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1. Introduction 

Plastics are an important material in our economy and daily lives. However, they have 

serious negative effects on the environment and human health. The world is facing a plastic 

crisis and it has become a global concern as plastic waste is now so ubiquitous in the natural 

environment. About 400 million tons of plastic waste are generated annually, of which at least 

10 million tons end up in the ocean [1]. Today, almost 26 million tons of plastic waste is 

generated in Europe every year [2] but only less than 30% of plastic is collected for 

recycling  [3]. In 2020, the European Commission adopted the EU’s new circular economy 

action plan showing the way to a climate-neutral, competitive economy of empowered 

consumers [4]. The benefits of plastic recycling are shown in Fig. 1. 

 

 

Figure 1. Benefits of plastics recycling [3]. 

 

At present, the most inevitable and thriving plastic material in use is polyurethanes (PUs) 

with a total production of 24 million tons in 2020 and it is expected to grow to 27.61 million 

tons in 2026 [5]. PU consumption is expected to grow, driven by its versatility towards new 

applications. The wide application of PU causes its continual presence as a solid waste stream 

in the environment as discarded consumer and industrial products. PUs are classified as flexible 

foams (36%), rigid foams (32%), polyurethane reaction injection molding and elastomers 

(32%) [6]. The total production of polyurethane products in EMEA (Europe, the Middle East, 

and Africa) alone was reported as 6.52 million tonnes in 2019, out of which 8% are PU 
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elastomers [7]. PU elastomers are high-performance materials with a wide range of applications 

such as films, elastic fibres, medical tubes and shoe soles [8]. They also find applications in 

other industrial sectors such as the construction, aerospace and automobile industries due to 

their large elastic deformation and excellent noise and vibration damping capabilities. Their 

extensive usage results in the generation of a large number of scrap materials, which is not 

immediately degradable.  

The generated wastes are not only the post-consumer products but also the scraps from the 

manufacturing unit, which is about 10% of the total PU production. Landfilling of PUs has 

serious environmental consequences, so it becomes the least favourable option. The 

decomposition of PUs in a garbage landfill in leakage water and by soil microorganisms 

exhibited a high level of resistance to biotic and abiotic conditions [9]. Moreover, Landfilling 

is forbidden in many European countries such as Netherlands, Denmark, Switzerland, Sweden 

and Germany [10]. Therefore, recycling and re-utilization of waste polymers have attracted 

much attention in recent times. To effectively recycle them, many researchers have focused on 

the transformation of plastic wastes into valuable carbon materials and their applications as 

adsorbent/ catalyst support in water treatment or chemical processes and as electrodes in energy 

storage devices. 

This dissertation focuses on the effective recycling of difficult-to-recycle, post-industrial 

waste PU elastomer. A platform synthesis process was developed to convert the waste PU 

elastomers into carbon foams (CFs) with beneficial properties and explored the applications of 

CFs and their composites in energy storage and environmental remediation. 

 

The overall objectives of this research are as follows: 

 Synthesis of CFs using the waste PU elastomer as templates via two different activation 

routes and systematically investigating their physicochemical properties using different 

characterization techniques. 

 Evaluation of the adsorption capacity of the synthesized CFs by conducting the 

equilibrium adsorption study using methylene blue (MB) dye as a model pollutant. 

 Evaluation of the electrochemical performance of the CFs by analysing the parameters 

such as specific capacitance, energy density, power density and cycle stability. 

 Synthesis and characterization of CF-supported bismuth oxychloride (BiOCl) 

composites and evaluated their photocatalytic performance via the degradation of the 

model pollutant MB dye. 
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2. Literature Review 

2.1 Recycling of waste PU elastomers 

PU elastomers are linear block copolymers. They contain soft segments based on macrodiol 

(polyester, polyether or polybutadiene polyols) and hard segments (isocyanates and chain 

extenders) [11]. There is a huge requirement for elastomers for use in tires, seals and shock 

absorbers worldwide. Hence, the wastes of PU elastomers have great potential for recycling. 

There are many available pieces of literature on the recycling of PU flexible and rigid foams, 

but very limited works were focused on the recycling of PU elastomer wastes. Generally, PU 

wastes can be recycled by mechanical, chemical and thermochemical methods. The mechanical 

way of recycling changes only the physical form of wastes through crushing or grinding and 

applying as a filler for PU foams or elastomers [11], [12], natural rubber composites [13], 

concrete [14] or pressing with a bonding agent. The grounded foam is mixed with neat materials 

and processed by extrusion, injection molding and compression molding. The main advantage 

of this method is its simplicity and low cost, but there are still certain potential limitations such 

as the energy and cost involved in crushing/ grinding the PU scrap into a fine powder, heat 

generation owing to high shear force, the poor performance of recovered products and all these 

facts have limited its market value.   

Chemical recycling mainly focused on recovering monomers or oligomers, which can be 

used to synthesize new polymers [15]. The chemical decomposition of polymers obtained by 

polycondensation involves chemical reactions such as hydrolysis, glycolysis or aminolysis. In 

hydrolysis, the reaction occurs between the used PUs and water/ steam under high temperature 

and pressure, which liberates polyols and various intermediate chemicals [16] and it has been 

developed only to recycle the flexible PU foams. On account of the high cost associated with 

the high energy input, this kind of technology has not yet achieved the commercial scale. 

Glycolysis is the most widely used chemical recycling process for PU, which involves the 

mixing of industrial and post-consumer PUs with diols at high heat to give new polyols, which 

serve as a raw material for making PUs [17]. For instance, Ugarte et al. [18] reported the 

glycolysis of elastomeric PU waste using ethylene glycol as a glycolysis agent and potassium 

acetate as a catalyst. Aminolysis [19] involves the decomposition of PU wastes using aliphatic 

amines or polyamines at low temperatures resulting in the formation of mainly amino and 

hydroxyl groups. It is crucial to point out that aminolysis has only been used for the recycling 

of flexible and rigid PU foams and does not apply to PU coatings, adhesives, sealants and 
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elastomers. This process has never been carried beyond the research stage and the last research 

about this process was done a decade before.  

The third type is thermo-chemical recycling, which involves hydrogenation, gasification or 

pyrolysis. Hydrogenation generates gas and oil from used PUs through a combination of heat, 

pressure and hydrogen. In gasification, the waste foams are subjected to high temperature and 

pressure in limited air/ O2 and produce heat, ashes and combustible gases. The main 

components of the combustible gases are H2, CO, CH4 and a small amount of low molecular 

hydrocarbons such as C2H4 and C2H6. Guo X et al. [20] investigated the gasification of waste 

rigid PU foams and the influence of temperature and catalyst type on the production of 

combustible gases. Hicks D.A. et al. [21] reported the direct gasification of post-consumer 

waste rigid PU foams. There are not many available studies about the gasification of PU foams. 

Pyrolysis breaks down PUs in an oxygen-free environment to liberate gas and oils. The 

pyrolysis behaviours of seven kinds of PU elastomers with different ratios of the hard segment 

and soft segments were investigated in both fast and slow pyrolysis for the pyrolytic recovery 

of chemical feedstock from PU elastomer wastes [22]. Pyrolysis can be investigated for 

developing adhesives [23] as well as the production of mesoporous carbon [24].  

Hence, an alternative approach is the conversion of plastic wastes into value-added carbon 

materials through pyrolysis. As plastic waste is rich in carbon, it can be used as a precursor for 

the synthesis of valuable carbon-based functional materials. The schematic diagram of plastic 

wastes derived carbon materials for green energy and sustainable environmental applications 

is shown in Fig. 2. The plastic wastes including polyethylene, polyethylene terephthalate, 

polypropylene, polyvinyl chloride, polystyrene, phenol formaldehyde resin, and 

polyacrylonitrile were converted into carbon materials such as graphene, carbon dots, carbon 

nanosheets, carbon nanotubes (CNTs) and porous carbon [18]. Such plastic waste-derived 

carbon materials find applications in batteries, supercapacitors (SCs), water electrolysis, 

pollutant adsorption and degradation and CO2 capture [18]. Therefore, there is a scope to 

convert the PUs into carbon material. However, as the PU foams/ elastomers are low-density 

materials, their thermal decomposition resulted in a flaky porous carbon with a very low carbon 

yield [25], [26]. Hence, the most efficient method is the reuse of PU foams/ elastomers as 

templates for the synthesis of three-dimensional carbon materials e.g., CFs.  
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Figure 2. Plastic wastes-derived carbon materials for green energy and sustainable 

environmental applications [18]. 

 

2.2 Carbon materials  

Carbon plays an important part in the development of Earth. Carbon materials constitute a 

large family of diverse structures and textures with an increasing range of applications. Carbon 

materials with a wide range of structures (as shown in Fig. 3), texture and properties are 

classified according to their C-C bonding, based on sp, sp2 or sp3 hybridization [27].  

 

 

Figure 3. Different types of carbon-based materials [28]. 
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The popularity of carbon materials is due to a unique combination of physical and chemical 

properties such as high surface area, high electrical conductivity, good resistance to corrosion, 

and high thermal and chemical stability [29]. Carbon atoms with sp2 hybridization give rise to 

CNTs, graphene nanoribbons, porous carbon and fullerene [30]. Today, carbon-based materials 

are under their fastest-ever development, especially the porous carbon materials that have been 

widely employed in water purification [31], gas storage [32], support materials for metal 

catalysts [33], and also in renewable energy conversion applications such as supercapacitor 

electrodes [34], heterogeneous catalysis [35] and electrocatalysis [36]. According to the 

International Union of Pure and Applied Chemistry (IUPAC) definition, porous materials can 

be classified into three categories based on their pore sizes: microporous (pore size <2 nm), 

mesoporous (2-50 nm) and macroporous (>50 nm) (shown in Fig. 4) [37]. Micropores 

generally contribute to the major part of the internal surface area; meso- and macropores are 

the highways into the carbon particle and are crucial for kinetics [38].  

 

 

Figure 4. A visual representation of micro-, meso- and macropores [39]. 

 

The demand for porous carbon is not only due to its excellent physical and chemical 

properties, but also its wide availability. They are conventionally prepared by pyrolysis and 

physical or chemical activation of the organic precursor such as biomass, coal, polymers, etc. 

at elevated temperatures in controlled conditions [40]. 
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2.2.1 Pyrolysis and Activation 

Pyrolysis is the thermal decomposition of organic material at high temperatures in the 

absence of oxygen. During pyrolysis, residual carbon and inorganic compounds can retain their 

original framework, while water and volatile substances are released, thereby forming 

pores  [41]. The properties of carbon are mainly influenced by the nature of the feedstock, 

pyrolysis temperature, heating rate and residence time [40]. The pores induced by pyrolysis are 

mainly macropores and mesopores, which can provide abundant reaction sites for an activating 

agent [40]. Therefore, microporosity and large specific surface area can be further achieved 

through the cooperating effect of activation. Depending on the activating agent, the activation 

methods are classified as physical and chemical methods [42]. Physical activation occurs under 

oxidizing/gasifying atmosphere at high temperatures, in the presence of air, O2, CO2, or steam. 

