytic performance in oxygen 

reduction reaction (ORR).[37]  
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Figure 4.6 a) Wide survey of XPS spectra of N-S-PCs, b) schematic illustration of doped 

N, S atoms, c) high resolution N 1s spectra of N-S-PCs, d) the content of four nitrogen 

species, e) S 2p spectra of N-S-PCs, and f) the content of sulfur species. 

 

One the other hand, S contents did not change as much as N, merely in the scope of 0.20, 

0.22 and 0.38 at. % for N-S-PC-1, -2 and -3, respectively. All the high resolution S 2p 

peaks of N-S-PCs were fitted to three components centred at around 164, 165, and 168 

eV, respectively. The former two peaks correspond to S 2p3/2 (S-1) and S 2p1/2 (S-2) 

positions of thiophene-S, derived from the spin-orbit splitting of thiophenic sulfur atoms 

incorporated into the carbon framework.[38] The last peak possibly arose from some 

oxidized S (S-3).[29, 37, 39, 40] Compared with N-S-PC-1, the amount of S-3 was slightly 

higher in N-S-PC-2, while it was dominant in N-S-PC-3 and the amount of thiophene-S 

decreased accordingly (Figure 4.6f). This may be detrimental, as S-C bonds are presumed 

to play a more vital role in ORR catalytic activity compared with S-O bonds.[37] As 

shown in Figure 4.6b, several N binding configurations can exist. In contrast to N-doping 

modality, S atoms are prone to be doped at the edges or defects of the carbon network.[37] 

As a result, the overall sulfur contents were much lower than nitrogen in N-S-PCs. 
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Figure 4.7 a) TGA and b) DTG curves of the carbon samples heated under air. 

 

TGA and DTG of NONPC and PC (Figure 4.7, under air) depict that the creation of pore 

structures lowered the thermal stability of carbon structure by approximately 100 °C. 

However, heteroatom doping successfully made the porous carbons more thermally stable. 

The onset of burning temperatures of N-S-PCs under air was comparable to that of 

NONPC. Even after water washing, trace levels of encapsulated Na-compounds might be 

left in the inner pores since they were hard to be removed completely and might be 

difficult to be detected by XPS surface analysis. This might lead to the residues left after 

combustion, as displayed in Figure 4.7a. 

 

4.3.2 SCP Removal  

Comparative studies were performed on N-S-PC-2 and some reference carbons of GO, 

rGO and commercial SWCNT first, followed by a comparison among the carbons 

prepared under different conditions in this study. Figure 4.8 exhibits the adsorption and 

degradation of SCP on different carbon materials. It is shown in Figure 4.8a that GO could 

hardly adsorb SCP, whereas SWCNT and rGO provided about 21% and 7% of SCP 

adsorption, respectively. Remarkably, when N-S-PC-2 was introduced, the adsorptive 

removal of SCP reached 60%, far better than the reference carbons. Figure 4.8b indicates 

that N-S-PC-2 possessed the best adsorption performance among all the porous carbons 

prepared with different chemical contents. The detailed adsorption information of these 

carbon samples are summarized in Table 4.2. The calculated adsorption capacity of N-S-

PC-2 can reach 220 mg g−1, which was 73, 7 and 3 times higher than GO, rGO and 

commercial SWCNT, respectively. NONPC had few effects, yet PC could adsorb 16% of 

SCP in 30 min. The adsorption capacities (qm) of SCP over N-S-PC-1 and N-S-PC-3 were 
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calculated to be 190 mg g−1 and 126 mg g−1, respectively. However, there were no obvious 

differences in their surface-area-normalized adsorption capacities (qm/SBET, Table 4.2), 

indicating that the adsorption performances of as-prepared porous carbons were basically 

consistent with their BET surface area. The qm/SBET values of the porous carbons were 

also similar to GO and rGO, yet SWCNT was higher, indicating that SWCNT had decent 

adsorption ability. The adsorption capacity of N-S-PC-2 was also compared with some 

frequently-used activated carbon adsorbents on pharmaceutical compounds under similar 

conditions, as given in Table 4.3. It is shown that N-S-PC-2 was comparable or better than 

these activated carbons from the viewpoint of both adsorption capacity and surface-area-

normalized adsorption capacities with a much lower dosage. 
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Figure 4.8 a) and b) SCP removal by adsorption (Adsorbent 0.05 g L–1, SCP 20 mg L–1, 

and T 25 oC). c) and d) SCP oxidative degradation (Catalyst 0.05 g L–1, PS 6.5 mM, SCP 

20 mg L–1, and T 25 oC). 

 

 

Table 4.2 Adsorption details of the various carbons. 

 GO rGO SWCNT NONPC PC 
N-S-

PC-1 

N-S-

PC-2 

N-S-

PC-3 



92 
 

Adsorption capacity 

(qm,mg g‒1) 
3 30 80 2 60 190 220 126 

SBET (m2 g−1) 
30 

[30] 

255 

[30] 
366 [41] 2 459 1044 1608 1016 

qm/SBET (mg m‒2) 0.10 0.12 0.22 1 0.13 0.13 0.14 0.12 

 

Table 4.3 Comparison of adsorption capacities with activated carbon for some 

pharmaceutical compounds removal reported in literature 

Adsorbent Contaminant 
Adsorption 
capacity 
(qm, mg g‒1) 

SBET 

(m2 g−1) 
qm/SBET 
(mg m‒2) pH 

Initial 
adsorbate 
concentration 
(mg L‒1) 

Ref. 

Commercial 
activated carbon  Ibuprofen 22 1000 0.022 6.5 10 [42] 

Activated 
carbon Tetracycline 30 316 0.09 - 20 [43] 

Commercial 
granulated 
activated carbon 

Ibuprofen 50 800 0.063 7 20 [44] 

Artemisia 
vulgaris-derived 
activated carbon 

Ibuprofen 13 358 0.036 2 20 [45] 

Industrial pre-
treated cork 
activated 
carbons 

Ibuprofen 130 948 0.14 5 20 [46] 

N-S-PC-2 Sulfachloro-
pyridazine 220 1608 0.14 7 20 This 

work 
 

The catalytic SCP oxidation with PS is depicted in Figure 4.8c and d. It is noted that PS 

alone could hardly degrade SCP (less than 15% removal in 180 min), and neither can GO 

and rGO for PS activation. Commercial SWCNT was better, which could achieve 100% 

SCP removal in 150 min, but still far lower if compared to N-S-PC-2. Rapid 

decomposition of SCP was observed on N-S-PC-2, with complete SCP removal in 20 min 

at only 0.05 g L–1 catalyst loading. The rate constant (k) calculated from the first order 

kinetic model in N-S-PC-2/PS system was 0.28 min−1 (R2 = 0.994). As to the other carbon 

samples (Figure 4.8d), there was almost no effect on NONPC. PC showed a moderate 

ability in PS activation. N-S-PC-1 achieved 100% SCP removal in 45 min (k = 0.22 min−1, 

R2 = 0.996), and N-S-PC-2 exhibited the best performance, whereas N-S-PC-3 only 

decomposed 97% SCP in 180 min (k = 0.015 min−1, R2 = 0.962).  
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Scheme 4.2 Catalytic process of SCP on N-S-PC-2. (The grey, blue, red, yellow and 

green atoms are C, N, O, S and H atoms, respectively.) 

    

The excellent catalytic effect of N-S-PC-2 can be explained in several aspects. To begin 

with, its high BET surface area and well-defined pore structure enable more active sites 

to be exposed. It is also believed that the synergistic effect of adsorption and catalysis 

promote more efficient AOP process,[25] as illustrated in Scheme 4.2. The other factors 

are associated with N, S atom doping species and amounts, which can be investigated 

from the point of density functional theory.[30] Compared with carbon (2.55) atoms, N 

atoms are more electronegative (3.04). As a result, N atoms can create a net positive 

charge on the adjacent carbon atoms. On the other hand, the electronegativity of sulfur 

atoms (2.58) is close to carbon, which can reduce the energy difference among unoccupied 

carbon molecular orbitals.[29] It was thus suggested that appropriate amount of nitrogen 

and sulfur doping could break the chemical inertness of carbon and exert a synergistic 

effect on the improvement of catalytic activity owing to the redistribution of spin and 

charge densities and creation of more active sites.[29, 47] Therefore, N-S-PC-2 with a 

moderate doping amount exhibited the best promoting effect. However, as indicated in 

calculation results,[30] over-doping of N or S might break the charge balance of the 

covalent carbon electron system, disrupt the charge redistribution, and then weaken the 

synergistic effect. Figure 4.9 presents the activity of recycled N-S-PC-2 in SCP 

degradation. As seen, 80% removal was obtained in the second run and 44% removal in 

the third run, still much better than the performance of the first run testing of GO and rGO. 

According to the former study of our group, it is conjectured that surface chemistry 

changes and intermediate coverage on the catalyst surface are reasons for the deteriorating 

cycling performance.[18, 48] To recover the catalytic ability of the used carbon-based 
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catalysts, it is suggested that proper treatment can be adopted such as do the heteroatom 

doping again to recover the surface chemistry. 
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Figure 4.9 Stability tests of PS/N-S-PC-2 (Catalyst 0.05 g L–1, PS 6.5 mM, SCP 20 mg 

L–1, T 25 oC). 
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Figure 4.10 a) Effect of solution temperature on catalytic activity (Catalyst  0.0025 g L–

1, PS 6.5 mM, SCP  20 mg L–1), b) Estimation of the activation energy. 

 

The influence of solution temperature on PS activation over N-S-PC-2 was conducted at 

25, 35, and 45 oC. It is suggested that higher reaction rate was achieved by elevating the 

reaction temperature, as illustrated in Figure 4.10a. The concentration of catalyst was 

reduced to 0.0025 g L–1, considering its excellent degradation performance. Specifically, 

complete SCP removal was obtained in 20 min at 35 oC (k = 0.30 min−1, R2 = 0.98) and 

15 min at 45 oC (0.44 min−1, R2 = 0.99). It is worth noting that although the catalyst 

concentration was very low, the SCP removal could still be achieved in 30 min by N-S-

PC-2 (k = 0.16 min−1, R2 = 0.99), which exhibited a powerful degradation capability. The 

SCP degradation curves of N-S-PC-2 can be fitted well by the first-order kinetics with 

high values of regressions coefficients (R2 = 0.99). Based on the Arrhenius equation, the 
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activation energy (Ea) of N-S-PC-2 for catalytic SCP oxidative degradation was obtained 

to be 39.1 kJ mol−1 (Figure 4.10b). 

 

4.3.3 Catalytic Mechanism of PS Activation on N-S-PCs 

It is reported that, in most AOPs, the reactive radicals produced from the PS activation 

play a dominant role in attacking and degrading organics. Thus, in-situ electron 

paramagnetic resonance (EPR) was employed to obtain more insights into the radical 

generation and evolution. DMPO was adopted as a spin trapping agent to capture the free 

radicals. Figure 4.11 shows that N-S-PC-2 was able to effectively activate PS to generate 

reactive radicals of SO4
•− and •OH. It is also noted that the signal of DMPO–SO4

•−
 was 

much weaker than DMPO–•OH. This can be ascribed to the superior high adsorption 

capability of N-S-PC-2, which can adsorb not only SCP but also anionic S2O8
2− and SO4

•−. 

Hence the generated SO4
•− radicals might also be adsorbed on the surface of N-S-PC-2, 

which greatly accelerate the SCP oxidation process.  
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Figure 4.11 EPR spectra of PS activation with N-S-PC-2 (Catalyst 0.05 g L–1, PS 6.5 mM, 

SCP 20 mg L–1, T 25 oC, and DMPO 0.16 M. ♦ DMPO-OH, ● DMPO-SO4). 

    

4.4 Conclusions 

In summary, this study firstly proposes an easily-handled NaHCO3-based activation 

pyrolysis method for preparation of N-S co-doped porous carbon materials. N and S 

doping play a crucial role in determining the overall functionalities. The prepared N-S-

PC-2 demonstrated a well-developed hierarchical porosity and high surface area. This 

work unambiguously shows the great potential of N-S co-doped porous carbon materials 
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for SCP removal. This facile, green, and economical protocol is highly promising for the 

large-scale production of high-quality catalysts for water remediation. This synthetic 

approach can also be extended to fabrication of functional carbon materials with 

applications in other fields such as separation, energy and medicine. 
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Chapter 5. Heteroatom (N or N-S)-Doping Induced Layered 

and Honeycomb Microstructures of Porous Carbons for CO2 

Capture and Energy Applications 

 

Abstract 

In chapter 3,  N-doped layered porous carbon (NCs) at different temperatures have been 

prepared through a one-pot pyrolysis process of the mixture containing glucose, sodium 

bicarbonate, and urea, which proves 700 ºC to be the optimum synthesis temperature. In 

chapter 4, N-S co-doped honeycomb porous carbons (NSC) were prepared at 700 ºC by 

pyrolysis of glucose, sodium bicarbonate, and thiourea and the doping level can be 

adjusted by tuning the amount of thiourea. In this chapter, the effect of urea content on 

the microstructure of NCs is studied. The formation mechanism of the varying pore 

frameworks in NCs and NSC induced by heteroatom (N or N, S) doping is analyzed. In 

addition, NCs and NSC are investigated for other applications including CO2 uptake and 

oxygen reduction reaction (ORR). Specifically, NSC displays a similar CO2 adsorption 

capacity (4.7 mmol g−1 at 0 °C), a better CO2/N2 selectivity and higher activity in ORR as 

compared with NC-3 (the NC sample with the highest N content of 7.3%). NSC favors an 

efficient four-electron reduction pathway and presents better methanol tolerance than 

Pt/C in alkaline media. The porous carbons also exhibit excellent rate performance as 

supercapacitors. 

  

 

HCO3
–•(NH2)2CO•2H2O layers 

5-HMF  

 Three-dimensional HCO3
–•3(NH2)2CS lattice   

5-HMF  

Layered pores  

Honeycomb pores  
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5.1 Introduction 

Efficient CO2 capture and sequestration become more and more critical for climate change 

mitigation, atmospheric pollution control in enclosed spaces, mining safety, and 

production processes of synthetic fuels and high valued chemicals.[1-3] Conventional CO2 

removal employs amine-based solvents to absorb CO2 from the exhaust gas,[4] yet the 

technique suffers from inherent drawbacks, for examples, intensive energy input, the low 

thermal stability of solvents, equipment corrosion and inefficiency, volatility of the 

amines and toxicity.[4, 5] Thus, novel materials with a high CO2 uptake capacity but 

featuring a lower energy penalty for regeneration would be crucial for improving 

commercial viability. Recently, the development of porous solid adsorbents has attracted 

considerable attention. A variety of solid materials such as metal organic frameworks 

(MOFs),[6] zeolites,[7] porous carbons,[2, 8] and coordination organic polymers 

(COPs)[9] have been developed for CO2 uptake. Among them, porous carbons have been 

demonstrated to be of low cost and have excellent thermal and chemical stability, a 

hydrophobic surface, high surface area, absence of toxicity and cost-effective regeneration 

for CO2 uptake.  

 

On the other hand, in order to mitigate CO2 emissions from fossil fuel combustion, the 

deployment of renewable and clean energy sources such as H2 can be a promising 

alternative. Therefore, suitable energy conversion and storage technologies are highly in 

demand. Among these approaches, fuel cells have been recognized to possess the cleanest 

and most efficient energy conversion. In the processes the fuels react with O2 through 

benign electrochemical processes at a high fuel-conversion efficiency, avoiding direct 

combustion.[10, 11] Oxygen reduction reaction (ORR) is the cornerstone of cathode 

reactions in fuel cells in which an oxygen molecule receives electrons to form 

products.[11-13] Pt and Pt-based alloys are the most efficient ORR catalysts to date, yet 

the scarcity, high price, poor stability and poor tolerance of Pt catalysts to methanol 

severely hinder their wide-spread implementation.[13] Rational design of highly efficient 

non-precious catalysts with a comparable ORR activity to Pt-based alloys but superior 

stability and alcohol-tolerance is a hot topic of research in this field. In this regard, carbon 

materials become fantastic candidates, considering their high electronic conductivity, 

tunable porosity, excellent stability and unique electrocatalytic selectivity. Therefore, 
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tremendous efforts have been devoted to developing porous carbons to address various 

issues such as structure-dependent mass-diffusion limitations.[14] 

 

For CO2 uptake and ORR applications, the performance of porous carbon materials can 

be affected by both the intrinsic nature and the porous structure. The intrinsic activity can 

be improved by introducing heteroatoms.[14, 15] Typically, nitrogen doping is most 

attractive since it can induce some basicity for enhanced interactions with acidic gas CO2. 