Chemical activation utilizes corrosive chemicals such as KOH, NaOH, ZnCl2, FeCl3 and 

H3PO4  [43]. The flowchart of the physical and chemical activation methods is shown in Fig.  5. 

 

 

Figure 5. Different activation methods to synthesize activated carbon (AC) [43]. 

 

The physical activation method is widely considered an efficient way to produce porous 

carbon materials since chemical activation requires highly corrosive chemicals and an 

additional washing step. Among the physical activation agents, CO2 is superior due to less 

reactivity of CO2 at high temperatures, resulting in favourable controllability of pore structure. 

In CO2 activation, the carbon atoms with higher activity are removed by the following 

reactions: 
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(1) 

(2) 

  

Generally, there are two activation approaches – (i) the carbon precursors are directly 

pyrolyzed/ activated via physical or chemical activation methods (direct activation route or 

one-step process), and (ii) the carbon precursors are first carbonized in a non-oxidizing 

environment, and then the obtained char is activated through the physical or chemical 

activation methods (Indirect activation route or two-step process). For instance, Jiang et al. [44] 

prepared the activated carbon (AC) from the hybrid willow biomass by CO2 direct and indirect 

activation processes and there was only a slight effect of the process on the surface area and 

total pore volume of the obtained AC. It was also reported that the type and concentration of 

the surface functional groups were affected by the activation routes, for example, the 

concentration of quinone-type carbonyl functional groups was higher through the indirect 

activation route, which showed better electrochemical performances. Further, the work of 

Cheng et al. [45] on the synthesis of AC from cotton stalk by the one-step and two-step 

chemical activation process reported that there was no prominent increment in the surface area 

and pore structure of AC produced from biochar-derived AC than that from cotton stalk-

derived AC. On the other hand, recent research by Fu et al. [46] reported that the AC obtained 

from one-step activation of furfural residues using K2CO3 exhibited higher Brunauer-Emmett-

Teller (BET) surface area (SBET) and alkaline surface characteristics compared to the two-step 

process. A similar trend was observed while preparing from biomass precursors kanlow 

switchgrass and public miscanthus using KOH and H3PO4 activating agents [47], [48]. Thus, 

the different approaches to activation can influence the surface and structural properties of the 

resultant AC.   

 

2.2.2 Hierarchical porous carbons (HPCs)  

The hierarchy of carbon materials on porosity, morphological and structural characters are 

important for all kinds of applications to achieve high performance. Porous carbons such as 

AC and molecular sieving carbons (MSCs) have pores, especially in the microporous 

range  [49]. However, the microporous carbons have some limitations such as the collapse of 

pore structures at high temperatures and limited mass transport [49]. Hence the porous carbons 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/switchgrass
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/miscanthus
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are expected to have a hierarchical porous structure with a multimodal pore size distribution of 

micro-, meso- and macropores. Biomass with a naturally organized hierarchical structure, such 

as wood, grass, and nutshell, has been widely used as raw materials for producing HPCs [50]–

[52]. For non-structured materials such as sucrose, pitch and plastics, novel technologies have 

been developed which include hard/soft template methods, hydrothermal carbonization, 

chemical vapour deposition, spray pyrolysis and autogenic pressure carbonization [40]. The 

commonly used hard template is silica, and its removal requires concentrated alkali or 

hydrofluoric acid, which is highly corrosive. Jiang et al. [53] used an Al-metal organic 

framework as a hard template and Ghimbeu and Luchnikov [54] employed a dual template 

method using ice and surfactant (Pluronic F127) for the preparation of HPC. However, these 

templates are expensive and non-reusable. Moreover, the template preparation and removal 

processes are costly and time-consuming. Therefore, the utilization of waste and biomass as 

feedstock can overcome these limitations. Materials from waste and biomass can be used not 

only as carbon sources but also as templates. Wood [55], fish scale [56], rice straw [57], 

bagasse  [58] and shrimp shells [59] have been used as hard templates based on their natural 

structure. Moreover, the plastics can also provide a carbon source or be utilized as hard 

templates for the synthesis of HPC [60]. Plastics such as polyethylene [61], polyethylene 

terephthalate [62], polystyrene [63], PU [64], etc were used as templates. Recent works on the 

preparation of HPC using biomass and plastic wastes with different carbonization and 

activation conditions are presented in Table 1. 
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Table 1. HPCs produced from biomass and plastic wastes. 

Biomass Carbonization Activation SBET TPV Ref. 

Tc 

(℃) 

HRc 

(℃/ min) 

tc 

(h) 

Activating 

agent 

Ta 

(℃) 

HRa 

(℃/ min) 

ta 

(h) 

Spruce-pine-fir 800 5 2 Air 350  7 725 0.29 [65] 

Loofa sponge 600 - 1 KOH 800 - 1 1819 0.95 [66] 

Rice husk 900 - 1 N2/ steam 850 - 0.5 861 0.35 [67] 

Soybean hulls 800 3 2 KOH 700 3 2 1232 0.54 [68] 

Natural basswood 1000 - 6 CO2 750 - 10 839 0.58 [69] 

Cornhusk - - - KOH 800 5 1 928 0.53 [70] 

Jujube 800 10 2 KOH 800 10 2 2937 1.8 [71] 

Walnut shell 1000 5 3 - - - - 2042 2.68 [72] 

Cedarwood 550 - 1.5 KOH 800 - 2 1688 1.68 [73] 

Betelnut shell 800 10 5 - - - - 425 0.46 [74] 

Polyethylene 600 10 0.5 KOH 700 5 1 3059 1.73 [61] 

Polyethylene terephthalate 500 5 1 KOH 700 - 1 2644 1.52 [75] 

Polystyrene 700 - 1 KOH 900 - 1 2794 2.66 [76] 

PU 300 - 2 KOH 850 - 4 2807 2.56 [77] 

Tc – carbonization temperature; HRc – carbonization heating rate; tc – carbonization time; Ta – activation temperature; HRa – activation heating rate; ta – 

activation time; SBET – BET surface area; TPV – total pore volume.
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Various morphologies of HPCs such as fibre, microtube, nanosheet, flake, microsphere, 

foam-like carbon, etc. were produced and are listed in Table 2. 

  

Table 2. Different morphologies of HPCs. 

Morphology Feedstock Activation method 
SBET 

(m2/g) 
Micrographs Ref. 

Fibre Cotton KOH (850 ℃, 1h) 1550 

 

[78] 

Microtube Corn silks KOH (800 ℃, 1h) 1962 

 

[79] 

Nanosheet polystyrene KOH (900 ℃, 1h) 2794 

 

[76] 

Microspheres 
Low-density 

polyethylene 
KOH (700 ℃, 1h) 3059 

 

[61] 

Foam-like 

carbon 
Larch sawdust - 795 

 

[80] 

A 3D 

interconnecting 

fibrous 

membrane 

Chicken 

eggshell 

membrane 

Air (300 ℃, 2h) 221 

 

[81] 
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One such structure with a hierarchical porous structure is the foam-like carbon (or carbon 

foams), which is the main focus of the current research. CFs are lightweight porous carbon-

containing well-developed interconnected pores that have gained significant attention over the 

past few decades due to their potential applications in various fields. Based on the applied 

pyrolysis temperature and type of precursor, CFs are classified as graphitic [82] and non-

graphitic [83], [84]. Several authors reported the synthesis of CF or reticulated vitreous carbon 

materials using fabrication techniques such as the template method (sacrificial and non-

sacrificial template) and template-free method including blowing of carbon precursors, self-

foaming, compression of exfoliated graphite, and assembly of graphene nanosheets, etc. [85]. 

Of these, the template carbonization method is the simplest and most efficient for obtaining 

CFs with tailored porosity and structure [85]. This approach utilizes PU foams, e.g., flexible 

foams [86], [87] and rigid foams [88], melamine or melamine-formaldehyde foams [89]–[91], 

polystyrene foams [92], poly(methyl methacrylate) [93], and zeolite foams [87] as templates. 

These templates are either directly carbonized at high temperatures in an inert atmosphere or 

they can be treated with a polymeric resin (a carbon source) for cross-linking before 

carbonization. Typical carbon sources used for this process are coal tar [94], petroleum 

pitch  [95], phenolic resin [86], [93], [96], polyfurfural alcohol [97], polyimide [98] and 

sucrose  [87], [99].  

CFs are extensively used as electrode materials in energy storage systems [89], [97], as 

catalyst support [86], [100], in heavy metal removal [90], [101], CO2 absorption [102]–[104], 

electromagnetic interference (EMI) shielding [105], [106], radionuclide trapping [83], sound 

absorption [107], [108], etc. The properties of CF depend largely on the temperature of heat 

treatment, the carbon precursor and other pyrolysis conditions. The specific pore structure 

makes CF lightweight with the adjustable surface, electrical, thermal and mechanical 

properties. A complete literature background of the synthesis and applications of CFs is 

summarized in Table. 3. 
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Table 3. A literature matrix of the synthesis and applications of CFs. 

Methods  Carbon source Synthesis process Application Ref. 

Template 

 

Template  

Zeolite foam Sucrose 
Polymerization and carbonization under vacuum at 875 

℃ for 1 h at a heating rate of 10 ℃/min 
Separation of binary mixtures [87] 

Rigid PU foam 
Novalac resin and coal-tar 

pitch 
Molding, curing and carbonization at 1200 ℃ for 4 h Fireproofing and anti-ablation [88] 

Styrene butadiene 

rubber  
α,α′-dichloro-p-xylene 

Polymerization and carbonization under N2 at 800 ℃ 

for 2 h at a heating rate of 5 ℃/min 

Oil-water separation, as the 

anode in Na-ion battery 
[109] 

PU foam 
Lignin-resorcinol-glyoxal 

resin 

Polymerization and carbonization under N2 at 1000 ℃ 

for 2 h at a heating rate of 2 ℃/min 
Oil and solvent spill capture [110] 

Colloidal silica 

Epoxy acrylate resin and 

1,4 butanediol diglycidyl 

ether 

Nanocomposite formation via solvent evaporation and 

ultraviolet (UV) irradiation, annealing at 900 ℃ for 2 h 

under N2 flow and etching treatment. 

Capacitive deionization [111] 

Melamine foam 
Carbonization under Ar at 800 ℃ for 2 h at a heating 

rate of 1 ℃/min 
Lead ion removal [112] 

Melamine foam 
Carbonization under N2 at 800 ℃ for 2 h followed by 

activation with KOH under N2 at 800 ℃ for 2 h 

Electrodes for lithium-based 

dual-ion capacitor 
[113] 

Template-free 

Blowing agent  

Boric acid Sucrose 
Polymerization, blowing, setting and carbonization 

under N2 at 900 ℃ for 2 h at a heating rate of 2 ℃/min 

Electro-Fenton degradation of 

antimicrobial sulfanilamide 
[114] 
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Table 3. A literature matrix of the synthesis and applications of CFs. 

Methods  Carbon source Synthesis process Application Ref. 