Recent studies also indicated that polar sulfur-containing groups could facilitate CO2 

adsorption on carbon materials,[16] yet few investigations have been performed in CO2 

capture by porous carbons with nitrogen and sulfur doping. For ORR, N incorporation can 

disrupt the electro-neutrality of adjacent C atoms, creating charges and spin redistribution 

to favor oxygen adsorption and reduction.[14] Besides, N and S co-doping has been 

adopted in ORR to obtain enhanced activities compared with mono-atom doping, 

evidenced in experiment and simulation.[17] Despite extensive studies having been 

carried out, the available catalyst materials are still far from satisfactory from economical, 

technical and environmental viewpoints.[14, 15] 

 

Hierarchically porous carbons with both mesopores and micropores are believed to be 

favored for both CO2 uptake and ORR. Specifically, mesopores enable fast gas diffusion, 

while micropores induce high surface area for a high CO2 adsorption capacity.[18] With 

regard to ORR, micropores can expose large amounts of potential active sites whereas 

mesopores are conducive for mass transfer during electrochemical reactions.[19] Soft- 

and hard-templating approaches have been applied to fabricate the desired porous 

structures.[20] In the former synthesis, soft-templates can be easily removed by heating. 

The interaction between surfactant molecules and guest species is crucial for the formation 

of porous structures.[20, 21] Since slight fluctuation of synthesis condition can affect the 

co-assembly process, the hydrolysis and condensation of guest species and their assembly 

with the surfactants should be carefully controlled to generate the desired porosity.[22, 23] 

The hard-templating route is able to fabricate a wide variety of materials. However, it has 

the limitations associated with the complex and time-consuming template-removing 

procedures.[19, 24] To date, it still remains a challenge to rationally design and prepare 

hierarchically porous structures by a green and feasible protocol.[18] 
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Based on previous work in chapter 3 and 4, N-doped porous carbon (NC) and N, S co-

doped carbon (NSC) were fabricated through a one-pot pyrolysis process of the mixture 

containing glucose, sodium bicarbonate, and urea or thiourea. Compared with soft-

templating methods, this protocol is easy to handle since the self-assembly among the 

precursors is effortless to happen by evaporation due to the strong hydrogen-bond 

interactions. In comparison with the hard-templating craft, our process based on the pore-

foaming of sodium bicarbonate is evidently more green and scalable, because the 

decomposition product (sodium carbonate) can be easily removed by water washing. 

 

NCs exhibit pillaring-layered microstructure while NSC has a honeycomb-porous 

morphology. By tailoring urea addition, the N functionalities and hierarchical porosities 

can be designed and optimized. The content of NSC was decided according to Chapter 4. 

Apart from applications in water treatment and supercapacitors studied in chapter 3 and 

4, NCs and NSC are further explored for CO2 capture and ORR tests in this chapter. Based 

on hydrogen-bond interactions, the formation mechanism of the different pore 

frameworks is revealed, which is of significance for designing various porous carbon 

materials. Non-doped porous carbon (PC) was also prepared from glucose and sodium 

bicarbonate. It is indicated that all the synthesized porous carbons have a high sp2-C ratio. 

With a combination of high surface areas and interconnected pore networks, they show a 

great potential to serve as both effective CO2 adsorbents and metal-free electrocatalysts 

for ORR. In addition, to elucidate the transport issues in the ORR activity, supercapacitor 

measurements were also conducted. This study opens a route for the large-scale 

production of highly-active porous carbons.  

 

5.2. Experimental Section 

5.2.1 Chemical Reagents 

 D-(+)-glucose (≥ 99.5%), urea (≥ 99.5%), sodium bicarbonate (≥ 99.7%), thiourea (≥ 

99.0%), Nafion® 117 solution (5wt.%, Aldrich), potassium hydroxide (≥ 70%, 30% water), 

isopropanol alcohol (≥ 99.7%), methanol (≥ 99.9%), commercial Pt/C (20 wt.%, Vulcan) 

were purchased from Sigma-Aldrich and used directly without further purification. 
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5.2.2 Preparation of Porous Carbon Materials 

(1) Dissolve glucose (0.9 g), sodium bicarbonate (0.9 g) and urea (the mass changed from 

0.3, 0.9 to 1.2 g to synthesize NC-1, NC-2 and NC-3, respectively) in pure water and then 

evaporate the water at 105 oC; (2) heat treatment of the mixture at 700 oC for 2 h with a 

heating rate of 5 oC/min under N2 flow to form NCs. PC and NSC were prepared according 

to chaper 4. Briefly, pyrolysis of the mixture of 0.9 g glucose and 0.9g sodium bicarbonate 

(PC) as well as these two chemicals with 0.3 g thiourea (NSC) at 700 oC. Finally, the 

carbonized materials were grinded and washed with water and ethanol for several times, 

then dried in an oven.  

 

5.2.3 Characterizations 

The details on N2 sorption, SEM, TEM, HRTEM, HAADF-STEM, XPS, Roman 

spectroscopy and EDX elemental mapping analysis can refer to chapter 3. The carbon 

electron energy-loss spectroscopy (EELS) spectra were obtained by FEI Titan G2 80-200 

TEM/STEM.  

 

5.2.4 CO2 Adsorption at 0 and 25 °C 

 The adsorption isotherms of each sample over pure CO2 (99.999%) were recorded by a 

Micromeritics instrument (Gemini I-2360) at 0 and 25 ºC under low pressure up to 760 

mmHg. All samples were degassed at 110 °C overnight before the tests. N2 adsorption 

isotherm at 0 °C was also measured on this instrument to view the relative CO2 selective 

adsorption.  

 

5.2.5 Electrode Preparation for Electrochemical Measurements 

2 mg of the as-prepared porous carbons were grinded firstly and then blended with 500 

µL isopropanol and 25 µL of Nafion® 117 solution to form a 3.6 mg mL-1 suspension by 

sonication. Then, 9 µL of the catalyst ink (containing 32.4 µg of catalyst) was dipped onto 

the surface of a pre-polished glassy carbon electrode (5.0 mm in diameter) and dried in 

air. For comparison, commercial Pt/C (20 wt.%, Vulcan) was also prepared by a similar 

procedure with the same loading on the surface of the working electrode. 
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Electrochemical measurements were conducted using an MSR-RDE rotating disk (Pine 

Instrument Company, USA) controlled with a Zennium electrochemical workstation 

(Zahner, Germany) under ambient conditions. A three-electrode system was used with 

Ag/AgCl (KCl sat.) electrode and platinum wire as the counter electrode and the reference 

electrode, respectively, and a rotating disk electrode (RDE) with a glassy carbon as the 

working electrode. The potential differences between Ag/AgCl and reversible hydrogen 

electrode (RHE) were calibrated through equation (5.1): 

𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 =  𝐸𝐸𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 0.059 𝑝𝑝𝑝𝑝 + 0.197                   (5.1) 

All potential data in this study refer to RHE. 

 

5.2.6 ORR Measurements 

Cyclic voltammetry (CV) experiments of different catalysts were performed in N2/O2-

saturated KOH (0.1 M) solution at a scan rate of 50 mV s-1. All electrochemical data were 

recorded until stable curves were obtained. For the RDE tests, the working electrode was 

conducted at a sweep rate of 10 mVs-1 with varying rotating speeds from 225 to 2500 rpm. 

All sample tests were repeated at least 3 times to avoid any incidental errors. 

 

The Koutecky-Levich (K-L) plots (J–1 vs ω‒1/2) were obtained according to the linear 

fitting of the reciprocal rotating speed versus reciprocal current density at various 

electrode potentials. The overall electron transfer numbers (n) per oxygen molecule during 

a typical ORR process were calculated according to the slopes of linear fit lines in the K-

L plots, on the basis of the Koutecky-Levich equations:[11] 

1 𝐽𝐽 = 1 𝐽𝐽𝐾𝐾 + 1 𝐵𝐵⁄ 𝜔𝜔⁄⁄ 1 2⁄                        (5.2) 

𝐵𝐵 = 0.2𝑛𝑛𝑛𝑛𝐶𝐶0(𝐷𝐷0)2 3⁄ 𝑣𝑣−1 6⁄                    (5.3) 

where J is the measured current density, JK the kinetic current density, ω the electrode 

rotating speed in rpm, B the reciprocal slopes of the K-L plots, n transferred electron 

number per oxygen molecule and the constant 0.2 is used when the rotating speed is in 

rpm. For the Tafel plots, JK was determined from the mass-transport correction of RDE at 

1600 rpm by equation (5.4):         

𝐽𝐽𝐾𝐾 = (𝐽𝐽 ∗ 𝐽𝐽𝐿𝐿) (𝐽𝐽𝐿𝐿 − 𝐽𝐽)⁄                              (5.4) 

 where JL is the diffusion-limiting current density. 
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5.2.7 Supercapacitor and Electrochemical Impedance Spectroscopy (EIS) Test 

Supercapacitor performance was evaluated by measuring CVs in 1 M KOH with N2 

purging using the same electrical devices and procedures as described above. EIS was 

measured from 10 mHz to 100 KHz. 

 

5.3. Results and Discussion 

5.3.1 Properties of Porous Carbons and Their CO2 Capture 

 

Figure 5.1 EM images of the three porous carbons. (a-c) SEM images, (d-f) TEM images, 

(g-i) HRTEM images. Wherein, a, d, g) PC; b, e, h) NC-2; c, f, i) NSC.  

 

SEM images (Figure 5.1a) of PC confirm that it is highly porous. TEM further reveals 

that uniform, honeycomb-like pores in PC form a three-dimensionally interconnected 

network (Figure 5.1d). NCs (nitrogen-doped carbons derived from urea, sodium 

bicarbonate and glucose) with increasing N loadings are referred to as NC-1, NC-2 and 

NC-3, respectively. Interestingly, NCs not only possess numerous pores but also exhibit 

a pillaring layered structure, which are different from PC (Figure 5.1b, e). Moreover, small 

rounded pores in NCs exist along the layered pore channels. However, the involvement 

of thiourea did not change the pore frameworks and the pore shapes in NSC (Figure 5.1c, 
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f), compared to PC. As shown in the HRTEM images, multiple randomly oriented 

graphitic layers can be clearly seen in the pore frameworks of all porous carbon samples, 

with an identified interlayer spacing of 0.34 nm, which can be assigned to the (002) of 

graphite. This result suggests the high ratio of sp2-C, which can also be verified by carbon 

EELS analysis (Figure 5.2a-d).   

 

 

Figure 5.2 Dark field STEM images of a) PC, b) NC-2 and c) NSC; d) EELS spectra 

obtained at the marked points in a-c; e) High resolution N 1s spectra of all the porous 

carbons; f) High resolution N 1s spectra of NCs; g) The contents of four nitrogen species 

in NCs; h) High resolution N 1s spectra of NSC; i) S 2p spectra of NSC. 

 

The carbon K-edge spectra of the PC, NC-2 and NSC exhibit sharply-defined peaks at 

around 285.8 eV due to transitions from the 1s to the π* states, followed by the peaks at 

about 293.1 eV due mainly to transitions from 1s to σ* states, corresponding to the sp2-

hybridization states.[25-28] The strong and sharp π* peaks prove the high sp2-C ratios in 

the porous carbons,[26, 29] consistent with the HRTEM observation. Since sp2 bonding 

is correlated to the electrical conductivity, the synthesized porous carbons are of high 

quality with an interconnected open-pore system, which can easily activate the electron 

transfer for electrochemical energy applications. 
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Figure 5.3 a) Wide survey of XPS spectra of the samples and b) Raman spectra of various 

samples. HAADF-STEM with EDX elemental mapping images of c) NC-2 and d) NSC. 

 

XPS was employed to analyze the surface chemical states and the composition of the 

samples. As urea acts as N-donor agent, with increasing urea amount in the precursors, N 

content increases steadily in the resulting NCs. Specifically, the N contents were found to 

be 4.5 at.% in NC-1, 6.7 at.% in NC-2 and 7.3 at.% in NC-3 (Figure 5.3a). NSC possesses 

a similar surface N content to NC-1 (4.6 at.%). In addition, the elemental mapping analysis 

of NC-2 and NSC shows that the chemical distributions of these elements along the pore 

frameworks are uniform (Figure 5.3c and d).According to previous studies, the 

introduction of heteroatoms into pristine carbon tends to produce more structural defects, 

reflected by the broadened FWHM (full width at half maximum) of C 1s peaks.[27, 28] 

Accordingly, NCs and NSC show slightly wider FWHMs than PC (Figure 5.2e). The tails 

between 286 and 292 eV can be ascribed to the surface carbon-oxygen, carbon-nitrogen 

or carbon-sulfur-containing groups and energy loss “shake-up” features.[27, 29, 30] 

However, changes in the overall degree of graphitization of the porous carbons induced 

by heteroatom-doping were tiny, because the differences in ID/IG ratios obtained by their 

Raman spectra were minor (Figure 5.3b). For NCs and NSC, the XPS N1s spectra (Figure 

5.2f and h) can be fitted into four peaks with the binding energies at around 398, 400, 401 

and 405 eV, corresponding to pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N, 
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respectively.[31-33] Except for the almost unchanged oxidized-N, the other N species 

show an increasing trend in NCs with increasing total N content (Figure 5.2g). It was 

documented that pyrrolic-N generally has a greater contribution to CO2 capture than other 

species,[2, 34, 35] whereas graphitic-N and pyridinic-N are the most active sites in 

ORR.[33, 36, 37] The high resolution S 2p peaks can be fitted into four peaks centred at 

around 164.5, 165.5, 167.9 and 169.3 eV, respectively (Figure 5.2i). The former two peaks 

correspond to S 2p3/2 and S 2p1/2 positions of thiophene-S (-C-S-C-), while the peaks at 

167.9 and 169.3 eV can be assigned to oxidized-S groups (-C-SOx-C-).[30, 33, 38] The 

oxidized-S plays a significant role in CO2 adsorption,[39] yet it is chemically inactive for 

ORR where thiophene-S is believed to be more effective.[40] The chemical compositions 

of the prepared samples suggested the functional groups potentially active for both CO2 

uptake and ORR.   

 

 
Figure 5.4. DTG curve of the pristine mixture of glucose (0.9 g), sodium bicarbonate 

(0.9 g) and urea (0.9 g) heated under argon atmosphere. 

 

According to our previous finding in chapter 4, pure glucose decomposition has two peaks 

at 209 and 305 °C in DTG curve while glucose/sodium bicarbonate and 

glucose/bicarbonate/thiourea only have one peak at about 150 °C. Consistent with that, 

the DTG curve of the glucose/sodium bicarbonate/urea mixture (Figure 5.4) suggested the 

occurrence of the evaporated-induced self-assembly process among the precursors before 

pyrolysis, as it has only one decomposition peak at around 180 °C. 

   

The dependence of the pore formation mechanism on hydrogen-bond interaction during 

the evaporation process of different precursor materials has been discussed. Based on 

reference,[41] the hydrogen-bonding interactions of urea, water and bicarbonate ions are 
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described in Scheme 5.1a. Specifically, urea, water molecules and hydrogen carbonate 

anions are linked side by side alternately via N-H···O and O-H···O hydrogen bonds to 

form a ribbon. Cross-linkage between adjacent ribbons generates a puckered urea-anion-

water (HCO3
–•(NH2)2CO•2H2O) layer, and the two-dimensional network is built as a 

result. Scheme 5.1b describes several layers of such a network. On the other hand, 

preliminary findings showed that glucose solutions could be thermally decomposed under 

excessive heat, causing the formation of 5-hydroxymethylfurfural (5-HMF) during 

evaporation at 105 ºC.[42] It is proposed that the formed 5-HMF might be alternately 

arranged and sandwiched between the adjacent HCO3
–•(NH2)2CO•2H2O layers, bridged 

by O-H···O, H-O···H and O···H-N hydrogen bonds, as shown in Scheme 5.1c. Finally, 

during the pyrolysis of the mixture, 5-HMF is dehydrated and then carbonized to form the 

wall of pillaring-layered pores. Urea and sodium bicarbonate transformation, together 

with water molecules escaping, lead to the formation of the pillared-layered pore channels, 

which may also generate the cross-sectional pores in the channel walls (Scheme 5.1d). 

Since urea decomposition will leave a small amount of carbon residues, some pores could 

also be observed on the channels of NCs.  

 

 
Scheme 5.1 Stereo drawing of the formation mechanism of (a-d) N-doped pillared-layered 

porous carbon and (e-h) N-S co-doped honeycomb-porous carbon. 

 

Scheme 5.1e illustrates the hydrogen-bonding interactions among the thiourea molecules 

and bicarbonate ions.[43] Thiourea molecules are connected in turn by the pairs of N-

H···S hydrogen bonds to form a zigzag ribbon. Unlike Scheme 1a, there is a highly twisted 

shape in this process. Twisted thiourea ribbons are jointed by lateral N-H···S to produce 

puckered double-ribbons, which are further cross-linked by (HCO3
–)2 units in an HCO3

–
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•3(NH2)2CS manner, resulting in a three-dimensional host-lattice with open channels 

(Scheme 5.1f). 5-HMF is closely involved in the host lattice by O-H···O, H-O···H, O-

H···S and O···H-N hydrogen-bond-interactions, as shown in Scheme 5.1g. During the 

heating process, 5-HMF, thiourea and sodium bicarbonate decomposed, and a large 

number of pores are generated, resulting in a three-dimensional honeycomb pore network 

(Scheme 5.1h).  

 

For the non-doped porous carbon without the involvement of urea or thiourea, it can be 

speculated that the pore structure in PC is formed following a similar principle, in which 

5-HMF and HCO3
– are cross-connected by O-H···O and H-O···H hydrogen bonds. The 

CO2 formation and escaping lead to the highly-porous structures.  

 

 
Figure 5.5 a) N2 adsorption-desorption isotherms of the carbon samples, b) Pore size 

distributions calculated by BJH desorption, c) CO2 adsorption isotherms on the as-

prepared carbon samples at 25 °C and d) CO2 and N2 uptake isotherms at 0 °C under 

ambient pressure (1.0 atm). 

 

To assess the textural properties of these carbons, N2 adsorption-desorption isotherms 

were acquired and summarized in Figure 5.5 and Table 5.1. The average pore sizes of all 

porous carbons are less than 50.6 nm, with hierarchical porosities of mesopores and 
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micropores. Notably, after N or N, S doping, the BET surface areas of NCs (1344-1840 

m2 g−1) and NSC (1608 m2 g−1) are much larger than PC and are accompanied by enlarged 

pore volumes. The results proved that urea or thiourea might have triple functions in the 

pore formation processes: as an extra pore-generating agent, second carbon source and a 

dopant precursor. The comparisons among NCs indicate that increasing N content leads 

to a higher micropore volume (Vmic). However, the mesopore volume (Vmeso) increases 

first, then decreases with further increasing N content due to the potential blocking of pore 

channels by adventitious species. Considering that micropores are usually favored for CO2 

adsorption, raising the N doping content might be a good way to obtain high CO2 uptake 

capacities. On the other hand, increasing Vmic may increase the contact resistance from 

isolated carbon particles and limit the conductivity, which should be considered when 

designing electrode materials for ORR. Therefore, a suitable mesopore and micropore 

ratio needs to be carefully controlled according to different applications.  

 

Table 5.1 Textural characteristics of the carbon samples. 

Samples 
SBET 

a) / 

m2 g−1 

Vt 
c)/ 

cm3 g−1 

Vmic 
b)/ 

cm3 g−1 

Vmeso 
d)

 / 

cm3 g−1 

CO2 uptake 

at 0 °C 

(mmol g–1) 

CO2 uptake 

at 25 °C 

(mmol g–1) 

PC 459 0.46 0.04 0.42 2.7 2.2 

NC-1 1344 0.89 0.12 0.77 3.5 2.5 

NC-2 1840 1.15 0.35 0.8 4.0 2.8 

NC-3 1666 0.98 0.42 0.56 4.5 3.1 

NSC 1608 1.00 0.33 0.67 4.7 3.1 
a) Surface area calculated by the BET method; b) Micropore volume calculated by the t-plot method; 
c) Total pore volume calculated at a P/P0 = 0.99; d) Mesopore volume obtained by the difference 
between Vt and Vmic 

 

CO2 sorption measurements were performed at 25 and 0 °C under an atmospheric pressure 

range (0 - 1 atm) to evaluate the gas sorption properties of the prepared porous carbons. 

Figure 5.5c and d show CO2 uptake isotherms for the porous carbons and the capacity 

values are summarized in Table 5.1. PC shows a moderate CO2 uptake capacity. With 

increasing N doping level, the adsorption capacity increased gradually for NCs. According 

to recent studies on N-decorated carbons, apart from the BET surface area and 

microporosity, N doping level and hydrogen bonding are two other factors closely 

governing the CO2 capture performance.[44] Specifically, the presence of N atoms in the 
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carbon, with the most active pyrrolic-N,[2, 34] will increase the basicity by offering 

electron donor groups and facilitate their interactions with acidic CO2. In addition, the 

introduction of N into a carbon surface will improve the hydrogen-bonding interactions 

between the C-H groups and CO2 molecules, leading to greater CO2 uptake.[3] It is thus 

deduced that higher micropore volume and pyrrolic N content are generally responsible 

for the highest capacity of NC-3 among the NCs (3.1 mmol g–1 at 25 °C and 4.5 mmol g–

1 at 0 °C), better than NC-2 with the highest SBET. NSC displays a similar CO2 uptake to 

NC-3 at 25 °C, yet slightly higher adsorption at 0 °C (4.8 mmol g–1). This performance is 

among the best porous carbons and superior to most MOFs (Table 5.2). It is also worth 

noting that the selectivity of CO2/N2 of NSC outperforms NC-3 at 0 °C with lower N2 

adsorption while demonstrating a slightly higher CO2 capture (Figure 5.5d). Previous 

studies indicated that the selective CO2 uptakes are mainly ascribed to the functional 

groups.[45] Given that NSC possesses a comparable surface area, a lower micropore 

volume and lower N content than NC-3, the higher CO2 capture capacity and better 

selectivity can be attributed to the trace amount of doping S atoms, mainly as oxidized-

S.[39] According to the calculations based on natural bonding orbitals, O in thiophene (–

0.94) possesses a more negative charge than N in pyrrole (–0.59) affected by the highly 

positive charge of S in thiophene.[39] Thus, the attraction energy between Othiophene and 

CCO2 (+1.07) is higher than that of Npyrrole with CCO2. As a result, NSC exhibited a better 

selectivity and a comparative CO2 capture capacity with NC-3. 

 

 

Figure 5.6 Isosteric heats of adsorption of the various samples.  

 

To determine the interaction strengths between the carbon samples and adsorbed CO2, 

isosteric heats of adsorption (Qst) for all the porous carbons were obtained from CO2 
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capture isotherms at 0 and 25 °C based on the Clausius-Clapeyron equation (Figure 5.6). 

The Qst values of all samples are in the range of 14.7-21.5 kJ mol–1, which show an 

increasing trend after N doping compared to PC. Furthermore, NSC exhibits the highest 

Qst values among all porous carbons, which also helps explain for its better selectivity for 

CO2 over N2.[46] 

 

Table 5.2 CO2 uptakes on the synthesized carbon samples at 1.0 bar. 

 
BET 

surface 
area 

Total 
pore 

volume 
Activation CO2 uptake at 

0 °C (mmol g–1) 
CO2 uptake at 

25 °C (mmol g–1) References 

d-MCN 463 0.25 no 1.77 1.16 [47] Carbon 2016 
NMC600-330-

1h 907 0.77 no 3.97 2.74 [48] Chem 
Commun 2015 

HTC-K1-T8 1013 0.56 yes 
(KOH) 4.9 3.0 [49] Carbon 2015 

H-NMC-2.5 537 0.47 yes 
(KOH) - 3.2 [24] Adv Funct 

Mater 2013 

NC900 2747 1.58 yes 
(NH4OH) 5.1 3.9 [46] J Am Chem 

Soc 2014 

nZDC-700 950 0.35 no - 3.51 
[50] 
Chemsuschem 
2015 

RFL-500 467 0.23 no - 3.13 [51] Adv Mater 
2010 

HCM-DAH-1-
900-1 670 0.46 no 4.9 3.3 [52] J Am Chem 

Soc 2011 
ZIF-8 

(24h@500 °C, 
MOF) 

942 - no 3.0 1.79 [53] Energ 
Environ Sci 2014 

IFMC-69 
(MOF) 581 0.25 no 2.5 1.6 [54] Chem Sci 

2014 
NENU-520 

(MOF) 387 0.27 no 3.56 2.72 [55] J Mater 
Chem A 2015 

MOF-5 
(6h@380 °C) 

(MOF) 
988 1.23 no - 2 [56] Chem 

Mater 2014 

Bio-MOF-14 
(MOF) - - no 4.1 - [57] J Am Chem 

Soc 2013 
MONT 7 
(MOF) - - no - 1.51 [58] J Am Chem 

Soc 2014 
Ln–MOF 
(MOF) 1074 - no 3.43 1.54 [59] Chem-Eur 

J 2015 
NC-3 1666 0.98 no 4.5 3.1 This work 
NSC 1608 1.0 no 4.8 3.1 This work 
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5.3.2 Electrocatalytic Performance 

 
Figure 5.7 CV curves of the as-prepared carbon samples and Pt/C at a scan rate of 50 

mV s‒1 in N2-saturated (dash line) and O2-saturated (solid-line) 0.1 M KOH solutions.   

 

Table 5.3 Electrocatalytic performance of the catalysts.  

 
Onset potential   

(V vs. RHE) 

Half-wave 

potential 

 (V vs. RHE) 

Current density at 

1600 rpm  

(mA cm‒2) 

Electron 

transfer 

numbers (n) a) 

PC 0.81 0.66 5.0 2.7-3.2 

NC-1 0.84 0.69 4.7 2.7-3.3 

NC-2 0.84 0.70 4.8 2.9-3.5 

NC-3 0.84 0.71 4.8 3.2-3.8 

NSC 0.87 0.74 5.1 3.8-4.0 

Pt/C (Vulcan) 0.94 0.83 5.0 3.8-4.0 

a) Calculated at potentials of 0.3 - 0.7 V 

 

To evaluate the catalytic ORR performance, cyclic voltammetry (CV) tests were 

conducted on the as-prepared carbons and commercial Pt/C (20 wt.% Pt, Vulcan) 

reference catalyst in N2- and O2-saturated 0.1 M KOH aqueous solutions (Figure 5.7). In 

N2 environment, the CV curves showed nearly rectangular shapes, as a result of the typical 

capacitive effect.[60] When O2 was introduced, well-defined ORR peaks centred at 

around 0.72 V were observed on NCs, which are positive than that of PC. After N, S co-

doping, the peak potential of NSC shifted to a more positive 0.75 V, suggesting a better 

ORR activity.[14] Similar trends were observed with linear sweep voltammetry (LSV) 

tests on a rotating-disk electrode (RDE), recorded at different rotating speeds from 225 to 

2500 rpm (Figures 5.8a and 5.9). Due to the combined effects of N functionalities and 

mesopore/micropore ratio, NCs exhibited similar onset-potentials (0.84 V) and half-wave 
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potentials (E1/2, 0.69 - 0.71 V), positive than PC (Table 5.3). Remarkably, compared with 

the mono-atom doped NCs, NSC displayed a higher ORR activity, as evidenced by the 

onset-potential of 0.87 V and E1/2 of 0.74 V, comparable to 0.94 and 0.83 V on reference 

Pt/C. In addition, the ORR reaction current of NSC was similar to Pt/C. 

 

 

Figure 5.8 a) LSV curves (scan rate = 10 mV s‒1) for NSC in an O2- saturated 0.1 M KOH 

electrolyte; b) K-L plots (J‒1 versus ω‒0.5) for NSC at different potentials; c) Electron-

transfer numbers (n) of different samples calculated by their K-L plots; d) Tafel plots of 

NSC and Pt/C derived from their LSVs at 1600 rpm. CV curves of e) NSC and f) Pt/C in 

O2- saturated 0.1 M KOH without and with 1.0 M CH3OH (scan rate = 50 mV s‒1).  
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Figure 5.9 LSVs of a) PC, c) NC-1, e) NC-2, g) NC-3 and i) Pt/C at a sweep rate of 10 

mV s–1. The corresponding K-L plots (J‒1 versus ω‒1/2) of b) PC, d) NC-1, f) NC-2, h) 

NC-3 and j) Pt/C at different potentials. 

 

The electrocatalytic O2 reduction in alkaline medium proceeds via the following 

recognized pathways. 

O2 + 2H2O + 4e → 4OH−             (i) 

O2 + H2O + 2e → HO2
− + OH−      (ii) 

HO2
− + H2O + 2e → 3OH−               (iii) 

HO2
− → OH− + 1/2O2                       (iv) 

Among these pathways, the four-electron reduction pathway (i) is more favourable and 

energy efficient for fuel cell applications.  

To qualify the ORR processes, Koutecky-Levich (K-L) plots (J–1 vs, ω–1/2) were obtained 

for each sample using the RDE at various rotating speeds. With increasing rotating speeds, 

the cathodic current was enlarged due to the improved mass transport at the electrode 

surface. Figure 5.8b shows K-L plots of NSC. The electron transfer numbers (n) were 

calculated by the slopes of the linear fitted K-L plots on the basis of the K-L equation. 

The n values of NSC were 3.8-4.0 at the potentials of 0.3-0.7 V, suggesting an 

electrochemically stable ORR process favored by a four-electron reduction pathway 

which directly reduces O2 into OH–. This is promising for the construction of fuel cells 

with high efficiency. The electron transfer numbers of other samples were also calculated 

by the correspondingly fitted K-L plots (Figure 5.9), which are summarized in Figure 5.8c.  

With increasing N-doping levels in NCs, n increased, yet was still lower than NSC. Figure 

5.8d shows the Tafel plots of NSC and commercial Pt/C, derived from Figures 5.8a and 

5.9i. NSC has a Tafel slope of 87.0 mV/decade in 0.1 M KOH, close to the 81.1 

mV/decade of Pt/C, indicating that NSC has an excellent kinetic process for ORR.[61] 
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The tolerance of NSC and Pt/C toward methanol (MeOH) was determined by introducing 

1.0 M MeOH into O2 saturated 0.1 M KOH electrolyte.[61] Figure 5.8e shows almost no 

variation in the ORR peak current for NSC after adding MeOH, whereas significant 

oxidation current was observed in the CV of Pt/C catalyst (Figure 5.8f). This result 

suggests that NSC has a much better catalytic selectivity for ORR than Pt/C along with 

strong tolerance to the crossover effect.[61]   

 

Table 5.4 Summary of reported ORR performance of heteroatom-doped carbon catalysts 

in 0.1 M KOH. 

Sampl
e Pt/C 

Catalyst 
loading 

(mg cm–2) 
Medium 

Jcarbon/ JPt/C  

(mA cm‒2) 
a) 

E1/2carbon/ 
E1/2Pt/C (V) 

b) 

Eon carbon/   
Eon Pt/C 

(V)  c) 

Reference 
electrode References 

NC90
0 

HiSPEC 
2000, 

10 wt. % 
0.034 

0.1 M 
KOH 

4.9/5.8  
(2500 rpm) 

- 
0.83/0.9

5 
RHE 

[46] J. Am. 
Chem. Soc. 
2014 

NC-A E-TEK, 
20 wt. % 

0.128 
0.1 M 
KOH 

4.54/4.66 
(1600) 

–0.133/–
0.128 

- Ag/AgCl 

[14] 
Angew. 
Chem. Int. 
Ed. 2014 

N, S-
CN 

Vulcan, 
20 wt % 

0.2 0.1 M 
KOH 

4.4/4.6  
(1600 rpm) 

–0.2/–0.15 –0.06/–
0.03 

Ag/AgCl 
[62] Nano 
Energy 
2016 

Carbo
n-L 

Johnson 
Matthey, 
20 wt. % 

0.102 
0.1 M 
KOH 

4.59/4.86 
(1600 rpm) 

0.68/0.80 
0.86/0.9

2 
RHE 

[63] Energ. 
Environ. 
Sci. 2014 

MOF
CN90
0 

40 wt. % 0.254 
0.1 M 
KOH 

4.2/5.6  
(1600 rpm) 

- 
0.035/0.