 

- 
Polyvinyl pyrrolidone 

(PVP) and starch 

Freeze drying, pre-oxidation and carbonization in the 

air at 1000 ℃ for 30 min 

Support for the photocatalyst for 

Rhodamine B removal 
[115] 

- Mesophase pitch 
Carbonization under N2 at 900 ℃ for 1 h at a heating 

rate of 10 ℃/min 

Radionuclides adsorption/ 

decontamination 
[116] 

CO2-absorbed 

ethanolamine 

Resorcinol and 

formaldehyde 

Self-foaming, polymerization and carbonization under 

Ar at 800 ℃ for 2 h 

Selective oxidation of aromatic 

alkanes 
[117] 

- Lignocellulosic Biomass Single-step high-pressure pyrolysis - [118] 

- Kraft lignin 

Molding and foaming of lignin block followed by 

carbonization in a non-oxidizing atmosphere at 1100 

℃ for 1 h 

- [119] 

- polyacrylonitrile  
Supercritical CO2 foaming and pyrolysis under Ar at 

900 ℃ for 1 h at a heating rate of 10 ℃/min 

As an anode for potassium-ion 

batteries 
[120] 

- Pyroligneous acid Blow foaming and carbonization at 700 ℃ for 2 h - [121] 

- 
A mixture of sawdust and 

sucrose 

Filter pressing, freeze-drying and carbonization under 

Ar at 900 ℃ for 2 h 
EMI shielding [122] 

- Sugar 
Self-foaming and carbonization under N2 at 900 ℃ for 

30 min at a heating rate of 2 ℃/min 

Electrodes in benthic microbial 

fuel cell 
[123] 
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2.3 Applications of carbon-based materials 

2.3.1 Carbon electrodes for SCs 

SCs or ultracapacitors are advanced energy storage devices that can be charged-discharged 

in seconds and have potential in power-demanding applications such as heavy-duty electric 

vehicles, electromechanical devices, and non-intermittent electricity from renewable 

sources  [124], [125]. Based on the charge storage mechanisms and device characteristics, SCs 

can be classified into three categories: (i) electric double-layer capacitors (EDLCs), (ii) 

pseudocapacitors, and (iii) hybrid capacitors [126]–[129]. Although pseudocapacitors have 

high specific capacitance and store energy mainly through Faradaic charge transfer between 

the electrode and electrolyte [130], they have limitations in practical applications due to poor 

cycle stability and high cost. A schematic representation of the charge storage mechanism by 

EDLC and pseudocapacitance is shown in Fig. 6. 

 

 

Figure 6. A schematic representation of the mechanism of storing charge by EDLC and 

pseudocapacitance [132]. 

 

Carbon-based EDLCs continue to dominate the commercial market due to fast pulses of 

energy, long cycle life and high Coulombic efficiency [131]. Here, we focus on symmetric 

EDLCs that store and release energy via the physical adsorption-desorption of ions on the 

surface, forming an electric double layer at the electrode-electrolyte interface [132]. Porous 

carbons stand out as promising electrode materials for EDLCs because of their high specific 
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surface area, good electrical conductivity, physicochemical stability, ease of preparation and 

low cost [133]. Carbon-based electrode materials are not only excellent candidates for EDLCs 

but also play an important role in supporting the active material of pseudocapacitors. Most 

commercial SCs use biomass-based ACs derived from coconut shells, wood, bamboo and 

sawdust as electrodes [134] – these suffer from low specific capacitance and poor rate 

capability. 

Besides high specific surface area, pore size and pore geometry influence the electric 

double layer. The specific capacitance of EDLCs is mainly determined by the effective specific 

surface area and pore size distribution (micro-, meso- and macropores) of the porous carbon 

electrodes. Through the increased surface area, micropores improve electrochemical 

performance; however, micropores may limit the diffusion and transport of ions – carbon 

materials that only contain micropores often fail to meet the requirements for high-performance 

SCs [135]. Nevertheless, hierarchical structure in form of meso- and macropores 

interconnected with micropores shorten the diffusion path and may facilitate ion 

transport  [136]. Thus, amorphous carbons with a hierarchical pore structure comprising well-

developed networks of pores and channels are highly suitable for EDLCs. Along with the pore 

structure and surface area, the surface chemistry and functional groups of the carbon materials 

are also important for the adsorption behaviour since they serve as electron donors or acceptors 

for the targeted ions [44].  

The conversion of waste materials into porous carbon electrodes for EDLCs is an important 

area of research. Recently, various biomass and agricultural wastes have been used to produce 

HPCs e.g., waste coffee grounds [137],  sword bean shells [138], soybean dreg [139], corn 

husk  [140], corn cob and leaf [141], wheat straw [141], foxtail grasses [142], mangosteen 

peel  [143], etc. Besides, Wu et al. [144] converted waste sugar solutions into HPCs for EDLCs 

and investigated their electrochemical performances in aqueous and ionic electrolytes. Ma et 

al. [145] used a one-pot green synthesis strategy to produce nitrogen-doped HPC using a 

recyclable salt template and applied it as electrodes in symmetric SCs. Apart from biomass 

wastes, hazardous oily sludge waste [146], solid leather waste [147] and non-biodegradable 

plastic wastes [148] were used as precursors for producing HPCs for SCs. Nowadays, many 

researchers are focusing on the transformation of plastic wastes into valuable carbon materials 

and their applications as electrodes for energy storage devices. HPC nanosheets were produced 

from ‘real world’ mixed plastic wastes using organically-modified montmorillonite catalytic 

templates and applied as electrodes for SCs [149]. Moreover, HPC-based electrodes derived 
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from the most common plastic wastes such as polyethylene terephthalate [150], [151], 

polyethylene [152], [153], polypropylene [154], polystyrene [155], [156], 

polyacrylonitrile   [157], PU [77] and melamine foam [135] were reported.  

 

2.3.2 Carbon adsorbents for MB dye removal  

Dye pollution has become one of the major contributors to water pollution across the world. 

Dyes are coloured aromatic organic compounds that chemically bond to the substrate to which 

they are being applied [158]. These dyes are highly complex compounds with different 

structural groups [159]. More than 100,000 dye products have been discharged into the aquatic 

environment, which is toxic and carcinogenic [160]. The dyes released into the water bodies 

are hard to be degraded under natural conditions. Textile industries were the largest contributor 

to dye-based water pollution followed by the paint, paper, leather and printing industries [161]. 

One of the highest-consuming dyes in the industries is MB, for colouring silk, wool, cotton and 

paper [162]. It is a cationic dye with a molecular formula C16H18N3ClS, which absorbs light 

and imparts colour in the visible spectrum (λmax – 664 nm) [163]. MB has a characteristic deep 

blue colour in the oxidized state and is colourless in the reduced form. The colour of MB 

depends on its chromophoric and auxochrome groups. The chromophore group of MB is the 

N-S conjugated system on the central aromatic heterocycle, while the auxochrome group is the 

N-containing group with lone pair electrons on the benzene ring [163]. 

The removal of MB from industrial wastewater has been investigated using various 

methods such as chemical precipitation method, enzymatic process, electrochemical removal, 

photodegradation reaction, membrane filtration and physical adsorption methods [164]. Each 

method has its advantages and limitations. Adsorption is the simplest method for the effective 

removal of MB by utilizing low-cost and abundant adsorbents e.g., carbon-based adsorbents. 

Fig. 7 shows the research on carbon adsorbents for the removal of MB between 2008 and 

2019  [165]. 
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Figure 7. Research on carbon-based adsorbents for MB dye removal between 2008 and 

2019  [165]. 

 

The classification of carbon material as excellent or poor adsorbent depends on the surface 

area and pore structure of carbon. The pore structure is a critical factor influencing the 

adsorption capacity of any carbon material [166]. The adsorption of small molecules such as 

CO2 (molecular diameter of 0.33 nm) is determined by the distribution of ultramicropores, 

while the adsorption of large molecules such as Congo red (2.3 nm) and MB (1.7 nm) happens 

in broadened pores [167]. Organic dyes and hydrated ions are best adsorbed in hierarchical 

pore structures. Based on the adsorption capacity of MB, the adsorbents were classified as 

summarized in Table 4. 

  

 Table 4. Classification of adsorbent based on adsorption capacity of MB. 

Adsorption capacity (mg/g) Classification 

>1000 Superior adsorbent 

500 - 1000 Excellent adsorbent 

100 – 500 Moderate adsorbent 

<100 Poor adsorbent 

 

The correlation of the MB adsorption capacity of carbon-based adsorbent with the specific 

surface area and pore size (average pore diameter) is presented in Fig. 8. 
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Figure 8. Correlation of MB adsorption capacity of carbon-based adsorbent with the SBET and 

pore size (research available between 2008 and 2019) [165]. 

 

Though the specific surface area has a positive impact on enhancing the adsorption capacity 

of carbon, the trend does not apply to all carbon adsorbents. The pore diameter of carbon also 

has an impact on their adsorption towards MB. The dimension of MB in water is 0.4 × 0.793 

× 1.634 nm, the size of the pore opening is important for the diffusion of MB molecules within 

the pores [168]. It was reported that the pore size above 6 nm shows no influence in enhancing 

the adsorption capacity of the adsorbent [165]. Apart from the surface area and pore structure, 

MB adsorption is also influenced by the particle size of carbon, surface acidity and functional 

groups [169]. The presence of functional groups such as aromatic ring, -C=O, -C-O-C-, -OH, 

-NH2, -C=N, etc. on the carbon surface plays a significant role in separating the MB from 

water  [165]. The adsorption of MB on carbon takes place via electrostatic interaction, the 

formation of a hydrogen bridge, the electron donor-acceptor relationship and the π-π electron 

dispersion forces between the functional groups of carbon and MB molecules [170], [171].  

Though the adsorption removes the pollutants from the wastewater, it does not necessarily 

degrade the pollutants into eco-friendly products. Hence, the integration of adsorption and an 

advanced oxidative process (such as photocatalysis) can enhance the overall removal 

efficiency. Therefore, carbon-based composite materials with high specific surface areas have 

drawn significant interest in photocatalytic wastewater treatment. 
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2.3.3 Carbon support for semiconductor photocatalyst 

Semiconductor photocatalysis is a potential green technology for environmental and energy 

issues [172]. A series of semiconductor photocatalysts, including metal oxides, oxynitrides, 

sulfides and halides, are widely employed in the photoreduction of CO2, water splitting and 

photodegradation of pollutants [173]–[175]. In recent times, researchers have focused on novel 

photocatalytic materials to overcome the low photoconversion efficiency of catalysts [176]. 

Bismuth oxyhalides (BiOX, X = Cl, Br, I) are a relatively new class of semiconductor 

photocatalysts that have the advantages of visible light response, good chemical stability, non-

toxicity, appropriate band gap and controllable morphology [177]. Among them, BiOCl is one 

of the promising candidates due to its good crystalline structure, high stability, low cost and 

low toxicity [178]. BiOCl has a tetragonal structure of the P4/nmm space group which consists 

of [Cl-Bi-O-Bi-Cl] quinary layers stacked together by the non-bonding interaction through the 

Cl atoms along the c-axis [179]. The crystal structure of BiOCl is shown in Fig. 9. BiOCl has 

a wide band gap (~3.2-3.5 eV) and is being applied in areas of UV light detection, solar water 

splitting and photocatalytic wastewater purification. However, based on its physical properties 

such as poor charge mobility and fast charge recombination, BiOCl has limitations in 

photocatalytic reactions [180].  

 

 

Figure 9. Crystal structure of BiOCl. Colours: red – O, grey – Bi, green – Cl  [181]. 

 

To overcome these limitations, the light response of the BiOCl photocatalyst has been 

extended by various techniques such as morphology control [182], crystal facet exposure [183], 

self-doping [184], heterojunction construction [185], surface modification [186] and 

supports  [187]. Among them, the construction of heterojunction is a simple and efficient 



31 

 

approach [188]. Xie et al. [189] used BiOCl and Bi2O2CO3 to form heterojunction, which 

significantly improved the photocatalytic performance under visible and ultraviolet light. 

Likewise, Bi2WO6-BiOCl heterojunction with enhanced photocatalytic activity for efficient 

degradation of oxytetracycline was reported by Guo et al. [190].  

Besides, the operational problems associated with the recovery and re-use of BiOCl powder 

catalysts prevent its large-scale implementation. The use of support is intended to overcome 

this limitation. The use of carbon supports contributes to (i) faster sedimentation and easier 

recovery of the photocatalyst from the reaction medium, (ii) the high specific surface area 

provides more reactive sites for the reaction, and (iii) the heterojunction formed with the 

semiconductors prevent the recombination of e--h+ pairs. Combining BiOCl with functional 

porous carbon improves photocatalytic activity due to their high adsorption capacity, good 

electron transfer ability and chemical stability [191]. Generally, the BiOCl powder has low 

adsorption capacity owing to its less specific surface area (SBET – typically 5-10 m2/g) or active 

sites. The composite of BiOCl with carbon materials such as AC [192], biochar [193], 

CNTs  [194], [195], carbon fibres [196] and graphene [197] exhibited enhanced adsorption due 

to improved surface area and good photocatalytic response. However, these carbons still suffer 

from some drawbacks, e.g., high production costs, handling of powdered materials and 

complicated acid purification steps. On the contrary, the HPCs (e.g. CFs) derived from the 

waste would be economical and the best choice to overcome these shortcomings. CFs can be 

used as an excellent support material for nanomaterial catalysts, owing to their hierarchical 

porous structure, high SBET, low cost, non-toxicity and high stability [198]. Some earlier works 

have reported the applicability of CFs as support for the semiconductor catalyst and showed 

excellent photocatalytic performance and overall pollutant removal rate. Table 5 shows the 

literature matrix of the synthesis of CF-supported semiconductor catalyst and their application 

in various pollutant degradation processes.
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Table 5. A literature matrix of CF-supported semiconductor photocatalytic composite. 

Source of CFs CF-semiconductor composite Synthesis technique Pollutant 
Photocatalytic 

efficiency (%) 
Ref. 

- CF-nano TiO2 Impregnation, baking and forming Methyl orange 83-87 [199] 

A mixture of starch and PVP 
CF loaded with ZnO 

nanorods 
Hydrothermal synthesis Rhodamine B 98 [115] 

PU foam with phenolic resin TiO2 films deposited on CF 
Evaporation-induced self-assembly method 

followed by a hydrolysis-condensation process 

Volatile organic 

carbons (VOCs) 
- [200] 

Coal tar pitch CF-TiO2 Infiltration of TiO2 suspension on CF Phenol 95 [201] 

Wheat flour CF-BiOBr Double-template bionic mineralization Rhodamine B 99 [202] 

Loose medium component of 

coal 
N-doped TiO2-CF composite Impregnation method Phenol 97 [203] 

Styrene, 2-Ethylhexyl 

methacrylate and divinylbenzene 

SnO2 aerogels deposited on 

CF 
Epoxide-assisted gelation method MB 90 [204] 

Waste polyester Fe2O3/N, O-doped CF Impregnation method Mixed dyes 99.8 [205] 

Poly high internal phase 

emulsion polymer 
TiO2 aerogel/CF Sol-gel method Rhodamine B 100 [206] 

Melamine foam 
CF-supported TiO2 

nanoparticles 

Biomimetic coating strategy using 

polydopamine 

Rhodamine B and 

Kayacelon React 

Red CN-3B 

98 [207] 
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2.4 Knowledge gap 

 Although some studies reported the usage of PU flexible and rigid foams for the synthesis 

of CFs, the utilization of PU elastomer as a template for the synthesis of CFs is new. To the 

best of our knowledge, no works have ever reported the fabrication of CF from the PU 

elastomer and its application in any field. Hence, it is worth exploring the synthesis and 

characterization of CFs from waste PU elastomer and their applications in different areas 

including energy storage and environmental remediation. 

 

 There is only limited research on the applicability of the two different activation approaches 

(namely direct activation route or one-step process and indirect activation route or two-step 

process) to the synthesis of ACs. However, the effect of the activation routes on the surface 

properties of the carbon materials and the reason for the difference in the surface 

characteristics have not been reported properly. Therefore, it is important to systematically 

investigate the effect of the two different activation routes on the porosity and surface 

functionalities of the carbon materials. 

 

 Moreover, there has been no study on the preparation of CF-supported BiOCl 

photocatalysts for wastewater treatment. Hence the preparation and evaluation of the 

photocatalytic performance of the CF-BiOCl composite contribute to a new research 

direction. Moreover, it was reported that the use of a shape-controlling agent like PVP 

improved the properties of the composite by regulating the crystal structure of BiOBr on 

carbon [202]. As a widely and efficiently used anionic surfactant, sodium dodecyl sulfate 

(SDS) has been used for the synthesis of novel morphologies of nanostructures [208]. 

Hence, the role of SDS in the formation of BiOCl nanostructure on the CFs is worth 

exploring. 
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3. Aim of thesis 

The primary objective of this research work is to create an efficient method to recycle the 

waste PU elastomer. Hence, the current work aims to develop a new pathway to convert the 

post-industrial waste PU elastomers into porous CFs with beneficial properties and explore the 

applications of CFs and their composites in energy storage and wastewater treatment. The 

applicability of this type of waste polymer-derived CFs as adsorbent and electrode material and 

their composite in photocatalytic wastewater treatment is planned to investigate in line with 

multiple Sustainable Development Goals (SDGs) of the United Nations, e.g., Goals 6 (“Clean 

Water and Sanitation”), Goals 7 (“Affordable and Clean Energy”) and 12 (“Responsible 

Consumption and Production”) [209]. As such, the presented research simultaneously targets 

the objectives of circular economy, energy and environmental remediation. 

 

In this work, I focus on answering the following questions: 

1. Is it possible to prepare a porous CF by utilizing the waste PU elastomer as a template? 

What are their physicochemical properties? 

2. What could be the effect of applying the two-different activation methods (one-step or 

direct activation and two-step or indirect activation routes) on the properties of the CFs? 

3. Does the method of activation influence the adsorption capacity and the electrochemical 

properties of the CFs? 

4. Can the as-prepared CF be used as a support material for the semiconductor BiOCl? How 

does it influence the structural and optical properties and also the photocatalytic 

performance of the BiOCl? 

5. Does the usage of the CF support to the semiconductor photocatalyst necessarily decrease 

the band gap of the composite? 

 

The current thesis consists of three parts: 

i. The first part is the preparation and characterization of CFs using the waste PU 

elastomers as sacrificial templates (and sucrose as a carbon source) via two different 

activation methods (One-step and two-step activation).  

ii. In the second part, the potential applications of CFs as electrodes in EDLCs and as 

adsorbents in pollutant removal will be explored. The electrochemical performances 

of the as-prepared CFs will be evaluated in an aqueous KOH electrolyte to explore 



35 

 

potential utilization in EDLCs. Further, their adsorption capacity will be assessed by 

the equilibrium adsorption study of MB dye.  

iii. The third part is the synthesis and characterization of CF-supported BiOCl composites 

with and without the shape-tailoring agent SDS and the photocatalytic performance of 

the composites will be evaluated via the degradation of MB dye as a model pollutant.  
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4. Experimental Section 

4.1 Materials  

For the synthesis of CFs, the following materials and reagents were used:  

 PU elastomer – post-industrial wastes (collected from Elastico Ltd., Hungary) 

 concentrated sulfuric acid - 96 wt.% (VWR International Ltd., Hungary) 

 sucrose (Magyar Cukor Zrt., Hungary) 

 nitrogen and carbon dioxide cylinders with purity > 99.995 % (Messer Group GmbH., 

Germany)  

 

For the fabrication of supercapacitor coin cells, 

 carbon black (CB) (Alfa Aesar, Sweden) 

 polyvinylidene difluoride (PVDF) (Alfa Aesar, Sweden)  

 N-methyl-2-pyrrolidone (NMP) (Alfa Aesar, Sweden)  

 potassium hydroxide (KOH) (Alfa Aesar, Sweden)  

 CR2032 coin cell cases (PI-KEM) 

 

For the synthesis of pristine and CF-supported BiOCl, 

 bismuth nitrate pentahydrate (Bi(NO3)3.5H2O) (VWR International Ltd., Hungary)  

 potassium chloride (KCl) (VWR International Ltd., Hungary) 

 SDS (VWR International Ltd., Hungary) 

 nitric acid (65%) (VWR International Ltd., Hungary) 

 

Other materials and reagents: 

 Commercial biomass-derived AC (named ‘AC-X’) (Sigma-Aldrich, Hungary) was 

used as a reference to compare the metallic impurities of the CFs.  

 MB dye was used as a model pollutant in adsorption and photocatalytic test.  

 MilliQ water (18.2 MΩcm) was used throughout the experiments.  

 

All chemicals were used as received without any further purification.  
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4.2 Syntheses 

4.2.1 Preparation of CFs 

 

Figure 10. A schematic diagram of the synthesis of CFs. 

 

The CFs were prepared using PU elastomer as a sacrificial template and a schematic 

representation of the synthesis process is shown in Fig. 10. The templates were immersed in 

an acidified sucrose solution followed by carbonization and activation. The sucrose precursor 

solution was prepared by adding 40 mL of 2.8% (v/v) dilute sulfuric acid to 100 g of sucrose 

in a glass beaker followed by heating to 80 ℃ under continuous stirring until complete 

dissolution. The foams were cut into 2.5 cm × 2.5 cm × 2.5 cm cubes and were immersed and 

kept in the precursor solution for 12 h. The excess solution was removed from the samples by 

squeezing in paper tissues. Thereafter, the impregnated samples were dried overnight at room 

temperature. Dried samples were cross-linked in a hot air oven at 110 ℃ for 10 h. After 

impregnation and drying, the mass of the residual sucrose precursor that remained in the 

elastomers was approximately twice that of the original mass of the raw foams. For activation, 

two different approaches were investigated: a one-step and a two-step activation process.  