1 
Hg/HgO 

[64] Chem. 
Commun. 
2014 

AN-
C/CN
TN15.3 

Vulcan, 
20 wt. % 

0.421 
0.1 M 
KOH 

5.5/5.5  
(1600 rpm) 

0.83/0.86 
0.97/0.9

8 
RHE 

[65]  ACS 
Catalysis 
2016 

NSC Vulcan, 
20 wt. % 

0.165 
0.1 M 
KOH 

5.1/5.0  
(1600 rpm) 

0.74/0.83 
0.87/0.9

4 
RHE This work 

a)  Current density comparisons between carbon materials and commercial Pt/C; b) Half-
wave potential comparisons between carbon materials and commercial Pt/C; c)  Onset 
potential comparisons between carbon materials and commercial Pt/C.   
 

Similar to most referenced carbon materials (Table 5.4), the onset potential and activity 

of NSC are still not as good as the commercial Pt/C, yet its high electrocatalytic efficiency 

and better selectivity over methanol make it a promising candidate for the next generation 

of cost-effective ORR electrocatalysts.  
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5.3.3 Supercapacitor and Transport Characterization 

 
Figure 5.10 CV curves in 1 M KOH with different scan rates of a) PC, b) NC-3 and c) 

NSC; d) Nyquist plots of EIS measurements; e) Real and f) Imaginary capacitance plots 

for the complex capacitance analysis.  

 

To investigate the transport issues in ORR activity, supercapacitor measurements were 

conducted. According to CVs measured in 1 M KOH at different scan rates, PC, NC-3 

and NSC showed similar quasi-rectangular shapes (Figure 5.10a-c). It is noteworthy that 

the specific capacitances of these samples showed minor deactivation even up to an 

extremely high rate of 2000 mV s–1, which was comparable to or better than previous 

results with superior rate performance.[26, 66, 67] The rate performance is closely related 

to transport issues, which indicate the porous carbons synthesized in this work have 

excellent mass transport properties. Electrochemical impedance spectroscopy (EIS) 
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(Figure 5.10d) further confirmed this point, because the three samples featured small arcs 

in the high frequency region, reflecting the low charge transfer resistance and well-defined 

electrical conductivity contributed by the interconnected pore framework and high sp2-C 

ratio.[14, 26] As the three samples possess outstanding mass transport properties, the 

better ORR activities of NC-3 and NSC than pristine PC highlight the importance of 

heteroatom functionality. 

 

As an alternative approach to analyzing the supercapacitor frequency behavior, the real 

and imaginary parts of the capacitance were analyzed using the impedance data based on 

the following equations:[68] 

𝑍𝑍(𝜔𝜔) =  
1

𝑗𝑗𝜔𝜔𝐶𝐶(𝜔𝜔)                              (5.5) 

 𝑍𝑍(𝜔𝜔) = 𝑍𝑍′(𝜔𝜔) + 𝑗𝑗𝑍𝑍″(𝜔𝜔)                 (5.6)  

𝐶𝐶(𝜔𝜔) = 𝐶𝐶′(𝜔𝜔)− 𝑗𝑗𝐶𝐶″′(𝜔𝜔)                (5.7)  

𝐶𝐶′(ω) =
– 𝑍𝑍″(𝜔𝜔)
𝜔𝜔|𝑍𝑍(𝜔𝜔)|2                               (5.8) 

𝐶𝐶″(ω) =
𝑍𝑍″(𝜔𝜔)

𝜔𝜔|𝑍𝑍(𝜔𝜔)|2                              (5.9) 

where Z′(ω) and Z″(ω) are the real and imaginary parts of the impedance, respectively; 

C′(ω) and C″(ω) represent the real and imaginary parts of the accessible capacitance, 

respectively. As shown in Figure 5.10e, C′(ω) sharply increases when the frequency 

decreases; then it is less dependent on frequencies. This is the feature of conversion from 

the electrode structure to electrode/electrolyte interface.[68] C″(ω) is related to the energy 

loss due to the irreversible process of the electrode, such as IR drop and Faradaic charge 

transfer. As shown in Figure 5.10f, C″(ω) goes through a maximum at peak frequency (f0), 

defining a relaxation time constant (τ0 = (2πf0)−1), which reflects the kinetic performance 

of the supercapacitor.[69] Interestingly, PC, NC-3, and NSC show peaks at 22.0, 6.4 and 

5.0 Hz, indicating the relaxation time of ~0.045, 0.16 and 0.20 s, respectively. In other 

words, PC is able to discharge its stored energy with high efficiency, 3.6 and 4.4 times 

faster than NC-3 and NSC. The electron and ion transport can be correlated to O2 transport 

issues in ORR. Considering that NSC and NC-3 possess similar surface area, adjacent 

electrical conductivity properties deduced from their close relaxation time, whereas NSC 

has a lower N content, better ORR performance of NSC emphasizes the excellent 

synergistic effect of N, S co-doping than solely N-doping for ORR catalysis. Therefore, 
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compared to transport issues and BET surface areas, it is spectulated that surface 

functionality plays a more important role in our synthesized porous carbons, which needs 

to be enhanced to achieve the best ORR performance. In future research endeavours, more 

efforts will be made to further improve the overall properties, such as adopting KOH or 

NH3 activation,[14, 15] or decoration with non-precious metallic compounds.[70, 71] 

 

5.4 Conclusions 

In summary, this study demonstrates a facile and scalable strategy to prepare heteroatom-

doped, pillared-layered and/or honeycomb-like, porous carbons with high graphitic 

degrees, interconnected networks and high surface areas. The pore framework shapes, 

heteroatom functionalities, mesopore/micropore ratio and surface areas can be feasibly 

and rationally tailored. The as-prepared porous carbons show excellent CO2 uptake 

capacities, high-rate performance and outstanding ORR activities as Pt-free catalysts in 

alkaline media. It is believed that this work is important for the design and large-scale 

production of porous carbons via a benign route, which implies promising applications in 

gas separation and energy storage/conversion.  
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Chapter 6. One-Step Synthesis of Flour-Derived Functional 

Nanocarbons with Hierarchical Pores for Versatile 

Environmental Applications 

 

Abstract 

Chapter 3-5 have described glucose-derived porous carbons. In this chapter, wheat flour 

is adopted as the carbon source which is more cost-effective for scalable production of 

functional carbons with tuneable hierarchical porous structure and tailored surface 

chemistry for environmental applications in CO2 adsorption and carbocatalysis to remove 

emerging water contaminants. By pyrolyzing a mixture of wheat flour and 

NaHCO3/Na2CO3/K2CO3 at 700 °C, honeycomb structured carbons (700-PC) with 

dominant micropores can be formed and exhibit an excellent CO2 storage capacity of 6.8 

mmol g–1 at 0 °C and ambient pressure. By including dicyandiamide in the precursors, 

coralloid carbon skeletons in micro- and meso-porous texture are selectively formed in 

the N-doped hierarchical porous carbons (N-PCs). 800-N-PC (N-PCs prepared at 800 °C) 

with a high surface area of 3041 m2 g−1 shows an enhanced capacity of 19.4 mmol g−1 at 

0 °C, 10 bar. For water remediation, 800-N-PC exhibits the most efficient degradation of 

p-hydroxybenzoic acid (HBA) by AOPs with a high reaction rate constant of 0.39 min−1 

at 25 °C. In addition, 800-N-PC shows selective adsorption of HBA in a mixed solution of  

HBA and phenol, while both of them can be effectively degraded by the AOPs. The 

mechanism of adsorption and catalysis of the newly developed porous carbon is discussed. 
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6.1 Introduction 

The growing atmospheric concentration of carbon dioxide (CO2) that is mostly emitted 

from fossil fuel combustion has raised intensive concerns on its grave consequences such 

as ocean acidification and climate change. Due to the delay in the systematic use of clean 

energy sources such as wind power, solar energy and hydrogen, fossil fuels are still the 

main source of energy and CO2 concentration is forecasted to continue to grow in the 

foreseeable future.[1] Efficient CO2 uptake sorbents for both pre- and post-combustion 

have received continuous attention over the past few decades.[2-4] Compared to 

conventional CO2 capture media like amine solution scrubbing,[5] which suffers from 

drawbacks in the volatility, toxicity, instability and high regeneration energy, porous 

sorbents are more promising alternatives.[5] Accordingly, quite a number of porous 

materials such as porous organic polymers, zeolites, porous carbons, and metal-organic 

frameworks (MOFs) have been tailor-made and investigated extensively.[3, 6-8] 

Especially, light-weight porous carbons are suggested as more advantageous candidates, 

given their low costs, remarkable stability, structural flexibility, sustainability and 

excellent recycling performance.[3, 9] 

 

Apart from CO2 capture, the unique attributes of porous carbons also make them 

applicable in the adsorptive and catalytic removal of water pollutants.[10, 11] It is known 

that fresh water contaminated by persistent organic pollutants (POPs) is a serious issue 

brought by human activities.[12, 13] Emerging toxic water contaminants such as 4-

hydroxybenzoic acid (HBA) and phenolics have posed serious threats to the well-being of 

human health and aquatic life.[14-16] Porous carbons with high specific surface areas 

(SSAs) can act as effective adsorbents for feasible adsorptive removal of these 

pollutants.[11, 17, 18] More importantly, they can function as efficient metal-free 

catalysts to activate peroxymonosulfate (HSO5
−, PMS) in advanced oxidation processes 

(AOPs) for complete decomposition of these organics.[19-21]  

Similar to persulfate (PS), PMS as an oxidant can be activated by carbon-based (C) 

materials to generate sulfate and hydroxyl radicals (Equation 6.1-6.3),[22] which has 

broad application in removal of various pollutants in aqueous solution. 

𝑝𝑝𝐻𝐻𝐻𝐻5− + 𝐶𝐶 → 𝐻𝐻𝑝𝑝− + 𝐻𝐻𝐻𝐻4⦁− + 𝐶𝐶+              (6.1) 

𝑝𝑝𝐻𝐻𝐻𝐻5− + 𝐶𝐶 → ⦁𝐻𝐻𝑝𝑝 + 𝐻𝐻𝐻𝐻42− + 𝐶𝐶+              (6.2) 

𝑝𝑝𝐻𝐻𝐻𝐻5− + 𝐶𝐶+ → 𝑝𝑝+ + 𝐻𝐻𝐻𝐻5⦁− + 𝐶𝐶                 (6.3) 
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With the aim to improve the performances of CO2 capture and water treatment, enhancing 

SSAs and porous properties seems to be the most effective and straight-forward 

approach.[23] In addition, incorporation of heteroatoms, for instance, nitrogen, into 

nanocarbons has been demonstrated to be a super effective approach in improving their 

efficiency in both CO2 capture and AOPs.[11, 18, 24] To prepare porous carbons, some 

investigators adopted toxic and expensive chemicals such as resorcinol, p-nitrophenol, 4-

hexylresorcinol, and polypyrrole as precursors.[6, 17, 25, 26] Compared with them, 

biomass materials are more desirable as carbon sources as they are readily available, 

renewable and cheap. To the best of our knowledge, it is still challenging to design high-

surface-area porous carbons using biomass by a feasible and green protocol.[27]  

 

Many reported methods for synthesis of high-surface-area porous carbons use sacrificial 

templates such as zeolites[17] and MOFs,[3] and utilize hydrothermal carbonization 

process.[28-30] However, the complex synthesis, high material costs and time 

consumption add difficulties for large-scale production and control. In this regard, 

chemical activation by direct pyrolysis is more feasible to handle. Common chemical 

activating agents include KOH, ZnCl2, Na2CO3, K2CO3, NaHCO3, NaOH, H3PO4, and 

H2SO4.[11, 31-33] KOH is most frequently used in previous literature and the porous 

carbons with high CO2 capture capacities were almost all involved with KOH 

activation.[28, 30, 34-36] However, the corrosive behavior of KOH and pollution 

problems during residue removal impede the implementation in industrial application.[33] 

Among all the candidates, frequently-used food additives like K2CO3, Na2CO3 and 

NaHCO3 are good choices as environmentally benign activators and can mitigate the 

corrosion of KOH to the equipment at high temperatures.  

 

In this chapter, employing wheat flour as a biomass carbon source, dicyandiamide (DICY) 

as the nitrogen source, and NaHCO3/Na2CO3/K2CO3 as the activation agents, the authors 

successfully acquire porous nanocarbons with super high SSAs by a one-pot mild 

pyrolysis process. These carbons demonstrate to be excellent adsorbents for CO2 capture 

and water contaminant adsorption, as well as catalysts for organic removals in wastewater. 

The facile preparation approach endows these functionalized porous nanocarbons with 

scalable production and versatile opportunities in environmental application.    
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6.2 Experimental Section 

6.2.1 Chemical Reagents 

Wheat flour obtained from a supermarket contains mainly starch (with both amylose and 

amylopectin). About 11 wt.% proteins are also included and other ingredients with low 

contents have little effect on the preparation process. Sodium bicarbonate (≥ 99.7%), 

dicyandiamide (DICY, 99%), potassium hydroxide (≥ 85.0%), peroxymonosulfate (≥ 

99.0%), methanol (≥ 99.9%), p-hydroxybenzoic acid (HBA, ≥ 97.0%), phenol (≥ 99.0%) 

and 5, 5-dimethyl-1-pyrroline N-oxide (≥ 97.0%, DMPO) were received from Sigma-

Aldrich.  

 

6.2.2 Carbon Sample Synthesis 

For the synthesis of N-PCs, 2 g of wheat flour was added into 40 mL deionized water 

under magnetic stirring. Then, 2 g sodium bicarbonate and 1.2 g potassium hydroxide 

were dissolved in 50 mL water to generate a solution containing 0.5 g NaHCO3, 0.9 g 

Na2CO3 and 1.2 g K2CO3, which was then mixed with a 30 mL water solution containing 

2.0 g dicyandiamide (DICY). The mixture was then added to the above flour solution. 

After magnetic stirring and drying at 90 ºC, the mixture was put in a tube furnace and 

pyrolyzed under an N2 flow at 600, 700, 800 and 900 oC for 2 h. The heating ramp rate 

was 5 °C/min. The carbonized materials were pestled to powders and washed with water 

and ethanol. Finally, the powders were dried in an oven. The as-obtained samples were 

denoted as 600-N-PC, 700-N-PC, 800-N-PC and 900-N-PC, respectively. For comparison, 

700-PC was fabricated with the similar procedure by carbonization of the precursors 

without DICY at 700 oC. Blank carbon was obtained as the reference material by 

carbonization of wheat flour powder only. 

 

It is noted that NaHCO3 and KOH were used to generate a mixture solution of 

NaHCO3/Na2CO3/K2CO3 due to their comparatively lower cost as compared to using three 

chemicals, NaHCO3, Na2CO3, and K2CO3 (prices from Sigma-Aldrich). In the solution, 

KOH was instantly consumed and would produce little corrosion to the equipment during 

high-temperature pyrolysis.  
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6.2.3. Sample Characterizations 

Details of SEM, TEM, XPS, EPR, N2 sorption measurements can refer to chapter 3.  

 

6.2.4 CO2 Adsorption  

CO2 adsorption (at 0 and 25 °C) at pressures from 0 to 1 bar was conducted on a 

Micromeritics Tristar 3000 since it is good at analyzing CO2 capture in this pressure range. 

The CO2 capture isotherms under high pressures ranging from 0 to 10 bar were 

investigated at 0 and 25 °C using a Micromeritics ASAP 2050. All the samples were 

degassed at 130 °C under high vacuum for 6 h prior to each sorption experiment. 

 

6.2.5 Aqueous Adsorption and AOP Procedures 

HBA and phenol solutions (20 mg L‒1) were prepared by directly dissolving the chemicals 

in deionized water. Adsorption experiments on HBA were performed by dispersing 15 mg 

adsorbent in 150 mL 20 mg L–1 HBA solutions at 25 oC under constant stirring (adsorbent 

concentration: 0.1 g L–1). At certain time intervals, 1 mL of the solution was withdrawn 

and filtered. The concentrations of HBA were determined by an ultra-high performance 

liquid chromatography (UHPLC).  