 

4.2.1.1 Two-step activation  

In the two-step or indirect activation route, the first step was the carbonization of 

impregnated PU elastomers at 700 ℃ or 900 ℃ at a heating rate of 10 ℃/min in an N2 

atmosphere (200 mL/min) with a dwell time of 60 min in a tube furnace (Carbolite® 1200 °C 

Split Tube furnace VST 12/900). In the second step, the carbonized samples were placed in a 

quartz crucible and activated inside a silica glass tube of the high-temperature tube furnace in 

a stream of CO2 (200 mL/min). Then, the furnace was heated to a maximum temperature of 
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900 ℃ or 1000 ℃, with a heating rate of 10 ℃/min and the samples were left at this 

temperature for 100 minutes.  

 

4.2.1.2 One-step activation 

In the one-step or direct activation route, the impregnated PU elastomer templates were 

directly activated using CO2 gas without any prior carbonization. In this approach, the 

impregnated samples were activated in a stream of CO2 with a flow rate of 200 mL/min and 

heated to 1000 ℃ at a heating rate of 10 ℃/min with varying times of activation (30, 50, 80, 

100 and 130 min) to identify the best activation time. Black, highly porous CF was obtained, 

as shown in Fig. 11. 

 

Figure 11. A photograph of the CF produced via the one-step process. 

 

The sample nomenclatures of CFs are given in Table 6.  

 

Table 6. Sample nomenclature of CFs 

Label Description 

EF700 Pyrolyzed in N2 at 700 ℃ for 60 min 

EF900 Pyrolyzed in N2 at 900 ℃ for 60 min 

EFAC1 or EFAC1 (100 min) One-step process: Direct activation in CO2 at 1000 ℃ for 100 min 

EFAC2 or EFAC2 (1000 ℃) 
Two-step process: First pyrolyzed in N2 at 900 ℃ (60 min), then 

activated in CO2 at 1000 ℃ for 100 min 

 

The carbonized sample (EF900) and the activated samples (EFAC1 and EFAC2) were 

chosen for further analysis based on the highest SBET of EFAC1 (discussed later in section 

5.1.6) obtained from the direct activation in CO2 at 1000 ℃ for 100 minutes. 

 

The flowchart for the synthesis of CFs is shown in Fig. 12. 
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Figure 12. A flowchart of the synthesis of CFs via one-step and two-step activation 

processes. 

 

The yield of CFs obtained via the two-different activation approaches was calculated using 

Eqs. 3 and 4. 

Yield after carbonization, YC (%) =
Mass after carbonization

Mass after impregnation and drying 
× 100 (3) 

Final yield after activation, YA (%) =
Mass after activation

Mass after impregnation and drying 
× 100 (4) 

 

4.2.2 Preparation of CF-BiOCl composites  

For the synthesis of CF-BiOCl composites, the high surface area EFAC1 was taken as a 

support material. Two types of composites were prepared with and without the addition of 

surfactant ‘SDS’. A schematic representation of the synthesis procedure is given in Fig. 13. 

 



40 

 

 

Figure 13. A flow diagram of the synthesis of CF-supported BiOCl. 

 

Firstly, 2 mmol of Bi(NO3)3.5H2O was dissolved in 40 mL of 0.15 M nitric acid solution, 

denoted as ‘Sol A’. 2 mmol of KCl was dissolved in 20 mL of deionized water, denoted as ‘Sol 

B’. Then, SDS (0.4 g) was added to Sol A and stirred for 30 min to obtain a suspension. 

Subsequently, Sol B was added dropwise into the suspension and stirred for 30 min. Then, the 

CF (EFAC1 - 0.25 g) was added to the above mixture and shaken for 2 hours. The mixture was 

transferred to a Teflon-lined® autoclave and allowed to react at 160 ℃ for 12 h. After self-

cooling to room temperature, the solid product was washed with deionized water and ethanol 

several times. Finally, the composite was obtained by drying at 70 ℃ overnight. The same 

procedure was followed for the synthesis of pristine BiOCl except for the addition of CFs. The 

nomenclature of pristine and CF-supported BiOCl is given in Table 7. 

 

Table 7. Sample nomenclature of pristine and CF-supported BiOCl 

Label Description 

BiOCl Pristine BiOCl without the addition of SDS 

BiOCl/SDS Pristine BiOCl with the addition of SDS 

CF/BiOCl CF-supported BiOCl without the addition of SDS 

CF/BiOCl/SDS CF-supported BiOCl with the addition of SDS 

 

The formation of BiOCl typically involves nucleation, growth and assembly process [210]. 

The Bi and Cl precursors dissolved in the aqueous solutions would produce Bi3+ and Cl-, and 

then Bi3+ was hydrolyzed to an intermediate substance (Bi2O2)
2+. Finally, the intermediate 
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(Bi2O2)
2+ and Cl- form a large number of tiny Cl-Bi-O-Bi-Cl nuclei, connected by a covalent 

bond and it grows in a direction perpendicular to the c-axis, forming a [Cl-Bi-O-Bi-Cl] layers 

stacked on each other to produce plates or flower-like structures.  

 

4.3 Characterization of CFs and their composites 

4.3.1 Thermogravimetric analysis (TGA) 

TGA was carried out in a ceramic (corundum) crucible using a Derivatograph C/PC 

instrument (MOM Szerviz Kft., Hungary) to measure the thermal behaviour of impregnated 

foams in N2 and CO2 atmosphere (measurement range: 25 to 1200 °C; heating rate: 10 °C/min). 

An approximate optimum activation temperature was found using TGA.  

 

4.3.2 Elemental analysis 

The elemental composition of the CFs was analysed using a Carlo Erba EA1108 CHNS-O 

analyser. 

 

4.3.3 Inductively coupled plasma optical emission spectrometer (ICP-OES) 

Quantitative determination of metallic impurities in the CF was conducted using a Varian 

720 ES ICP-OES using the Merck Certipur ICP multi-element standard IV. For ICP-OES 

analysis, a pre-treatment method of dry ashing coupled with acid extraction was used: 2 g 

samples were placed in a crucible and ashed in a muffle furnace at 900 °C for 3 h. After cooling, 

the crucibles were washed with 6 mL of 2.0 wt% diluted nitric acid and heated on a hot plate 

for 20 min at 110 °C. The extraction solutions were diluted up to 25 mL with ultrapure water 

and then analyzed by ICP-OES.  

 

4.3.4 Scanning electron microscopy (SEM)  

The surface morphology of the CFs and the composites were investigated by scanning 

electron microscope. It was performed by a Thermo Helios G4 PFIB Cxe operating in the range 

of 0-30 keV. Before the measurement, the samples were mounted on conductive carbon tape.  

 

4.3.5 Energy-dispersive X-ray spectroscopy (EDX) 

The EDX measurement of the composites was completed with the SEM equipped with a 

Rontec XFlash Detector 3001 SDD device. Typical EDX maps and spectra were acquired using 

an acceleration voltage of 25 keV with a beam current of 13nA and a dwell time of 500 μs. 
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4.3.6 Transmission electron microscopy (TEM) 

The TEM investigation was done using the instrument Jeol JEM-2010F. The samples were 

prepared by dispersing the CF powders in isopropanol, dropping the suspension on the Cu-

supported amorphous C film and drying the suspension under ambient conditions. The pore 

size distribution of CFs was determined using the ImageJ software [211] from TEM 

micrographs. 

 

4.3.7 X-ray micro-computed tomography (μCT) 

The three-dimensional architecture of the CFs was imaged using YXLON FF35 dual-beam 

μCT equipment (microfocus X-ray tube, transmission beam, acceleration voltage: 50 kV). 

 

4.3.8 X-ray powder diffraction (XRD) 

The structure of the CFs was determined using the Bruker D8 Advance diffractometer with 

Cu Kα radiation source (40 kV and 40 mA) in parallel beam geometry (Göbel mirror) with a 

position-sensitive detector (Vantec1, 1° opening). Measurements were taken in the 2-100° 2θ 

range with a goniometer speed of 0.007° 2θ/14 s. Samples were top-loaded on zero background 

Si sample holders. 

The crystal structure of the blank BiOCl and CF-BiOCl was characterized using a Rigaku 

MiniflexII diffractometer with a Cu K-α radiation source (30 kV and 15 mA) in a range of 3° 

≤ 2θ ≤ 90° with a scan speed of 0.01° 2θ/sec. The primary crystallite size (D) was calculated 

using the Scherrer equation given below: 

D =  
Kλ

βcosθ
 (5) 

 

where K is a dimensionless shape factor, λ is the wavelength of the X-ray, β is full-width 

at half maximum (FWHM) of the diffraction peaks, and θ is the Bragg angle [212].  

 

4.3.9 Raman spectroscopy 

Raman spectroscopy measurements were carried out using a high-resolution Raman 

spectrometer Nicolet Almega XR (Thermo Electron Corporation, USA) equipped with a 532 

nm Nd:YAG laser (50 mW). 
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4.3.10 Surface area measurement  

Nitrogen adsorption-desorption experiments were carried out at 77 K to determine the 

BET  [213] specific surface area of the CFs using an ASAP 2020 instrument (Micromeritics 

Instrument Corp., USA). Five different data points in the P/P0 range of 0-0.3 were used to 

determine the SBET. Before each measurement, the samples were degassed by holding them at 

90 °C for 24 h. The total pore volume was calculated from N2 adsorption data at a relative 

pressure of 0.97. The micropore volume was obtained using the t-plot method. Mesopore 

volume was determined by the Barrett-Joyner-Halenda (BJH) method. 

 

4.3.11 Density  

The density of the CFs was determined using a Mohr-Westphal-type density balance after 

plunging the specimens in ethanol. Averages of 5 independent measurements were done. 

 

4.3.12 Mercury intrusion porosimetry (MIP) 

The pore size distribution of the CFs and powdered samples (CF crushed using mortar and 

pestle) was determined using mercury intrusion porosimetry (MIP). The tests were done using 

PASCAL 140 (low pressurization system down to 0.04 MPa) and PASCAL 440 (high 

pressurization system up to 400 MPa) instruments (Thermo Scientific). One test was performed 

on 3D CF and 2 tests were run with powdered samples to cover the entire range of inter- and 

intraparticle pores present in the samples. 

 

4.3.13 X-ray photoelectron spectroscopy (XPS) 

The XPS analyses of CFs were carried out by the PHI-TFA XPS spectrometer (Physical 

Electronics Inc.) equipped with an Al-monochromatic source. The analysed area was 0.4 mm 

in diameter and the analysed depth was about 3-5 nm. The high-energy resolution spectra were 

acquired with an energy analyzer operating at a resolution of about 0.6 eV and pass energy of 

29 eV. The accuracy of binding energies was about ±0.3 eV. To study surface chemistry, high-

energy resolution XPS spectra C 1s, O 1s and N 1s were measured and decomposed into 

different peaks related to different bonding of elements on the surface. 

For the XPS analysis of the blank BiOCl and CF-BiOCl composites, the Supra plus 

instrument (Kratos, Manchester, UK) controlled by ESCApe 1.4 software (Kratos) was used. 

The instrument was equipped with an Al Kα excitation source. The binding energy scale was 

corrected using the C-C/C-H peak at 284.8 eV in the C 1s spectra. During the XPS analysis, 
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the charge neutralizer was on. The spectra were acquired at a 90° take-off angle on a 300 by 

700-micron spot size. Survey spectra and high-resolution spectra were measured at pass energy 

of 160 eV and 20 eV, respectively. Background subtraction was performed using Shirley 

background subtraction [214].  

 

4.3.14 Dynamic light scattering (DLS) 

Electrophoretic measurement of the CFs was performed using a DLS (ZetaSizer NS, 

Malvern, UK) device. The measurement is based on the combination of laser Doppler 

velocimetry and phase analysis of light scattering (PALS) in Malvern’s M3-PALS technique. 

 

4.3.15 Wettability test 

Wettability tests were carried out for the CFs using the sessile drop method (SP 12 melt 

microscope - Sunplant Ltd., Hungary), via the acquisition of a silhouette shot. This method 

measures the angle of the sessile drop resting on the flat surface of the CF (polished using 

emery cloth sheets) using a goniometer – a microscope equipped with a video camera and a 

suitable magnifying lens, interfaced with a computer running image analysis software (KSV 

Instrument Ltd., Finland) was used to determine the tangent angle. 

 

4.3.16 Diffuse reflectance spectroscopy (DRS) 

Avantes AvaSpec-2048 spectrometer was used for measuring the diffuse reflectance 

spectra of the pristine BiOCl and CF-BiOCl composites. The indirect band-gap energy was 

calculated using the Kubelka-Munk equation given as follows: 

(F(R)hν)γ = A(hν − Eg) (6) 

where h is the Planck constant, ν is the frequency of the incident photon, γ represents the 

nature of the electronic transition (γ=2 for direct allowed transition and γ=1/2 for indirect 

allowed transition), A is the proportionality constant, Eg is the band gap energy. Tauc plot 

((F(R)hν)1/2 versus photon energy (hν)) is used to determine the band gap of the samples. The 

electron transitions were evaluated by plotting the first derivative spectra dR/dλ. 

 

4.4 Electrochemical studies 

4.4.1 Fabrication of electrodes and SC coin cells  

Symmetric two-electrode cells were fabricated to analyse the charge-storage capabilities of 

electrodes based on EFAC1 and EFAC2 in an aqueous, 6 M KOH electrolyte. The electrode 
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inks were prepared by mixing the CFs (70%) with PVDF (20%) and CB (10%) with a total 

weight of 0.4 g in 4 mL NMP. PVDF acts as a binder, while CB is a conductivity enhancement 

agent. The homogeneous ink was cast on Ni foil (current collector) using a doctor blade setup 

and dried in an oven. The average thickness of the films was 40 μm. Circular electrodes of 12 

mm diameter were obtained using a steel punch. The effective mass of active material on each 

electrode was ~2.4 mg. Two electrodes with very similar active material masses were chosen 

and pressed at 6.9 MPa. Before assembly, 14 mm glass microfibre filter (Whatman) separators 

were soaked in a 6 M KOH electrolyte. CR2032 coin cell cases were used for the fabrication 

of SCs. The assembled cells were pressed at 5.2 MPa using a crimper and the cells were left 

for 24 h to allow the electrodes to sufficiently soak the electrolyte before measurement. A 

schematic representation of waste PU elastomer-based CF electrode assembled in a symmetric 

two-electrode cell is shown in Fig. 14. 

 

 

Figure 14. A schematic representation of waste PU elastomer-based CF electrode for a 

symmetric two-electrode cell. 

 

4.4.2 Electrochemical characterization 

The electrochemical performance of the CF electrodes was evaluated using symmetric two-

electrode systems and 6 M KOH electrolyte via cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD), and electrochemical impedance spectroscopy (EIS) using a Biologic 

potentiostat workstation. CV was carried out at different scan rates (5 to 200 mV/s) in the 

potential window of 0 to 0.8 V. The scan rate (mV/s) was kept constant for each measurement. 
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Charge-discharge measurements were performed at different current densities from 0.1 to 10 

A/g within the potential limits of 0 to 1 V.  

The gravimetric specific capacitance (Csp_g, F/g) and volumetric specific capacitance (Csp_v, 

F/cm3) of the CF-based electrodes were calculated from each charge-discharge curve using 

Eqs. 7 and 8, respectively: 

Csp_g =
2 × I × ∆t

m × ∆V
 , (7) 

Csp_v =  Csp_g ∗  ρ, (8) 

where I is the constant discharge current (A), Δt is the discharge time (s), m is the mass of 

active material on a single electrode (kg) and ΔV is the potential window of the discharge 

voltage (V). ρ is the density of the CFs, which was measured as 1.81 g/cm3 for EFAC1 and 

1.78 g/cm3 for EFAC2. 

The Coulombic efficiency (η) is defined as the ratio of discharging time to the charging 

time when the charge-discharge current densities are equal [215] and the parameter was 

calculated using Eq. 9. 

η =
tD

tC
 × 100% , (9) 

where tD and tC are the discharge and charge times (s). The Coulombic efficiency is usually 

used for evaluating the cycle stability of electrode materials and devices by comparing the first 

and the last cycle.  

The energy density (E, Wh/kg) of the device was calculated using Eqs. 10 and 11. 

E =
1

2
×

C × ∆V2

m × 3600
 , (10) 

 

C =
I × ∆t

∆V
 , (11) 

where C is the capacitance of the device (F). m is the total mass of the active material in 

both electrodes (kg).  

The power density (P, W/kg) is defined as, 

P =
E

∆t
 . (12) 

Cyclability and capacity retention of the SC was analysed by carrying out charge-discharge 

measurements over 5000 cycles at 3 A/g.  
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Electrochemical impedance analysis was performed in the frequency range of 100 kHz to 

0.1 Hz with an AC signal of 10 mV amplitude. The maximum power (Pmax, W/kg) of the device 

was calculated as, 

Pmax =
∆V2

4 × m × ESR
 , (13) 

where ESR (Ω) is the equivalent series resistance obtained from the impedance spectrum 

and m is the total mass of the active material in both electrodes (kg). 

 

4.5 Adsorption studies of CFs 

4.5.1 Adsorption test 

For the equilibrium adsorption study, a stock solution (10 mmol/L) of MB was prepared 

and the desired concentrations (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 mmol/L) were obtained 

by subsequent dilution. The experiments were carried out using 8 Erlenmeyer flasks, each 

containing 0.1 g of powdered CFs (EFAC1 and EFAC2) and 50 mL of MB working solution 

(0.5–4.0 mmol/L). These flasks were shaken for 2 hours at room temperature in a horizontal 

shaker. The adsorption of CFs was tested with different contact times and equilibrium 

adsorption was achieved in 2 hours. The parameters were selected based on preliminary studies 

such that full adsorption isotherms were obtained. After shaking, the mixtures were 

immediately centrifuged, the supernatant was collected and the residual MB concentrations 

were measured by a UV-Vis spectrophotometer (UV-6300PC Double Beam 

Spectrophotometer, VWR International Ltd.) at a maximum wavelength of 664 nm.  

 

4.5.2 Adsorption isotherm 

The Langmuir and Freundlich isotherm models were used to describe the equilibrium 

characteristics of the adsorption of MB onto CFs and the relevant equations (Eqs. 14-16) are 

given below: 

The equation of the Langmuir isotherm is given as follows: 

qe =
qm × KL × Ce

1 + Ce × KL
, (14) 

RL =
1

1 + KL × Ci
, (15) 

where qe is the amount of MB adsorbed at equilibrium (mg/g), Ce is the equilibrium 

concentration of the MB (mg/L), qm is the maximum adsorption capacity (mg/g) and KL is the 

Langmuir equilibrium constant (L/mg). RL is the separation factor and Ci is the initial 
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concentration of MB (mg/L). The value of RL indicates the type of the isotherm to be either 

unfavourable (RL > 1), linear (RL = 1), favourable (0 < RL < 1) or irreversible (RL = 0) [216]. 

The Freundlich isotherm can be described as follows: 

qe = KF × Ce

1
n, (16) 

where KF and n are the Freundlich characteristic constants that represent the adsorption 

capacity and the adsorption intensity, respectively. 

 

4.6 Photocatalytic test of pristine BiOCl and CF-BiOCl composites 

The photocatalytic activity of the composites was evaluated via the photodegradation of 

MB in an aqueous solution under UV irradiation using UV-A lamps for 120 min (300-500 W) 

with emission maxima of 315 and 375 nm. The initial concentrations of MB were taken as 0.05 

mM/L and 0.5 mM/L. 200 mg of the catalyst was dispersed in 200 mL of MB solution and 

stirred in the dark for 2 hours. The total irradiation time was 2 hours under UV-A. 

Approximately 3.5 mL of the reaction suspension was removed in regular time intervals and 

filtered through a 0.22 μm syringe filter. The concentration of MB was measured using a UV-

Vis light spectrophotometer (UV-M51) at an absorbance of 664 nm. The degradation and 

residual rates of MB were calculated using Eqs. 17 and 18. 

The degradation rate of MB =
C0 − C

C0
× 100% (17) 

Residual rate of MB =
C

C0
× 100% (18) 

where C0 and C are the initial and final concentrations of MB, respectively.  

The kinetics of the photocatalytic degradation rate of MB was determined using the 

Langmuir-Hinshelwood kinetic model, as given in Eq. 19. 

ln
C0

C
= 𝑘t (19) 

The pseudo-first-order rate constant (k) was calculated from the slope of ln(C0/C) versus 

irradiation time t. 
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5. Results and Discussion 

5.1 Investigation of CFs prepared by one-step and two-step activation processes. 

The properties of the as-prepared CFs were tested using different characterization 

techniques and their results will be discussed in the sub-sections below: 

 

5.1.1 Yield of CFs 

Table 8 presents the experimental yields calculated using Eqs. 3 and 4 of the CFs obtained 

from the two different activation approaches and also the yields obtained from the TGA. In 

both processes, the yield of the CF prepared by the direct activation was higher than that 

obtained in the two-step process. The results of the TGA are explained in detail in the following 

section 4.1.2. 

 

Table 8. The calculated yield of the as-prepared CFs. 

Process Sample 

Mass of 

raw PU 

elastomer 

 

Mass after 

impregnation 

and drying 

 

Mass after 

carbonization 

 

Yield after 

carbonization 

(YC) 

 

Mass 

after 

activation 

 

Final 

yield after 

activation 

(YA) 

 

  (g) (g) (g) (%) (g) (%) 

Experiment 

EF900 0.5 1.6 0.4 25.0 - - 

EFAC1 2.0 6.0 - - 1.1 18.3 

EFAC2 3.5 10.5 2.6 24.8 1.4 13.3 

TGA 

EF900 - - - 30.8 - - 

EFAC1 - - -  - 20.5 

EFAC2 - - - 30.8 - 14.5 

 

5.1.2 Thermal behaviour of foams at different synthesis conditions 

The behaviour of impregnated PU elastomers when subjected to different heat treatment 

temperatures in O2 and N2 atmospheres was measured using the heating microscope analyser 

and the respective images are shown in Fig. 15. 
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Figure 15. Heating microscope analysis of the impregnated PU elastomer in O2 and N2 

atmospheres at different temperatures. 