 

Typical HBA oxidation experiments were conducted at 25 oC unless otherwise illustrated. 

Peroxymonosulfate (HSO5
−, PMS, 6.5 mM) and the carbon sample (0.1 g L–1) were added 

simultaneously in HBA solution (20 mg L–1) to start the catalytic process. At a certain 

time, 1.0 mL mixed solution was withdrawn, filtered and mixed instantly with 0.5 mL 

methanol to stop the reaction.  

 

Selective adsorptive and catalytic oxidation tests by 800-N-PC were carried out in a mixed 

solution of 100 mL 20 mg L–1 HBA and 100 mL 20 mg L–1 phenol solution. As a result, 

the concentrations of HBA and phenol in the mixed solution were both 10 mg L–1. The 

loading concentration of 800-N-PC was 0.066 g L–1. Still, PMS concentration was 6.5 

mM in AOP. 
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6.3 Results and Discussion 

6.3.1 Material Characterizations 

 

  

Figure 6.1 SEM image of flour-carbonized blank carbon. 

 

Figure 6.2 a, b) SEM and c,d) TEM images of 700-PC. 
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Figure 6.3 a, b) SEM, c) TEM and d) HAADF-STEM images of 600-N-PC. 

 

Figure 6.4 a, b) SEM c) TEM and d) HAADF-STEM and corresponding EDX elemental 

mapping images of 700-N-PC.  

 

SEM image of blank carbon obtained by the carbonization of flour only indicates a 

nonporous solid structure (Figure 6.1). SEM and TEM images reveal that 700-PC exhibits 

a honeycomb-like porous structure (Figure 6.2). Although visible surface pores are 

macropores or mesopores, magnified TEM image suggests the microporous texture of the 

carbon skeletons (Figure 6.2d). Interestingly, N-PCs exhibit porous structure with both 

honeycomb- and coralloid-like shapes after DICY involvement in the synthesis (Figures 

6.3-6.6). Similar to 700-PC, the magnified SEM (Figures 6.5c and 6.6d), TEM (Figures 

6.3c, 6.4c, 6.5f and 6.6e) and HAADF-STEM images (Figures 6.3d, 6.4d and 6.6f) of N-

PCs indicate the mesoporous or microporous texture in the macroporous structures. 
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Representative EDX elemental mapping analysis of 700-N-PC (Figure 6.4d) and 800-N-

PC (Figure 6.5g) show the uniform distributions of C, N, and O elements within the carbon 

frameworks. 

 
Figure 6.5 a-d) SEM images; e,f) TEM images; g) HAADF-STEM image with EDX 

elemental mapping images of 800-N-PC.  

 

 
Figure 6.6 a-d) SEM, e) TEM and f) HAADF-STEM images of 900-N-PC. 

 

The production of carbons with high porosities in this system can be analyzed from the 

collaborative effect of physical and chemical activations. The physical activation takes 

place through the release of gas during the pyrolysis of all the precursors and Na or K 

intercalation to expand carbon lattices and create high microporosity.[32, 37] The 
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chemical activation occurs through the redox reaction between K2CO3 or Na2CO3 with 

carbon, which starts to proceed at above 600 °C, as shown in Equation 6.4.[31, 32]  

𝑀𝑀2𝐶𝐶𝐻𝐻3 + 2𝐶𝐶 → 2𝑀𝑀 + 3𝐶𝐶𝐻𝐻         (6.4)  

Here M is either Na or K. 

 

 
Scheme 6.1 Illustrative formation for preparation of porous carbons. 

 

Scheme 6.1 shows the possible H-bond and electrostatic interactions among Na+, HCO3
‒, 

CO3
2‒, K+ and DICY in water solution. The evaporation of the mixture induces self-

assembly, where Na+, HCO3
‒, CO3

2‒, K+ and DICY are closely linked with protein, 

amylose and amylopectin in wheat flour. The closely interconnected precursors promote 

efficient chemical and physical activations that occur simultaneously with the carbonation, 

producing abundant porosities. Finally, any inorganic salts and residues were readily 

removed by simple water washing, which further released some porosity in the resultant 

carbon samples. 
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Figure 6.7 a) XPS survey of the samples; b, c) high resolution N 1s and d) the atomic 

content evolution of different N species in N-PCs.  

 

XPS was performed to analyze the surface chemical states, as summarized in Figure 6.7 

and Table 6.1. 700-PC has 1.1 at.% of N, arising from the pyrolysis of proteins in wheat 

flour. The content of nitrogen declines from 12.23 at.% in 600-N-PC, 10.00 at.% in 700-

N-PC to around 7.33 at.% and 7.74 at.% in 800-N-PC and 900-N-PC, respectively. 

Oxygen content descends steadily with elevated synthesis temperatures (12.20 - 5.61 

at.%). These results suggest the partial decomposition of O- or N-containing functional 

groups at higher temperatures. A trace amount of Na was detected in several samples, 

which were not fully removed during washing. Figure 6.7b and c display the deconvoluted 

peaks of N 1s spectra. There are predominantly four types of N-containing groups in the 

form of pyridinic-, pyrrolic-, graphitic- and oxidized-N groups, centering at about 398, 

400, 401 and 405 (or 407) eV, respectively.[11, 38, 39] It is further noted from Figure 

6.7d that pyridinic-N and pyrrolic-N constitute the main N functional groups in the four 

samples, which decrease gradually with the increasing temperature, while the minority 

graphitic- and oxidized-N groups do not change much.  

 

 
Figure 6.8 a) N2 adsorption-desorption isotherms achieved at −196 °C, and b) pore size 

distributions obtained from the DFT method. 

 

The porous structural properties of the resulting samples were characterized by N2 

sorption isotherms, and are listed in Figure 6.8 and Table 6.1. 700-PC displays a type-I 

isotherm, typical for microporous materials (Figure 6.8a). The pore size distribution 

obtained by the DFT method (Figure 6.8b) further verifies that 700-PC possesses a 

structure with dominant micropores. The 700-PC has the highest micropore volume (Vmic, 
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0.58 cm3 g−1) of all the samples. By comparison, N-PCs show type-IV isotherms, and 

there are hysteresis loops at medium-to-high relative pressure region. N-PCs have 

hierarchically porous structures with abundant mesopores and micropores as well as a 

trace amount of macropores. Comparing 700-PC with 700-N-PC, increased mesopore 

volume (Vmeso) is found in 700-N-PC, possibly arising from the enlargement of pore size 

by released gases during DICY decomposition. The best activation temperature is 800 °C 

for N-PCs, producing the highest SSA (3041 m2 g−1) and largest total pore volume (Vt, 

1.90 cm3 g−1).  

 

Table 6.1 Textural and compositional properties of the synthesized samples. 

 
SSA[a]/ 

m2 g−1 

Vt
[b]/ 

cm3 g−1 

Vmic
[c]/ 

cm3 g−1 

Vmeso
[d]/ 

cm3 g−1 

C/ 

at.% 

N/ 

at.% 

O/ 

at.% 

Na/ 

at.% 

700-PC 1278 0.68 0.58 0.10 88.14 1.07 10.57 0.22 

600-N-PC 646 0.41 0.27 0.14 75.18 12.23 12.20 0.39 

700-N-PC 1110 0.70 0.40 0.30 78.52 10.00 11.31 0.16 

800-N-PC 3041 1.90 0.41 1.49 86.23 7.33 6.44 - 

900-N-PC 2229 1.48 0.42 1.06 86.65 7.74 5.61 - 
[a] Specific surface area based on the BET method. [b] Total pore volume at P/P0 = 0.99. [c] 
Micropore volume calculated using the t-plot method. [d] Mesopore volume obtained by the 
difference between Vt and Vmic. 

6.3.2 CO2 Uptake Analysis at Atmospheric and High Pressures 
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Figure 6.9 CO2 uptake isotherms at a) 0 ºC, b) 25 ºC up to 1 bar and c) 0 ºC, d) 25 ºC up 

to 10 bar.  

 

CO2 capture isotherms obtained at 0 - 1 bar mimic the post-combustion condition while 

that at pressures up to 10 bar imitate the pressure condition of pre-combustion. CO2 

capture at low and high pressures were tested separately on two different instruments 

which are specialized in ambient pressure and high pressure, respectively. The 

corresponding results are provided in Figure 6.9 and Table 6.2. 

 

Table 6.2 Summary of CO2 capture performance of the synthesized materials. 

Samples 
0 ºC, 1 bar 
(mmol g–1) 

25 ºC, 1 bar 
(mmol g–1) 

0 ºC, 10 bar 
(mmol g–1) 

25 ºC, 10 
bar (mmol 

g–1) 
700-PC 6.8 4.4 10.5 9.8 

600-N-PC 4.0 3.0 8.8 7.5 
700-N-PC 5.0 3.6 11.6 9.9 
800-N-PC 5.9 3.8 19.4 16.1 
900-N-PC 5.6 3.4 15.3 13.1 

 

Table 6.3 CO2 capture capacities of 700-PC at 1 bar in comparison to the best performance 

of porous carbons, porous organic polymers and MOF materials reported in literature.  

  
CO2 uptake at 
0 °C (mmol g–1) 

CO2 uptake at 
25 °C (mmol g–1) References 

d-MCN (Carbon) 1.77 1.16 [40] Carbon 2016 
NSC (Carbon) 4.8 3.1 [41] Adv. Funct. Mater. 2016 
HTC-K1-T8 (Carbon) 4.9 3.0 [42] Carbon 2015 
H-NMC-2.5 (Carbon) - 3.2 [43] Adv. Funct. Mater. 2013 
NC900 (Carbon) 5.1 3.9 [23] J. Am. Chem. Soc. 2014 
HCM-DAH-1-900-1 
(Carbon) 

4.9 3.3 [44] J. Am. Chem. Soc. 2011 

SPC (Carbon)  4.3 [45] Nat. Commun. 2014 
C@MF-700 (Carbon) 5.4 4.3 [46] J. Mater. Chem. A 2017 
CNF-1 (Carbon) 5.74 3.35 [24] Adv. Funct. Mater. 2017 
BTLP-4 (Polymer) 4.3 2.7 [47] J. Mater. Chem. A 2017 
CB-PCP-1 (Polymer) 2.05 1.2 [48] J. Mater. Chem. A 2017 
MM2 (Polymer) 4.76 3.13 [49] J. Mater. Chem. A 2017 
ZIF-8 (24h@500 °C, MOF) 3.0 1.79 [50] Energy Environ. Sci. 2014 
SIFSIX-30-Cu-I (MOF)_ 6.5 5.4 [2] Nature, 2013 
IFMC-69 (MOF) 2.5 1.6 [51] Chem. Sci. 2014 
NENU-520 (MOF) 3.56 2.72 [52] J. Mater. Chem. A 2015 
MOF-5 (6h@380 °C) (MOF) - 2 [53] Chem. Mater. 2014 
Bio-MOF-14 (MOF) 4.1 - [54] J. Am. Chem. Soc. 2013 
MONT 7 (MOF) - 1.51 [55] J. Am. Chem. Soc. 2014 
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700-PC 6.8 4.4 This work 
 

It is generally believed that CO2 uptake in ambient condition is determined by 

microporosity because of a large caging effect.[3, 56] Besides, the presence of N atoms 

especially pyrrolic-N can serve as Lewis bases, thereby facilitating the adsorption of 

Lewis acidic CO2.[36] Among N-PCs, 800-N-PC with the highest SSA, Vt, and medium 

N content displays the highest CO2 capture capacity at ambient pressure (5.9 mmol g–1 at 

0 ºC). Interestingly, 700-PC, which has much lower SSA, Vt and N content yet a higher 

Vmic, exhibits a higher CO2 uptake capacity than 800-N-PC (6.8 mmol g–1 at 0 ºC). This 

result proved the critical role of microporosity for post-combustion CO2 capture. As 

compared in Table 6.3, this performance is among the best of reported porous carbons and 

superior to many porous organic polymers and MOF materials. It is noteworthy that here 

the preparation process is more feasible and cost-effective than most of the materials 

mentioned above.  

 

Table 6.4 High-pressure CO2 capacities at around 25 ºC of 800-N-PC in comparison to 

literature reported porous carbons, porous organic polymers and MOF materials. 

Samples 
CO2 adsorption 

(mmol g–1) 
Reference 

800-N-PC 16.1, 10 bar This work 

KLB2 (Carbon) - [57] Carbon 2017 

Glc-Cs (Carbon) 14.2, 10 bar [58] Chem. Eng. J. 2017 

GODC4-600 (Carbon) 8.9, 20 bar [59] Energy Environ. Sci. 2012 

SCS-700 (Carbon) 10.66, 8 bar [60] J. Phys. Chem. C 2017 

SPC (Carbon) 12.0, 10 bar [45] Nat. Commun. 2014 

L2600P (Carbon) 12.8, 20 bar [61] Adv. Energy Mater 2015 

ACGR4700 (Carbon) 20, 20 bar [34] J. Mater. Chem. A 2016 

CO2 treated CNHs 

(Carbon) 
6.9, 30 bar [62] J. Mater. Chem. A 2016 

PAF1 (Polymer) 11.9, 10 bar [63] J. Mater. Chem. A 2017 

FMOF-1 (MOF) 0.00616, 55 bar [64] Chem. Sci. 2017 

Porous organic polymers 15, 35 bar [65] J. Mater. Chem. A 2017  

uGil-900 (Carbon) 13.6, 10 bar [66] Adv. Energy Mater. 2017  

MOF5b2-1100 (MOF) 14.2, 10 bar [3] Energy Environ. Sci. 2014  

HPC5b2-1100 (Carbon) 14.0, 10 bar [3] Energy Environ. Sci. 2014  
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MOF-205 (MOF) 11.4, 10 bar [67] Science 2010 

 

Although CO2 uptake of the samples at low pressures has no clear correlation with SSAs, 

the CO2 uptake at 10 bar is more or less positively proportional to their SSAs. Specifically, 

800-N-PC exhibits the best CO2 capture performance at 10 bar (19.4 mmol g–1 at 0 ºC), 

which is amongst the highest values reported so far on porous carbons, porous organic 

polymers and MOF materials, as shown in Table 6.4. This is presumably attributable to 

the highest Vmeso, as CO2 adsorption at high-pressures also proceeds in the wider 

micropores and narrow mesopores.[3, 9] Moreover, the absolute CO2 sorption isotherms 

of all the samples are almost linear with pressure at 10 bar, which is far from saturation, 

suggesting the exceedingly high adsorption.  

 

Clearly, both SSA and N content are critical in determining the CO2 uptake capacity. To 

clarify the impact of N-decoration, CO2 adsorption isotherms at 0 ºC of different pressures 

were normalized with respect to the SSAs of different samples, as provided in Figure 

6.10a and b. N-PCs display enhancement of CO2 capture with higher N contents both at 

low and high pressure range. With the lowest N content, 700-PC shows moderate CO2 

uptake performance in both conditions, which can be attributed to its highest Vmic. 
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Figure 6.10 CO2 uptake isotherms at a) low pressure and b) high pressures of the samples 

at 0 ºC normalized by SSAs. Isosteric heats of adsorption (Qst) of the samples at c) low 

pressures and d) high pressure range. 