 

From the image analysis, it can be evident that the foams behave differently in the two 

atmospheres. The increase in temperature in the O2 environment destroys the foam structure 

and at higher temperatures, only some traces or no material remain, whereas pyrolysis in the 

N2 atmosphere prevents complete oxidation of the impregnated foams even at high 

temperatures. As a result, the structure of the foams has been retained with reduced size and 

weight.  

Further, the raw and impregnated PU elastomers were investigated by TGA in different 

atmospheres and the thermal behaviour of raw foams in N2 at 900 ℃ is shown in Fig. 16.  

 

 

Figure 16. TGA of the raw PU elastomer pyrolyzed in N2 at 900 ℃. 

 

From Fig. 16, the initial decomposition temperature at 8.32% weight loss was observed at 

approximately 250 ℃ and the first decomposition stage in the range of 280-350 ℃ was 
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associated with the degradation of thermally unstable urethane linkage. The second 

decomposition stage occurred approximately at 350-460 ℃ due to the decomposition of the 

polyol chains [217]. Moreover, the thermal behaviour of impregnated PU elastomers in the N2 

and CO2 atmospheres at varying temperatures were analysed, which is shown in Figs. 17a-f.  

 

 

Figure 17. TGA of the impregnated PU elastomer pyrolyzed in (a) N2 at 1100 ℃, (b) CO2 at 

1100 ℃, (c) N2 at 1000 ℃ for 60 min, (d) CO2 at 1000 ℃ for 60 min (one-step process), (e) 

N2 at 900 ℃ for 60 min (1st step of the two-step process), and (f) CO2 at 1000 ℃ for 60 min 

(2nd step of the two-step process). 
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The thermograms in Figs. 17a and b represent the samples carbonized at 1100 ℃ at a 

heating rate of 10 ℃/min in N2 and CO2, respectively. The primary weight loss until 180 ℃ 

was due to the removal of residual water and the notable change at 180-320 ℃ was attributed 

to the pyrolysis or caramelization of acidified sucrose [218] followed by the initiation of the 

urethane bond breakage. In the temperature range of 300-450 ℃, a sudden loss of mass was 

observed that might be due to the cleavage of hard and soft segments of urethane linkages 

leading to the formation of a primary amine, terminal alkene and CO2, or the formation of a 

secondary amine and CO2 [96]. The remaining mass loss was due to the oxidation of carbon 

present in the sample with the evolution of CO and CO2. The thermal behaviour of impregnated 

foams in N2 (Fig. 17a) and CO2 (Fig. 17b) was similar, with only a slight change in the mass 

loss beyond 1000 ℃ in the CO2 atmosphere. Both gases behaved similarly, with the difference 

of N2 acting as an inert gas even at high temperatures, while CO2 became more reactive at 

approximately 1000 ℃. Thus, the mass loss of 2.77% due to the removal of carbon in the form 

of CO and CO2 can be observed in Fig. 17b. This was further investigated by heating the 

impregnated foams to 1000 ℃ in N2 and CO2 at a heating rate of 10 ℃/min with a dwell time 

of 60 min.  Figures 17c and d show that the total mass loss until 1000 ℃ was almost the same 

in N2 and CO2 atmospheres, respectively. However, the thermal behaviour at 1000 ℃ from the 

100th to the 160th minute showed a significant difference between the environments. During 

this time, there was little mass loss in N2 atmosphere (3.18%), whereas in CO2 the mass loss 

was comparatively higher (10.43%). Therefore, it is clear that the critical temperature for the 

CO2 gas to become more reactive was 1000 ℃ and the significant mass loss during the 

residence time revealed that the CO2 gas removed increasingly more atoms from the carbon 

skeleton. Thus, CO2 appeared to be a good activating agent for producing CFs with 

advantageous surface characteristics. Furthermore, temperature and time play a crucial role in 

the activation process.  

The two different activation approaches, i.e., the one-step and two-step processes, were 

compared based on the TG curves shown in Fig. 17d and Figs. 17e and f, respectively. Figure 

17d represents the one-step activation process, the mass loss behaviour of which has already 

been discussed. From this thermogram, the yield of the directly activated CF was found to be 

20.5 % (residue). Figures 17e and f represent the two-step activation process. The first step of 

carbonization was done in N2 by heating at a rate of 10 ℃/min up to 900 ℃ with a dwell time 

of 60 min. The thermal behaviour was similar to that shown in Fig. 17c. In the second step, the 

produced char was activated in CO2 at a heating rate of 10 ℃/min until 1000 ℃ with a dwell 
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time of 60 min. In the two-step process, the yield of the obtained char in the first step was 

30.8%. From the curve (Fig. 17f), the yield after the activation was calculated to be 14.5 %. 

Thus, the yield obtained from the one-step process was higher than that of the two-step process. 

These results are in line with the experimentally determined yields (given in Table 8). 

 

5.1.3 Chemical composition of CFs 

The chemical composition of the CFs measured by the CHNS-O analyser is depicted in 

Fig. 18. 

 

 

Figure 18. Chemical composition of raw, impregnated foam and CFs prepared at different 

pyrolysis conditions. 

 

The as-prepared porous CFs contain higher carbon (EFAC1 – 97.0%; EFAC2 – 94.8%) and 

lower hydrogen, nitrogen and oxygen contents. This residual content indicated the presence of 

surface functional groups. Supposedly, CF prepared by the two-step process contained more 

material bound as surface functional groups than the foam synthesized by the one-step process, 

as it had higher carbon content.  
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Figure 19. Metallic impurities (in ppm) of activated CFs by ICP- OES. 

 

Carbon purity is a key factor especially for EDLCs with long cycle life and it is 

recommended to minimize the heavy metal content in all manufacturing steps of 

electrodes  [219]. Hence, the metal ion impurities of the CFs and the AC-X (reference) were 

analysed using the ICP-OES technique, which is shown in Fig. 19. The metallic impurities of 

CFs were between 15-110 ppm, which is 25-40 times lower than the metallic impurities of 

commercial biomass-derived AC-X.  

 

5.1.4 Surface morphologies of CFs 

SEM micrographs of the impregnated, carbonized and activated porous CFs are shown in 

Figs. 20a-h.  
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Figure 20. SEM micrograph of (a, b) impregnated PU elastomer, (c, d) EF900, (e, f) EFAC1, 

and (g, h) EFAC2. 
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The higher magnification SEM micrographs of EF900 and EFAC2 showed a disordered 

microstructure with pores and interconnected threads of varying morphologies as shown in 

Figs. 20d and h. However, the morphology of EFAC1 was nearly homogeneous with uniform 

pores and threads (Fig. 20f). But, no such fibrous structure is seen on the micrograph of the 

impregnated sample (Figs. 20a and b).  

 

 

Figure 21. TEM, high-resolution micrographs and pore size distribution of (a-d) EF900, (e-

h) EFAC1, and (i-l) EFAC2. 

 

The high-resolution TEM micrographs and the pore size distribution of the porous CFs are 

shown in Figs. 21a-l. Even at higher magnification, EFAC1 displayed the interconnected 

fibrous and porous structure consisting of numerous visible mesopores and macropores 

whereas EF900 and EFAC2 are less porous and contain denser carbon particles. The high-

magnified images of all samples (Figs. 21c, g and k) show the amorphous nature of carbon 

sheets with micropores and less graphitic carbon on the edges. Comparing EFAC1 and EFAC2, 

the pore size distribution of EFAC1 in Fig. 21h reveals the presence of well-distributed micro-

mesopores. Moreover, these carbonaceous materials are composed of numerous nano-sized 

carbon particles of varying sizes, irregularly shaped sheets and thin irregularly shaped particles. 

Figure 21e has shown the higher porosity of EFAC1, however, the spherical carbon particles 
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seem dense and non-porous. Both materials possess an amorphous or turbostratic structure and 

their structural properties analysed by XRD and Raman are discussed in the following 

section  (5.1.5). 

Furthermore, the three-dimensional architecture of the raw PU elastomer and CFs were 

imaged with μCT equipment and the corresponding images, the pore size distribution of the 

raw PU elastomer, and the particle size distribution of the CFs are shown in Figs. 22a-l. 

 

 

Figure 22. CT images, pore and particle size distribution of (a-c) raw PU elastomer, (d-f) 

EF700, (g-i) EF900, and (j-l) EFAC1. 

 

Many spherical and cylindrical pores could be observed inside the pure PU elastomer 

(Figs.  22a, b and Video 1). This porous architecture could act as a template for the formation 

of carbon spheres inside the foam structure. As polymeric materials have a high carbon content 

and a unique π-conjugated system, the pyrolysis of polymers leads to the formation of 
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nanotubes, nanospheres, etc. [220]. Besides, sucrose can be widely used as a carbon source for 

the synthesis of carbon spheres, mainly in autoclave processes [221]. Therefore, potentially, 

both the polymer template and the sucrose precursor played a significant role in the formation 

of carbon spheres. The formation of carbon spheres inside the foam can be explained with 

reference to the mechanism proposed by Zheng et al. [222]: the diluted sulfuric acid hydrolyzed 

the glycosidic bonds of sucrose and formed glucose and fructose monomer units. Further 

dehydration occurred upon drying at a low temperature (110 ℃) and during pyrolysis or 

activation in the tube furnace at a temperature between 160–200 ℃, polymerization took place 

to form colloidal carbon spheres inside the porous PU elastomer template. When the 

temperature reached 300–400 ℃, the colloidal carbon spheres were subjected to self-assembly 

and aggregation. At higher temperatures (above 450 ℃), the spherical aggregates were fused 

into solid carbon spheres of varying sizes. With the evidence of the pore and particle size 

distribution of the CFs calculated from CT imaging, it appears likely that during pyrolysis and 

activation, the carbon spheres were formed from the sucrose precursor filled inside the 

spherical pores of the polymer template, as seen in Figs. 22d, g, j and Video 2. The macropores 

or interconnected channels of the CFs were also visible in the CT images (Figs. 22d, g, j). As 

seen in Fig. 22c, the sizes of the major pores of the PU template were in the range of 50-300 

μm. Similarly, the particle sizes of carbon spheres were between 50 and 200 μm (in Figs. 22f, 

i, l). Thus, it appears that the pore size distribution of the PU template was a factor that 

influenced the size of carbon spheres. Note that the CT analysis only provided the pore and 

particle size distribution in the micrometre range. 