 

CO2 adsorption at lower surface coverage (≤ 1 bar) is expected to be a better illustration 

of the sorbate-sorbent interaction.[45] Therefore, CO2 sorption isotherms collected at 0 

and 25 °C up to 1 bar (Figure 6.9a and b) were used in the Clausius-Clapeyron equation[26] 

to calculate the isosteric heat of CO2 adsorption (Qst, Figure 6.10c). Qst indicates the 

interaction between the sorbent and sorbate and can be used to evaluate the energy for 

regeneration.[68] Since the stronger affinity of CO2 with the most active sites such as the 

surface basic functional N groups and narrow micropores generates the highest adsorption 

heat,[6, 23] the initial values of Qst are high for all the samples. Then, Qst declines 

gradually and becomes relatively constant, suggesting the homogeneous binding over 

higher CO2 coverage.[2] Qst values were also calculated using high pressure CO2 capture 

isotherms at 0 and 25 °C (Figure 6.10d). The considerable declined Qst with increasing 

CO2 loading reveals that CO2-CO2 interactions become more crucial while the surface 

binding sites are less accessible at higher pressures.[9] On account of this, a super high 

BET surface area is greatly desirable for achieving excellent CO2 uptake performance at 

high pressures. All the Qst values are within the physisorption range, favorable for 

reversible adsorption-desorption.[2, 69] 

 

6.3.3 HBA and Phenol Removals  

With N doping, large SSAs and pore volumes, the developed porous carbons are very 

appealing for adsorption and AOP catalysis in water treatment. Figure 6.11a shows the 

adsorptive performance of the as-synthesized porous carbons on HBA. It is shown that 

600-N-PC, 700-N-PC, 700-PC, 800-N-PC, and 900-N-PC provide about 15%, 20%, 37%, 

39% and 45% of HBA adsorptive removal efficiencies, respectively. 900-N-PC exhibits 

the highest adsorption capacity. For AOPs (Figure 6.11b), PMS alone has little effect on 

HBA removal. HBA degradation reaches 78% in 150 min with 700-PC/PMS, while 100% 

in 60 min is obtained in 700-N-PC/PMS. This result signifies the enhanced catalytic 

ability of porous carbon by N doping. As is known, the charge states of N is more negative 

than C, and thus N doping can induce charge transfer from adjacent carbon and produce 

more positively charged C, which is widely agreed to improve the catalytic ability of 
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carbon materials.[10, 70-72] Besides, high BET surface area and the hierarchical porous 

structure promote the penetration of PMS into the pore channels to access more active 

sites, further improving the catalytic performance. Facilitated by the effect of suitable 

nitrogen functionality and large SSA, 800-N-PC shows the most efficient catalytic ability 

in AOP and HBA is completely removed in 20 min.  

 

The influence of solution temperature (15, 25, and 35 oC) on the catalytic reaction of 800-

N-PC/PMS was also investigated (Figure 6.11c). The reaction rate constant (k) can be 

calculated using the following equation: 

ln (𝐶𝐶/𝐶𝐶0) = −𝑘𝑘𝑘𝑘                          (6.5) 

where C0 is the initial HBA concentration; C is the concentration of HBA dependent on 

reaction time (t). The reaction rate increases steadily with elevated temperatures from 15 
oC (k = 0.26 min−1, R2 = 0.98), 25 oC (k = 0.39 min−1, R2 = 0.97) to 35 oC (k = 0.52 min−1, 

R2 = 0.99). Calculated from the Arrhenius equation, the activation energy (Ea) of 800-N-

PC for the catalytic HBA oxidation is obtained to be 26.3 kJ mol−1.   

 

It is reported that efficient AOPs rely on producing strong oxidizing radicals, which can 

readily oxidize the target organic pollutants.[19, 73] To detect the produced radicals, EPR 

was conducted on 800-N-PC. As shown in Figure 6.11d, after adding 800-N-PC/PMS to 

HBA solution, evident signals of hydroxyl (•OH) and sulfate (SO4
•–) radicals were 

captured by DMPO, which are responsible for the efficient degradation of the organics in 

AOPs.  
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Figure 6.11 HBA removal by a) adsorption and b) AOP degradation at 25 oC (Adsorbent 

or catalyst: 0.1 g L–1, HBA: 20 mg L–1, PMS 6.5 mM). c) Effect of solution temperature 

on HBA removal by 800-N-PC/PMS. d) EPR test during HBA degradation by 800-N-

PC/PMS. 

 

Considering that wastewater usually contains several kinds of organic pollutants, this 

thesis also studied the adsorption and AOP performance of 800-N-PC on the removal of 

mixed HBA and phenol solution (Figure 6.12). Interestingly, 800-N-PC shows selective 

adsorption to HBA while negligible adsorption of phenol. This can be explained mainly 

from the perspective of intermolecular Lewis acid-base interaction.[74] There are more 

acidic functional groups attached to a benzene ring in HBA (‒COOH and ‒OH) than 

phenol (‒OH), and the polarity of ‒COOH is much stronger than ‒OH. On account of this, 

the acid-base interaction between basic N-containing functional groups in 800-N-PC and 

the acid groups in HBA tends to be stronger than that in phenol. Therefore, 800-N-PC 

shows selective adsorption of HBA over phenol. This unique property makes 800-N-PC 

applicable in phase separation or purification. With PMS and a low loading amount of 

800-N-PC (0.066 g L‒1), both phenol and HBA in the mixed solution can be decomposed 

completely in a short time. 800-N-PC is more efficient in the oxidation of phenol (k = 

0.27 min−1, R2 = 0.97) than HBA (k = 0.13 min−1, R2 = 0.98). This result verifies that 
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adsorption and AOPs are two independent processes and the two performances are not 

directly correlated. 

 
Figure 6.12 Selective removal of HBA and phenol at 25 oC in a mixed solution of HBA 

(10 mg L–1) and phenol (10 mg L–1) (Adsorbent or catalyst: 0.066 g L–1 800-N-PC, PMS 

6.5 mM).  

 

6.4 Conclusions 

This study reported a potentially scalable preparation using readily available and 

renewable raw materials to construct micropore-dominant nanocarbon or N-doped 

hierarchical porous nanocarbon with macroporous skeletons of meso- or microporous 

texture. CO2 adsorption at the ambient pressure largely depends on the micropore volume 

and N content while CO2 uptake capacity at a high pressure range has a direct relationship 

with SSA and N content. 700-PC displays an excellent CO2 adsorption capacity of 6.8 

mmol g–1 at ambient pressure and 0 °C. 800-N-PC, with its SSA of 3041 m2 g‒1 and pore 

volume of 1.9 cm3 g−1, has attained the position among the highest CO2 capture capacities 

on porous sorbents at 10 bar (19.4 mmol g−1 at 0 °C). N-PCs possess a powerful capability 

for water remediation with 800-N-PC being super-efficient for HBA degradation. In a 

mixed solution of HBA and phenol, 800-N-PC exhibits an adsorption superiority of HBA 

while both HBA and phenol can be catalytically decomposed with high efficiency. This 

work demonstrates a novel and economical designing opportunities of porous 

nanocarbons with promising versatile applications in environmental cleaning. 
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Chapter 7. Bread-Making Synthesis of Hierarchical Co@C 

Nanoarchitecture in Heteroatom Doped Porous Carbons for 

Oxidative Degradation of Emerging Contaminants 

 

Abstract 

In chapter 6, N-doped functional porous carbons have been synthesized by pyrolyzing a mixture 

of wheat flour and NaHCO3/Na2CO3/K2CO3/DICY at 700 °C. In this chapter, still employing low-

cost and abundant wheat flour as carbon source while sodium bicarbonate, cysteine and 

cobalt nitrate as other precursors, the authors for the first time present a facile one-pot 

pyrolysis strategy for homogeneous assembly of core-shell Co@C nanoparticles with 

nitrogen and sulfur into hierarchically porous carbons (Co-N-S-PCs). The samples were 

highly efficient for oxidative decomposition of HBA and phenol. It was found that Co@C 

nanoparticles are crucial for the generation of singlet oxygen in continuous AOPs, which 

works together with hydroxyl and sulfate radicals in efficient decomposition of HBA. 

Density functional theory (DFT) calculations disclose that electron transfer from Co to C 

shells greatly improves the Fermi level and chemical activity of the C atoms. The 

combination of Co-C interaction with dual N, S doping further bring about active catalytic 

sites in the graphitic shells where the charge states of C atoms are increased. This 

template-free strategy is scalable to prepare highly efficient catalysts, including 

functional carbon materials modified with non-precious metal species or pure well-

dispersed porous core-shell nanoparticles for environmental or energy applications. 

 

7.1 Introduction 

The increasing demands for fresh drinking water supply have heightened a worldwide 

concern for growing water contamination by persistent organic pollutants (POPs) from 

agricultural, industrial and urban human activities.[1] For instance, non-biodegradable 4-

hydroxybenzoic acid (HBA) and phenol have been widely detected in the wastewater,[2, 

3] which can hardly decompose using conventional methods. Given that water quality is 

closely tied to the health of humankind and the well-being of the planet Earth, sustainable 

treatment techniques are urgently required.[1] Among several available technologies, 
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advanced oxidation processes (AOPs) are especially suitable for complete removal of 

organics and have attracted growing attention.[4, 5] In essence, AOPs are based on 

generating strong oxidizing radicals such as hydroxyl (•OH), sulfate (SO4
•–), and singlet 

oxygen (1O2),[4] that are able to oxidize or react with most organic pollutants into low 

toxic compounds or final products of water and carbon dioxide.[6] Compared with single 
•OH-generating AOPs by traditional Fenton reaction, •OH, SO4

•–, and 1O2 can be 

simultaneously produced by the chemical activation of peroxymonosulfate (HSO5
−, PMS), 

making the process more efficient, non-selective and stable.[7-9] 

 

PMS can be activated via multifarious metal ions like Fe2+, Co2+, Ni2+, Mn2+, Ce3+, and 

Ru3+, among which Co2+/PMS homogeneous system proves the best performance.[10] 

However, the excessive metal ions in solution are toxic and may have hazardous impacts 

on both the environment and public health.[11] Therefore, numerous approaches have 

been explored in the development of heterogeneous catalysts such as metal oxides and 

particularly carbon-based materials as green alternatives for PMS activation.[12-19] 

Recently, three-dimensional (3D) porous carbons have brought out new possibilities for 

efficient removal of organic pollutants in effluents, because of their fascinating 

advantages such as a large specific surface area (SSA), acceptable cost and desirable 

environmental benignity.[20, 21] However, pristine carbons show limited catalytic 

efficiencies. In the last decades, various routes by introducing heteroatoms or metal 

species to the carbon system have been attempted for synthesizing functional catalysts 

with tailored features and enhanced properties.[22, 23] N, B, S, and P are the commonly 

used heteroatoms.[24] It has been pointed out that, compared with single N or S doping, 

dual N, S doping into plain carbons can induce a synergistic effect for more efficient 

catalysis.[24, 25] Besides, the earth-abundant element of cobalt can catalyze the formation 

of more ordered sp2-hybridized carbon, which works more effectively for PMS activation 

compared with the inactive sp3-C.[9, 26]  

 

In this chapter, the authors first demonstrate one-pot pyrolysis of wheat flour, sodium 

bicarbonate, and cysteine into nitrogen and sulfur co-doped three-dimensional (3D) 

porous carbons. With a cobalt precursor, Co core@N-S codoped C shell nanoparticles 

embedded uniformly in hierarchically porous structures (Co-N-S-PCs) can be fabricated. 

Wheat flour is chosen as the carbon source because it is cheap, abundant and reproducible. 

Using sodium bicarbonate as a porogen is originally inspired by the fact that it can act as 
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a swelling agent in bread-making processes. Cysteine, a flour dough improver, can supply 

N, S atoms and there is a complexation between cobalt (II) and cysteine,[27, 28] which is 

beneficial for self-assembly and homogenous distribution of cobalt (II) in a molecular 

dimension. The resulting Co-N-S-PCs are proven to be excellent catalysts in PMS 

activation for complete and efficient HBA and phenol decomposition. More importantly, 

density functional theory (DFT) calculations were carried out to gain an insight into the 

active sites introduced by Co@C structure and N, S dual doping in the graphitic shells. 

The scalable and economic synthesis route endows these materials with numerous 

opportunities for large-scale production and promising application in environmental and 

energy catalysis. 

 

7.2 Experimental Section 

7.2.1 Chemical Reagents 

Wheat flour was provided by a local supermarket, Coles in Australia, containing starch, 

protein (11 wt.%) and trace sodium. Sodium bicarbonate (≥ 99.7%), L-cysteine (≥ 98.0%), 

cobalt nitrate hexahydrate (99.9%), peroxymonosulfate (≥ 99.0%), hydrochloric acid 

(36.5%), methanol (≥ 99.9%), p-hydroxybenzoic acid (HBA, ≥ 97.0%), phenol (99.9%), 

2, 2, 6, 6-tetramethyl-4-piperidinol (TMP, 98%) and 5, 5-dimethyl-1-pyrroline N-oxide 

(DMPO, ≥ 97.0%) were received from Sigma-Aldrich. All the chemicals were used 

directly without further purification. 

 

7.2.2 Sample Synthesis 

For a typical fabrication of Co-N-S-PCs, 2 g wheat flour was first added in 50 mL 

deionized water by magnetic stirring at 25 ºC. Then, 3 g sodium bicarbonate, and 0.3 g 

cysteine were fully dissolved in 80 mL of deionized water, which was mixed with the 

flour solution. Subsequently, 0.15 g cobalt nitrate hexahydrate dissolved in 10 mL 

deionized water was added to the above solution dropwisely. After drying at 80 ºC under 

constant stirring, the as-obtained homogeneous mixture was subjected to pyrolysis at 700, 

800 and 850 oC for 2 h, respectively, with a ramp rate of 5 °C/min under an N2 flow in a 

tube furnace. The carbonized materials were ground to powders, followed by washing 

with water and ethanol, and then dried in an oven. Accordingly, the samples obtained at 

different temperatures were denoted as Co-N-S-PC 700, Co-N-S-PC 800 and Co-N-S-PC 
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850, respectively. For comparison, blank carbon was prepared by carbonization of wheat 

flour at 700 oC, while N-S co-doped porous carbon was obtained by the pyrolysis of flour, 

sodium bicarbonate and L-cysteine at 700 oC without cobalt nitrate hexahydrate (N-S-PC 

700). Co-N-S-PC 700 (Acid washing) was acquired by etching Co-N-S-PC 700 with 5 

wt.% HCl solution for 10 h. After that, the sample was washed alternately with water and 

ethanol, and finally dried in an oven. 

 

7.2.3 Characterizations 

Details on XRD, N2 sorption, SEM, TEM, XPS, HAADF-STEM with EDX elemental 

mapping measurements can refer to chapter 3 and 4. Thermogravimetric analysis (TGA) 

and differential thermogravimetry analysis (DTG) were conducted on a 

thermogravimetric analysis instrument (TGA/DSC1 STARe system, METTLER-

TOLEDO). Electron paramagnetic resonance (EPR) was performed during HBA 

oxidation on a Bruker EMS-plus instrument to detect the free radicals, with DMPO or 

TMP as a spin-trapping agent and the results were analyzed by Xeon software (Bruker). 

 

7.2.4 Adsorption and AOP Procedures 

Adsorption tests were conducted at 25 oC by dispersing 10 mg of the resulting samples in 

150 mL HBA or phenol solutions (20 mg L–1), which means the loading amount of the 

adsorbent is 0.066 g L–1. At certain time intervals, 1 mL of the solution was withdrawn 

and filtered. The concentrations of HBA or phenol were determined by an ultra-high 

performance liquid chromatography (UHPLC). 

 

Typical HBA or phenol oxidation tests were also carried out at 25 oC unless otherwise 

mentioned. The catalyst samples (0.066 g L–1) and peroxymonosulfate (HSO5
−, PMS, 6.5 

mM) were added together in HBA or phenol (20 mg L–1) solution to initiate the reaction. 

After certain reaction time, 1.0 mL filtered solution was mixed instantly with 0.5 mL 

methanol to stop the reaction. All the experiments were repeated with reproducible results. 

 

7.2.5 DFT Calculations  

Ab initio calculations have been accomplished with density functional theory (DFT) using 

the projected augmented wave method[29] that is implemented in the Vienna Ab initio 
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Simulation Package (VASP).[30-32] The exchange-correlation interaction was 

represented by a generalized gradient approximation in the level of the Perdew-Burke-

Ernzerhof (PEB) exchange correlation function.[33] The wave functions were expressed 

in plane-wave basis set with an energy cutoff of 520 eV. The structural optimization was 

done by relaxing all atomic positions using the conjugate gradient algorithm until all 

forces were smaller than 0.02 eV/Å. Only the gamma point was used for sampling the 

Brillouin zone in the stage of geometry optimization, electron density and density of states 

(DOS) calculations. The vacuum box of 25Å×25Å×20Å was set to avoid the interaction 

between the periodic images of the graphene patch. The carbon atoms at the open ends of 

the graphene patch were saturated by hydrogen atoms to avoid the dangling bonds effect. 

To describe the long-range bonding energies, the van der Waals (vdW) corrections were 

introduced in this work based on the DFT-D2 Grimme’s method as implemented in 

VASP.[34] The quantity of the charge states of C, N, S atoms in the graphene patches 

were calculated using the Bader charge analysis method.[35] 

 

7.3 Results and Discussion 

7.3.1 Material Characterizations 

 
Figure 7.1 a) TGA and DTG curves of the precursor mixture conducted in an argon 

atmosphere, b) XRD patterns and c) Raman spectra of the synthesized materials. 

 

TGA and DTG curves provided in Figure 7.1a reveal the thermal decomposition of the 

precursor mixture to the synthesis of Co-N-S-PCs in Ar environment. The initial weight 

loss below 110 ºC is due to water evaporation.[36] The carbonization and decomposition 

of the precursors proceed in a temperature range between 190 and 300 ºC as reflected by 

a sharp weight loss in the curves. The thermal degradation is mild between 300 to 750 ºC. 
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Notably, there is a dramatic weight loss over 800 ºC, which also means the sharp reduction 

of sample yield.  

 

Based on the TGA results, typical pyrolysis temperatures of 700, 800 and 850 ºC were 

selected to prepare Co-N-S-PC 700, Co-N-S-PC 800 and Co-N-S-PC 850, accordingly. 

For comparison, N-S-PC 700 was fabricated without a cobalt precursor. XRD pattern of 

N-S-PC 700 (Figure 7.1b) shows two broad peaks at 23º and 43º, respectively, which 

imply the formation of nanoscale graphitic units assembled in topological disorder.[37, 

38] Superimposed upon the two broad peaks, sharp narrow peaks located at 26.2º and 

44.3º start to appear in Co-N-S-PC 700, and the intensities of which increase in Co-N-S-

PC 800. The two sharp peaks are assigned to the (002) and (101) planes of graphite 

(PDF#41-1487), respectively, indicating the development of graphitic domains on an 

amorphous C matrix. The broad peaks nearly disappear in Co-N-S-PC 850, which 

suggests the removal of amorphous carbon over 850 ºC. The cobalt species in Co-N-S-

PCs accord well with the (111), (101), (200) and (220) planes of cubic cobalt (PDF#15-

0806). D/G intensity ratio (ID/IG in the Raman spectra in Figure 7.1c) of the samples 

decreases continuously from N-S-PC 700, Co-N-S-PC 700 to Co-N-S-PC 800, declaring 

increasing graphitized carbon ratio induced by cobalt catalysis at rising synthesis 

temperatures. Consistent with XRD results, Co-N-S-PC 850 demonstrates a significantly 

enhanced graphitic degree with a much lower ID/IG ratio compared to the other samples.  

 

 

a b 

d c 
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Figure 7.2 SEM images of a) N-S-PC 700, b) Co-N-S-PC 700, c) Co-N-S-PC 800 and 

d) Co-N-S-PC 850.  

 

 
Figure 7.3 a) TEM, b) HRTEM and c) HAADF-STEM with EDX elemental mapping 

images of N-S-PC 700.  

 

Figure 7.4 a) TEM; b, c) HRTEM and d) HAADF-STEM with EDX elemental mapping 

images of Co-N-S-PC 700.                             
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Figure 7.5 a) TEM; b, c) HRTEM and d) HAADF-STEM with EDX elemental mapping 

images of Co-N-S-PC 800.  

 

 

Figure 7.6 a) TEM, b) HRTEM and c) HAADF-STEM with EDX elemental mapping 

images of Co-N-S-PC 850. 
 

As indicated in chapter 6, blank carbon derived from carbonization of flour displays a 

nonporous morphology. In contrast, SEM and TEM images show that a hierarchically 

porous structure is developed on N-S-PC 700 (Figures 7.2a and 7.3a), which can be 

primarily attributed to the gas and water vapor released from the decomposition of 

cysteine and sodium bicarbonate during the pyrolysis process. SEM and TEM images of 

Co-N-S-PC 700 and 800 (Figures 7.2b and c, 7.4a, 7.5a) reveal 3D porous networks in 

which granular nanoparticles are homogenously embedded in the pores. HRTEM images 

of the porous carbon skeletons in N-S-PC 700, Co-N-S-PC 700 and Co-N-S-PC 800, 

disclose the nature of amorphous carbon constructed of scrambled graphitic layers 

(Figures 7.3b, 7.4b and 7.5b). HRTEM analysis indicates that the granular cobalt 

nanoparticles are composed of outer continuous graphitic layers with interspacing of 0.34 

nm ((002) plane) and cubic Co core ((111) plane), generating a Co@C core-shell structure 

(Figures 7.4c, 7.5c and 7.6b). It is noticed that the 3D porous carbon matrix of Co-N-S-

PC 800 is thinner than that of Co-N-S-PC 700. Figures 7.2d and 7.6a further display that 

Co-N-S-PC 850 mainly consists of Co@C nanoparticles. This means that the porous 

carbon skeletons can be gradually decomposed until completely removed at high 

temperatures, and thus this facile approach can be used to obtain well-dispersed Co@C 

nanoarchitecture. This helps explain the highest graphitization degree in Co-N-S-PC 850 

as suggested by XRD and Raman data. Figure 7.3c display that C, N, O, S distribute 
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uniformly in N-S-PC 700. For other carbons, Co-N-S-PC 700, 800 and 850, HAADF-

STEM analysis with EDX mapping images (Figures 7.4c, 7.5c and 7.6c) show the 

presence of C, N, O, S in both the 3D porous structure and the carbon shells in Co@C 

nanoparticles.  

 

 
Scheme 7.1 Formation process of Co-N-S-PCs. 

 
 

The formation mechanism of the unique structure of Co-N-S-PCs is proposed in Scheme 

7.1. After all the precursors are dissolved in water, the interactions of cobalt cations (II) 

with sulfur and carboxylate groups in cysteine will first lead to Co(II)-cysteine complexes, 

as evidenced by numerous studies.[27, 28] The strong hydrogen-bond or electrostatic 

interactions among the precursors (Na+, HCO3
–, flour, NO3

– and Co(II)-cysteine 

complexes) then facilitate uniform self-assembly during the water evaporation process. 

After drying and carbonization of the mixture, Co@C nanoparticles are in-situ generated 

in the pores of 3D porous carbon. With higher synthesis temperatures over 850 ºC, the 

amorphous porous carbon matrix can be removed, resulting in dispersive Co@C 

nanoparticles. 
 

XPS results are summarized in Figure 7.7 and Table 7.1. The nitrogen in blank carbon 

originates from carbonization of proteins in the wheat flour. N-S-PC 700 and Co-N-S-PC 

700 possess similar N and S doping levels. There are slight decreases of N, O and S 

contents from Co-N-S-PC 700 to Co-N-S-PC 850 by elevating pyrolysis temperatures. 

Since wheat flour contains a trace amount of sodium compounds and sodium bicarbonate 

was used as the porogen, all the samples have sodium residuals. Surface cobalt contents 

were measured to be 0.55-1.5 at.% in Co-N-S-PCs. To evaluate the weight ratio of cobalt, 

TGA tests of the samples were performed under air (Figure 7.7a). The thermal 

decomposition completed at above 650 ºC. The residual weight in N-S-PC 700 (15 wt.%) 

originates from sodium residuals, which was utilized to estimate cobalt content in Co-N-

Flour 

H2O 

NO3
– 

HCO3
– 

Na+ 

Drying and 

Carbonization 

Co (II)-cysteine complex 
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S-PCs. After compensating sodium compound weight percentage, Co-N-S-PC 700, Co-

N-S-PC 800 and Co-N-S-PC 850 present about 7, 11 and 33 wt.% cobalt compound 

contents, respectively. The residual cobalt form should be Co3O4 oxidized from Co 

calcinated under air. Therefore, the weight ratios of Co were further calculated to be 1.72, 

2.70 and 8.09 wt.%, respectively in Co-N-S-PCs. High resolution Co 2p spectra in Co-N-

S-PCs feature Co 2p3/2 at 778.1 eV and Co 2p1/2 at 793.1 eV with an energy separation of 

15.0 eV, typical as metallic Co (Figure 7.7b).[39, 40] Figure 7.7c confirms that doping N 

atoms exist in the form of pyridinic (398 eV), pyrrolic (400 eV), quaternary (401 eV) and 

oxidized nitrogen (405 eV).[20, 41, 42] For S atoms (Figure 7.7d), typical thiophene-S 

peaks arising from the S 2p3/2 (164 eV) and S 2p1/2 (165 eV) multiplets are observed, in 

together with oxidizing SOx centered at around 168 and 170 eV.[20, 40] 

 

 
Figure 7.7 a) TGA tests of the samples conducted in air. XPS core level spectra of b) Co 

2p, c) N 1s and d) S 2p.  

 

It is noticeable that N2 sorption behaviors on samples vary due to different precursors and 

synthesis temperatures (See Table 7.1 and Figure 7.8). The type I isotherm of N-S-PC 700 

with saturation in high-pressure range reveals that the material contains a large fraction of 

micropores.[38] Co-N-S-PCs display type IV isotherms with the capillary condensation 

steps, suggesting the well-developed mesoporosity after cobalt introduction. The pore size 
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distribution curve indicates that N-S-PC 700 has a hierarchically porous structure with 

micropores and mesopores. Apart from micropores and mesopores, a small amount of 

macropores were also developed in Co-N-S-PCs.  

 

Table 7.1 Chemical compositions and textural properties of the samples. 

 
C/ 

at.% 

N/ 

at.% 

O/ 

at.% 

S/ 

at.% 

Na/ 

at.% 

Co/ 

at.% 

Co/ 

wt.% 

SSAa / 

m
2 

g
−1

 

Vt 
b / 

cm
3 

g
−1

 

Vmic 
c
 / 

cm
3 

g
−1

 

Blank carbon 90.05 1.99 7.78 - 0.18 - - 5 0.005 - 

N-S-PC 700 88.80 1.60 8.46 0.42 0.72 - - 332 0.25 0.12 

Co-N-S-PC 700 87.39 1.89 9.03 0.52 0.43 0.74 1.72 505 0.42 0.20 

Co-N-S-PC 800 92.29 1.17 5.51 0.34 0.14 0.55 2.70 734 0.58 0.21 

Co-N-S-PC 850 91.64 0.91 5.39 0.29 0.27 1.50 8.09 379 0.50 0.049 
a Specific surface area calculated by the BET method. 
b Total pore volume at P/P0 = 0.99. 
c Micropore volume calculated using the t-plot method. 
 

 

Figure 7.8 a) N2 sorption isotherms and b) BJH pore size distributions of the as-

synthesized catalysts. 

 

N-S-PC has an SSA of 332 m
2 
g

−1
, in contrast to blank carbon (5 m

2 
g

−1
). This result proves 

that sodium bicarbonate and cysteine are crucial in forming the large porosity in these 

systems. Co-N-S-PC 700 has a 1.5-time-larger SSA than N-S-PC 700, which seems to be 

originated from a better cooperative interaction among all precursors promoted by cobalt 

ions in the self-assembly process, as described in Scheme 7.1. The maximal SSA and pore 

volume are recorded on Co-N-S-PC 800, while there is a drastic decline of micropore 

volume and SSA in Co-N-S-PC 850.  
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7.3.2 Environmental Application of the Synthesized Materials for HBA and Phenol 

Removal  

With N, S co-doping and Co@C nanoparticles in hierarchical porous structure, the 

developed Co-N-S-PCs are very appealing for adsorption and catalysis. As an example, 

they were used as catalysts for PMS activation in AOPs at a low catalyst loading of 0.066 

g L–1. Since adsorption is usually occurring along with AOPs, the adsorptive ability was 

also evaluated (Figure 7.9a). Co-N-S-PC 800 showed the highest HBA adsorption (17%) 

due to the highest SSA, whereas the adsorption on other materials was less than 10%. For 

AOPs, PMS alone generated trace degradation of HBA. With N-S-PC 700/PMS in the 

solution, HBA removal reached 60% degradation in 150 min. In contrast, complete HBA 

removal was achieved in 60 min for Co-N-S-PC 700/PMS, while 45 min for both Co-N-

S-PC 800/PMS and Co-N-S-PC 850/PMS. It is therefore concluded that Co@C 

nanoparticles play a key role in efficient HBA removal. Ascribed to incremental 

proportion of Co@C structure in the samples, the reaction rate constants (k) of N-S-PC 

700, Co-N-S-PC 700, Co-N-S-PC 800 and Co-N-S-PC 850 show an increasing trend, 

which were estimated to be 0.0047, 0.058, 0.068 and 0.11 min−1, respectively, by the first-

order kinetic model, as presented in Chapter 3.[43] The reaction efficiency in Co-N-S-PC 

700/PMS system was elevated by about 12 times compared with N-S-PC 700/PMS in 

HBA oxidation. 

 

 

Figure 7.9 a) HBA removal by adsorption and AOPs, b) the influence of different reaction 

temperatures on HBA degradation for Co-N-S-PC 700/PMS. 
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Given that the production yield of Co-N-S-PCs decreases with rising temperatures 

especially at 850 ºC as perceived from Figure 7.1a, Co-N-S-PC 700 is more suitable for 

large-scale production with comparable catalytic performance to Co-N-S-PC 800 and Co-

N-S-PC 850. Figure 7.9b exhibits that a higher reaction solution temperature leads to a 

higher HBA oxidation efficiency. Compared to 60 min degradation time at 25 ºC, HBA 

removal completed in 45 min at 35 ºC while 30 min at 45 ºC by Co-N-S-PC 700/PMS. 

With rising temperatures, the rate constants increase steadily from 0.058, 0.090 to 0.19 

min−1. Based on the Arrhenius correlation, the activation energy (Ea) of Co-N-S-PC 700 

for the catalytic HBA degradation is calculated to be 44.5 kJ mol−1. Figure 7.10a shows 

the performance of recycled Co-N-S-PC 700 in HBA degradation. A deactivation 

occurred in the catalytic performance in the second run, yet 98% of HBA could still be 

removed in 120 min by the catalyst and about 76% of HBA was degraded in the third use. 

No obvious changes in the structure of Co-N-S-PC 700 were observed in SEM images 

before and after the third use (Figure 7.11a, b). However, STEM analysis (Figure 7.11c) 

indicated that the contents of N and S elements decreased obviously in the sample after 

the third run. XPS was conducted on Co-N-S-PC 700 after third-run, which proved an 

increased O content and decreased N and S contents (Figure 7.12). This is understandable 

considering the strong oxidation environment in AOPs. Combined with our previous study, 

it is deduced that the changes in surface chemistry and coverage of intermediates on the 

catalyst surface are accountable for the deteriorating performance in recycling tests.[26, 

44] Stability tests were also carried out on Co-N-S-PC 800/PMS and Co-N-S-PC 

850/PMS (Figure 7.10b and c), which provided 100% degradation on HBA in the second 

run, while 58% and 52% HBA removal in 120 min in the third run, respectively. 

 

  

Figure 7.10 Stability tests of Co-N-S-PCs (catalyst 0.066 g L–1, PMS 6.5 mM, T 25 oC). 
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Not only effective for HBA removal, but Co-N-S-PCs also displayed a highly efficient 

catalytic activity in degradation of other organic pollutants such as phenol solution. Figure 

7.13 shows that Co-N-S-PCs provided about 40% of phenol adsorption. Co-N-S-PC 700 

and 800 achieved 100% phenol degradation in 1 h, compared to complete degradation in 

10 min by Co-N-S-PC 850/PMS. 

 

  

Figure 7.11 SEM images of Co-N-S-PC 700: a) before and b) after third-run cycling test. 

c) HAADF-STEM with EDX elemental mapping images of Co-N-S-PC 700 after third-

run cycling test. 

 

 

Figure 7.12 a) XPS survey and high resolution spectra of b) N 1s, c) S 2p for Co-N-S-PC 

700 after third-run. 
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Figure 7.13 Adsorption and AOPs of phenol solution (20 mg L–1) by adding Co-N-S-PCs 

(catalyst 0.066 g L–1, PMS 6.5 mM, T 25 oC). 

 

7.3.3 Mechanism Study in AOPs 

 

Figure 7.14 a) EPR tests on •OH and SO4
•– during HBA degradation (DMPO-•OH-●; 

DMPO-SO4
•–-♦; DMPOX-◊), and b) EPR measurements for 1O2 during HBA degradation. 

 

As discussed before, AOPs are based on the generation of highly reactive radicals. As a 

strong oxidant, hydroxyl (•OH) radical is able to react almost non-selectively with most 

organic pollutants.[45] Compared to •OH, sulfate (SO4
•–) radical reacts more efficiently 

and selectively with organic compounds with a longer half-life period.[5] In addition, our 

group recently proved that 1O2 contributed significantly to the catalytic degradation of 

phenolic compounds.[7, 43] To elucidate the various catalytic processes in N-S-PC 

700/PMS and Co-N-S-PC 700/PMS, EPR technique was adopted to inspect the radical 

generation and evolution during HBA degradation. DMPO is effective to capture signals 

of •OH and SO4
•– and the results are provided in Figure 7.14a. Both N-S-PC 700/PMS and 

Co-N-S-PC 700/PMS produced a mass of •OH throughout 30 min reaction time. SO4
•− 
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signals were also detected in both systems and the intensities slightly dropped from 5 to 

30 min reaction time due to the potential consumption by AOPs. Despite little difference 

in terms of •OH and SO4
•−, a clear distinction in singlet oxygen (1O2) activation was 

observed between the two systems (Figure 7.14b). Utilizing TMP as the trapping agent, 

three typical lines with equal intensities can be detected for 1O2. It was reported that 1O2 

could be produced by the self-decomposition of PMS at a low rate.[46] In N-S-PC 

700/PMS system, the intensity of 1O2 declined and went to zero in 30 min consumed by 

the reactive degradation of HBA, implying that N-S-PC 700 is inactive to activate PMS 

in continuous 1O2 production. In contrast, there were strong 1O2 signals after adding Co-

N-S-PC 700/PMS into HBA solution even after 30 min reaction. Therefore, it is 

reasonable to assert that Co@C nanoparticles in Co-N-S-PCs promote PMS activation to 

produce 1O2 radicals, which work together with •OH and SO4
•− for the efficient 

decomposition of HBA.  

 

Figure 7.15 a) Influence of various quenching agents on HBA degradation by Co-N-S-

PC 700/PMS. b) HBA degradation comparison of Co-N-S-PC 700 before and after acid 

washing. (Catalyst 0.066 g L–1, PMS 6.5 mM, T 25 oC) c, d) SEM images of Co-N-S-PC 

700 after 5 wt.% HCl washing. 
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1000 : 1) was chosen to quench •OH and SO4
•‒ while NaN3 (3 mM) was adopted as the 

scavengers for 1O2. The concentration of quenching agents was determined according to 

our recent study.[7] Both ethanol and NaN3 quenching affected the degradation efficiency 

obviously, proving that •OH, SO4
•‒ and 1O2 work together for effective HBA 

decomposition.  

 

The better catalytic activity of Co-N-S-PC 700 promoted by Co@C nanoparticles may 

originate from three characteristics: (i) the graphitic carbon shell contains a high ratio of 

sp2-C, which is more active than sp3-C for PMS activation;[9, 26] (ii) N and S co-doping 

can exert a synergistic effect and make a further enhancement in the catalytic activity of 

the carbon shells. This is owing to the more active sites after N and S codoping and the 

redistribution of spin and charge densities of C;[24, 47] (iii) encapsulated cobalt 

nanoparticles might facilitate the catalysis by altering the electron densities of C in the 

external carbon shells. To inspect the role of cobalt in catalysis, Co-N-S-PC 700 (Acid 

washing) was prepared and tested for HBA degradation (Figure 7.15b). Although SEM 

characterization (Figure 7.15c, d) indicates that Co was not fully removed by acid washing 

due to the protection of the outer carbon shells, the catalytic performance in HBA removal 

was impaired obviously. Only 80% of HBA was removed in 120 min. This result suggests 

that the Co cores in Co@C nanoparticles are essential for efficient AOPs. 

 

7.3.4 DFT Calculations 

DFT calculations were adopted to better understand the nature of active sites induced by 

N, S codoped Co@C nanoparticles. Since the carbon layers covering cobalt cores have 

been proven to be graphitic layers, three models were constructed in Figure 7.16 including 

graphene patch (designated as G), Co4 cluster on graphene patch (Co4@G) and Co4 cluster 

on N, S codoped graphene patch (Co4@N-S-G). 
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Figure 7.16 Optimized structure model of G, Co4@G and Co4@N-S-G in DFT 

calculations. 

 

Figure 7.17 The calculated total density of states (TDOS) in three models with the 

vacuum level aligned at 0 eV. 

 

Table 7.2 The calculated charge states of C, N and S atoms in different systems. 

Atom number G Co4@G Co4@N-S-G 

C1 -0.03 -0.08 -0.20 

C2 +0.04 -0.04 +0.05 

C3 -0.01 -0.08 -0.14 

C4 -0.02 -0.03 -0.09 

C5 0.00 -0.07 -0.21 

C6 +0.01 -0.06 +0.25 

N -- -- -1.13 

S -- -- -1.66 

 

The total density of states (TDOS) of C atoms in three models are presented in Figure 

7.17. Co-C interaction and the dual doping of N and S introduce asymmetrical TDOS in 

the spin up and down modes. Apparently, the density of states increase significantly in the 

energy range of 4.3 to 2.0 eV, suggesting an elevated catalytic activity.[24] Promoted by 

electron transfer from Co4 cluster to C as verified by C1-C6 atoms in Table 7.2, the Fermi 

level of the system advances by 1.39 eV towards the vacuum level in Co4@G, while 1.36 

eV in Co4@N-S-G compared with G. This change decreases the local work function and 

increases chemical activity of the functionalized region in graphene.[23] After N, S 

doping, the spin down TDOS near the Fermi level in Co4@N-S-G is higher than that in 
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Co4@G system, which is expected to further elevate the catalytic reactivity of carbon in 

the doped area. Figure 7.18a illustrates the charge redistribution caused by Co-C 

interaction and N, S atom co-doping. The charge accumulates between C and Co atoms 

in Co4@G model, which means the strong interaction between them. After N, S doping, 

charge accumulation between S and Co atoms turns stronger. Table 7.2 provides the 

charge states of several typical atoms in the three systems. Single Co-C interaction leads 

to the decreased charge states in C1-C6 atoms while after N, S dual-doping, the charge 

states in the adjacent C2 and C6 atoms are positively increased, which can serve as 

catalytic active sites.[24] It is believed that the positively charged C atoms and the 

modified chemical reactivity by introducing Co@N, S codoped C promote the adsorption 

and activation of PMS to generate effective radicals including 1O2, •OH, and SO4
•–, leading 

to considerably enhanced HBA degradation, as depicted in Figure 7.18b. 

 
Figure 7.18 a) The different charge densities in Co4@G and Co4@N-S-G. The green 

regions illustrate charge depletion while red regions indicate charge accumulation. The 

isovalue = 0.006 e/Å3. b) A schematic illustration for the AOPs in Co-N-S-PCs/PMS 

system.  

 

7.4 Conclusions 

A template-free, bread-making inspired strategy was applied to assemble N, S co-doped 

core-shell Co@C nanoparticles into hierarchical porous carbons. The porous carbon 

matrix can be removed to obtain evenly-distributed porous Co@C nanostructure in Co-

N-S-PC 850. The Co-N-S-PCs exhibit an excellent activity in PMS activation for HBA 

and phenol oxidation. Compared with N-S-PC 700/PMS, the reaction rate in HBA 

degradation by Co-N-S-PC 700/PMS is enhanced by about 12 times. Co@C nanoparticles 

facilitate generation of 1O2 in AOPs, which works together with •OH and SO4
•– in efficient 

decomposition of HBA by Co-N-S-PCs. DFT calculations prove that Co-C interaction 
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improves the Fermi level and chemical activity of the functionalized C atoms. With the 

synergistic effect of Co-C interaction and N, S co-doping, the charge states of some C 

atoms are positively elevated to act as active sites for catalysis. Considering the diversity 

of carbon sources and non-precious metal species, the proposed method may offer a facile 

method to design hierarchical nanostructures with enhanced performance in environment 

and energy related catalysis. 
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Chapter 8 Conclusions and Perspectives 

8.1 Conclusions 

In this thesis, a scalable, template-free and easily-handled one-step pyrolysis approach is 

presented to synthesize hierarchically porous carbons with high surface areas and suitable 

surface chemistry (N or N, S doping, or Co modification), using cost-effective sodium 

bicarbonate as the porogen, abundant glucose or wheat flour as carbon sources and some 

other doping agents (urea, thiourea, dicyandiamide, or cysteine) or metal species (cobalt 

nitrate). The main objectives proposed in Chapter 1 have been comprehensively realized. 

Various techniques were adopted to fully reveal the structural features of the samples 

which are ideal for water remediation. The as-synthesized functional porous carbons 

demonstrated excellent adsorptive performance on several representative organic 

pollutants in wastewater including SCP, TBBPA, HBA and phenol. In addition, they were 

highly efficient for complete removal of these contaminants by effective activation of PS 

or PMS in AOPs, the mechanisms of which were illustrated to be related with producing 

active oxidizing radicals (hydroxyl, sulfate or singlet oxygen). Benefited from the unique 

properties of the functional porous carbons, they also acted as excellent adsorbents for 

CO2 uptake, active catalysts for ORR and superior supercapacitor electrode materials. 

 

8.1.1 Template-Free Synthesis of N-doped Carbon with Pillared-Layered Pores as 

Bifunctional Materials for Supercapacitor and Environmental Applications  

• N-doped, pillared-layered porous carbons (NCs) were prepared via a template-free 

pyrolysis of glucose, sodium bicarbonate and urea at 600 (NC600), 700 (NC700) 

and 800 °C (NC800), which had bifunctional applications in supercapacitors and 

environmental remediation.  

• NC700 displayed a high surface area (2118 m2 g−1) and a specific capacitance of 

305 F g−1 at 0.2 A g−1 in a two-electrode setup.  

• For water remediation, NC800 displayed high adsorption capacities towards flame 

retardant TBBPA (372 mg g−1) and antibiotic SCP (288 mg g−1) solution, while 

NC700 showed the most efficient SCP oxidation removal by activating PS to 

produce hydroxyl and sulfate radicals. 

 



181 
 

8.1.2 Nitrogen- and Sulfur-Codoped Hierarchically Porous Carbon for Adsorptive and 

Oxidative Removal of Pharmaceutical Contaminants  

• N and S co-doped porous carbons (N-S-PCs) with high surface areas (up to 1608 

m2 g−1) and hierarchically porous structures were synthesized via a direct pyrolysis 

of a mixture of glucose, sodium bicarbonate and thiourea.  

• N-S-PCs were highly efficient for PS activation to generate hydroxyl and sulfate 

radicals when employed as catalysts for oxidative degradation of SCP solutions, 

with a reaction rate constant up to 0.28 min−1. 

• The adsorption capacities of N-S-PC-2 (which contains 4.51 at. % of N and 0.22 

at. % of S) on SCP were 73, 7 and 3 times higher than GO, rGO and commercial 

SWCNT, respectively.  

 

8.1.3 Heteroatom (N or N-S)-Doping Induced Layered and Honeycomb Microstructures 

of Porous Carbons for CO2 Capture and Energy Applications 

• N-doped layered porous carbons (NCs) with different N doping contents were 

synthesized. 

• The formation mechanism of the varying pore frameworks in N-doped layered 

porous carbons (NCs) and N, S codoped honeycomb porous carbon (NSC) was 

analyzed to arise from different hydrogen-bond interactions. 

• NCs and NSC were investigated for other applications including CO2 uptake and 

ORR. 

• NSC displayed a similar CO2 adsorption capacity (4.7 mmol g−1 at 0 °C), a better 

CO2/N2 selectivity and higher activity in ORR as compared with NC-3 (the NC 

sample with the highest N content of 7.3%).  

• NSC favored an efficient four-electron reduction pathway and presented better 

methanol tolerance than Pt/C in alkaline media.  

• The porous carbons exhibited excellent rate performance as supercapacitors. 

 

8.1.4 One-Step Synthesis of Flour-Derived Functional Nanocarbons with Hierarchical 

Pores for Versatile Environmental Applications 

• Honeycomb structured carbon (700-PC) with dominant micropores was 

synthesized by pyrolyzing a mixture of wheat flour and NaHCO3/Na2CO3/K2CO3 
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at 700 °C, which exhibited an excellent CO2 storage capacity of 6.8 mmol g–1 at 

0 °C and ambient pressure.  

• By including dicyandiamide in the precursors and adjusting synthesis temperatures, 

N-doped hierarchical porous carbons (N-PCs) in a micro- and meso-porous texture 

were selectively generated with high surface areas up to 3041 m2 g−1 and excellent 

high-pressure CO2 uptake capacities up to 19.4 mmol g−1 at 0 °C, 10 bar.  

• For water remediation, 800-N-PC (N-PCs prepared at 800 °C) exhibited the most 

efficient degradation of HBA with a high reaction rate constant of 0.39 min−1 at 

25 °C, by activating PMS to create abundant hydroxyl and sulfate radicals.  

• 800-N-PC showed selective adsorption of HBA in a mixed solution of HBA and 

phenol, while could be effectively degraded by the AOPs. 

 

8.1.5 Bread-Making Synthesis of Hierarchical Co@C Nanoarchitecture in Heteroatom 

Doped Porous Carbons for Oxidative Degradation of Emerging Contaminants 

• A facile one-pot pyrolysis strategy was proposed for homogeneous assembly of 

core-shell Co@C nanoparticles with nitrogen and sulfur into hierarchically porous 

carbon (Co-N-S-PCs). 

• Co-N-S-PCs were highly efficient for oxidative decomposition of HBA and 

phenol. 

• Co@C nanoparticles are crucial for the generation of singlet oxygen in continuous 

AOPs, which works together with hydroxyl and sulfate radicals in efficient 

decomposition of HBA. 

• DFT calculations disclose that electron transfer from Co to C shells greatly 

improves the Fermi level and chemical activity of the C atoms. The combination 

of Co-C interaction with dual N, S doping further bring about catalytic active sites 

in the graphitic shells where the charge states of C atoms are increased. 

 

Overall, all the porous carbon-based samples are produced by a one-step pyrolysis process 

in this thesis. As the carbon source, glucose is more soluble in water than wheat flour 

which is a mixture mainly of starch and protein. Therefore, the hydrogen-bonding or other 

interactions between glucose and other precursors in aqueous solution tends to be stronger 

during the self-assembly process, which are critical to generate pores and achieve high-

performance porous carbons in the following pyrolysis process. As a result, glucose-
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derived porous carbons all show excellent textural properties after mild activation of 

sodium bicarbonate with suitable atom doping, and have decent performance in versatile 

applications. However, glucose is still expensive for practical production of porous 

carbons, while wheat flour is much cheaper. Since wheat flour is partially soluble, the 

self-assembly with other precursors is not that adequate and it is not easy to derive high 

SSA porous carbon by mild NaHCO3 activation only, which will have an impact on their 

final performance. Therefore, cobalt modification is introduced to enhance the catalytic 

ability of porous carbons in PMS activation. In addition, multiple porogens 

(NaHCO3/Na2CO3/K2CO3) can be used with wheat flour and doping agent to enhance the 

activation effect and achieve porous carbons with super high SSAs for CO2 capture, 

organic adsorption and degradation in wastewater.  

 

8.2 Perspectives and Suggestions for Future Research 

In the future study, some efforts can be given on porous carbons with different structures 

(e.g. different pore shapes, graphitic degree) in the adsorption and catalysis of AOPs for 

deeper understanding of the active sites and the adsorptive and catalytic nature. Controlled 

experiment in combination with simulations will be conducted.   

 

For practical applications, continual attention should focus on further reducing the cost of 

production of high-surface-area functional porous carbons in the premise that the 

performance will not be impaired. Some attentions should be paid on improving the 

reusability of porous carbon-based catalysts in AOPs. 

 

Considering the complex composition of wastewater, more work needs to be done on 

studying the activity of functional porous carbons in adsorption or degradation of several 

kinds of organic pollutants. Meanwhile, the reaction condition, dosage of porous carbon 

or/and PMS/PS should also be optimized for real wastewater applications. Intermediate 

products from degradation of these harmful organic pollutants should be inspected to 

make sure the byproducts of AOPs are harmless. 

 

In addition, the relation of porous carbon microstructures in PS/PMS activation and the 

producing radical species need further understanding. Apart from singlet oxygen, 

hydroxyl and sulfate radicals, there may exist other reactive radical species which may 
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contribute to organic degradation. Combined EPR, quenching experiments will be 

demanded in the future.
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