 

5.1.5 Structural properties of CFs 

The structural properties and the type of carbon obtained were investigated by XRD and 

Raman spectroscopy (shown in Fig. 23). Figure 23a shows the XRD diffractogram of CFs 

with (EFAC1 and EFAC2) and without activation (EF700 & EF900). The diffractograms 

exhibited two broadened and weak diffraction peaks at 21.5˚ ≤ 2θ ≤ 23.5˚ and around 43.5˚ that 

correspond to the respective (002) and (100) diffraction of the amorphous or disordered 

turbostratic carbon skeleton [96], [223]. These peaks are of low intensity and not well-defined. 

This indicates a low degree of graphitization of the obtained carbon irrespective of the 

activation process. Therefore, from the XRD investigation, it can be observed that the obtained 

CFs were of a non-graphitized, turbostratic structure, in line with earlier reported results [96].  
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Figure 23. (a) Powder X-ray diffractogram, and (b) Raman spectra of the CFs. 

 

Raman spectra of the CFs prepared at temperatures 700, 900 and 1500 ℃ in the N2 

atmosphere and the CFs are shown in Fig. 23b. The spectrum “EF1500” represents the CF 

prepared at 1500 ℃ in N2 and was included to provide a reference to compare with the Raman 

spectra of the samples prepared at lower temperatures. The first-order region in the Raman 

spectra displayed two main peaks at around 1340 cm-1 and 1580 cm-1. The former peak is 

usually referred to as the D-band (or defect-induced band), attributed to the vibration of carbon 

atoms with dangling bonds in planar termination of the disordered graphite-like 

framework  [224] and the latter peak is the G-band (graphitic band), corresponding to the in-

plane stretching motion of sp2-bonded carbon atoms with E2g symmetry [225]. The band 

observed around 2695 cm-1 as a rising peak in the spectrum of EF1500 and a broad modulated 

bump of the three Raman bands in the remaining samples are the overtone of the first order 

bands usually referred to as Gꞌ or 2D peak. Generally, the ratio of intensities of D and G bands 

(ID/IG) provides information about the size and structural network of the graphite crystals. The 

relative peak intensity of D and G peaks are given in Table 9.  

 

Table 9. The ratio of Raman intensities.  

Sample ID IG ID/IG 

EF700 0.899 1.0 0.899 

EF900 0.929 1.0 0.929 

EFAC1 0.998 0.965 1.034 

EFAC2 0.998 0.963 1.036 

EF1500 0.998 0.947 1.054 
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Another band (Dꞌ peak) appeared around 1600 cm-1 that merged with the G band in all four 

samples, similar to very small and disordered crystals with little three-dimensional order as 

reported previously [226]. Furthermore, while considering the bandwidth (full width at half 

maximum, FWHM) of the peaks D and G, usually the ordered crystals acquire γD and γG values 

in the range of 60-65 cm-1 and 25-50 cm-1, respectively [227]. Here, the γD value of EF700 and 

EF900 was approximately 270 cm-1, representing a disordered carbon structure and the values 

decreased to approximately 190 cm-1 and 100 cm-1 for the activated samples (EFAC1 and 

EFAC2) and EF1500, respectively. Thus, the decreasing bandwidth of the D peak for the 

activated and carbonized foams at high temperatures indicates the ordering of the graphitic 

crystallite domains in the sample. Moreover, the merging of the G and Dꞌ peaks increases the 

width of the G peak with the γG value around 110 cm-1 for EF700 and EF900, 93 cm-1 for the 

activated samples (EFAC1 and EFAC2) and 75 cm-1 for the sample carbonized at high 

temperature (EF1500). These values further indicate that the CF possessed a structure with 

little in-plane graphitic order and negligible three-dimensional ordering. Besides, the broad and 

low intensity of the 2D peak indicates an irregular or disordered arrangement of the graphitic 

framework. 

The reason for the existence of the D peak is still not clear. According to Tuinstra and 

Koenig [228], the ratio of the peak intensity of D and G bands is inversely proportional to the 

size of the graphitic crystallites present in the sample i.e. ID/IG = C/La, where C = 4.4 nm for 

an excitation wavelength of 515.5 nm and La is the size of the crystallite. Later, Ferrari and 

Robertson [229] reported that the T-K rule was no longer valid for amorphous carbon since 

increasing defects and reducing La below 2.5 nm, the decreased number of ordered rings are 

indicated by a smaller D-band (ID/IG α La
2), therefore the D-band and the intensity ratio (ID/IG) 

decreases with increasing amorphization. This fact was further confirmed by Jurkiewicz et 

al.  [230] while investigating the structure of glassy carbon produced at temperatures below 

1000 °C. Thus, the shorter D-band and the decreased intensity ratio of the CFs prepared at 

lower temperatures (EF700, EF900) represented the disordered sp2 bonded carbon with 

distorted pentagonal, hexagonal folded rings or rings of other orders. At higher temperatures, 

the development of the D-band and increased intensity ratio indicated the ordering of hexagonal 

carbon network or graphene layers to a certain extent. Thus, both the carbonized and activated 

CFs had a turbostratic structure with small or disordered crystals with little or no three-

dimensional ordering. 
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5.1.6 Textural and surface properties of CFs 

The adsorption properties of the CFs were determined by N2 adsorption tests. The BET 

model was used for the estimation of specific surface area. For determining the micropore 

volume, the t-plot method was used. Table 10 summarizes the textural properties calculated 

from the obtained N2 adsorption isotherm at 77 K.  

 

Table 10. Textural properties of CFs 

a Micropore volume determined using t-plot; b BJH adsorption cumulative pore volume of 

pores between 1.7 nm and 300 nm; c Total pore volume at P/P0 ~ 0.97. 

 

The pyrolysis of impregnated foams in N2 (EF900) exhibited an SBET of 370 m2/g and a 

total pore volume of 0.21 cm3/g. Micropores contributed to the surface area and these 

micropores originated from the removal of surface O- and H- functional groups as tar and gas 

during pyrolysis. The textural properties of the char (EF900) were further enhanced by CO2 

activation. The more suitable temperature for activation was found to be 1000 ℃, as the SBET 

decreased upon activation at 900 ℃ (328 m2/g). This might be due to the less reactive nature 

of CO2 at 900 ℃, as discussed before by TGA. Thus, the maximum SBET of CF obtained by 

two-step activation was 964 m2/g – this corresponded to activation at 1000 ℃ for a dwell time 

of 100 min. The highest SBET, 2172 m2/g, and a total pore volume of 1.08 cm3/g were obtained 

with direct, one-step activation at 1000 ℃ in a stream of CO2 for 100 min. In both approaches, 

some of the carbon in the matrix was gasified, leading to the generation of new micropores 

Sample 

Specific 

surface area 

(SBET) 

Micropore  

area 

External 

surface area 
Vm a VBJH

b VT 
c 

Pore 

size 

 

(m2/g) (m2/g) (m2/g) (cm3/g) (cm3/g) (cm3/g) (nm) 

EF900 370 338 32 0.18 0.018 0.21 2.2 

EFAC2 (900 ℃) 328 285 43 0.18 0.027 0.22 2.7 

EFAC2 (1000 ℃) 964 769 195 0.36 0.041 0.47 1.94 

EFAC1 (30 min) 334 290 44 0.13 0.017 0.16 1.92 

EFAC1 (50 min) 896 762 134 0.36 0.034 0.43 1.90 

EFAC1 (80 min) 1058 765 293 0.35 0.067 0.50 1.89 

EFAC1 (100 min) 2172 577 1595 0.30 0.452 1.08 2.0 

EFAC1 (130 min) 1421 561 860 0.25 0.255 0.71 1.99 
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with subsequent pore widening. Simultaneously, the release of CO and CO2 further increased 

porosity.  

The thermal decomposition of impregnated foams in N2 or CO2 led to the release of volatile 

matter in the form of vapours, tars and gases with the creation of pores in the residual char. The 

primary constituents of tar are aromatic hydrocarbons: toluene, furan, phenol and polycyclic 

aromatic hydrocarbons (PAHs) [231]. The primary tars can undergo polymerization reactions 

and secondary char formation as proposed by Gilbert et al. [232]. In one-step activation at 1000 

℃ for 100 min, the CO2 reacted with tars released from impregnated foams, hindering the 

polymerization reaction and secondary char formation, resulting in higher SBET. However, in 

the two-step process, the formation of these condensable tars during pyrolysis in N2 created 

secondary char, partially or completely filling the created pores, resulting in chars with a lower 

SBET (370 m2/g). During the activation of this char at the same condition as with direct 

activation (1000 ℃ for 100 min), the CO2 removed the condensed tar particles from the pores 

and also created new micropores, as indicated by the high micropore surface area (769 m2/g) 

and increased micropore volume (0.36 cm3/g). Due to the secondary char formation, the SBET 

of the CF produced in the two-step process was lower than that of the direct-activated CF at 

the same condition.  

 

 

Figure 24. Pore volume distribution of CFs with various pore size ranges. 
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In one-step activation, the proportion of micropores progressively increases with an 

increase in the activation time. Once the activation time is increased beyond 100 minutes, the 

proportion of meso- and macropores sharply increases with a considerable drop in the 

proportion of micropores. Direct activation also increased the total pore volume of the samples, 

especially at longer activation times. Thus, the activation time is another critical parameter for 

optimizing porosity. The proportion of micropore, mesopore and macropore volume to the total 

pore volume was calculated for each sample and depicted in Fig. 24. Meso- and macropores 

are transport pores that influence the adsorption kinetics and diffusion rate of the adsorbate 

within the material. The pore volume between the pore size of 1.7 and 300 nm was 

approximately 42% of the total pore volume; this substantially increased in the case of EFAC1 

(100 min). The larger surface area and enhanced pore volume of EFAC1 indicate the potential 

for applications as an adsorbent with a hierarchical pore configuration.  

To better characterize the macroporosity of the samples, mercury intrusion porosimetry 

was used. The meso- and macropore size distributions of the CFs and their powdered samples 

were determined in the range of 4 nm to 110,000 nm and the histograms are shown in 

Figs.  25a-f. The pore size distribution of the 3D CFs was also analysed, as it is relevant for 

their application as a support material. The comminution of the 3D EFAC1 shifted the peaks 

towards the smaller pore size ranges and the number of pores below 100 nm increased. The 

pore volume and size distribution of EFAC1 in powder form displayed a multimodal 

distribution with four intrusion steps in the domain of meso- and macropores from 4.7 nm to 

17 μm, as shown in Fig. 25d. In both forms, EFAC2 exhibited a wider pore size distribution 

with four intrusion steps; the respective pore sizes are marked in Figs. 25e and f. Results from 

MIP and N2 adsorption analysis corroborate the hierarchical pore structure of the synthesized 

CFs. 
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Figure 25. MIP pore size distribution of 3D CFs and powdered samples (a, b) EF900, (c, 

d) EFAC1, and (e, f) EFAC2. 

 

The pH-dependent surface charge provided insight into the surface functional groups of the 

CFs. Hence the zeta potential of powdered CFs in solutions of different pH was measured, 

which is shown in Fig. 26a. The pH at which the zeta potential equals zero is called the 

isoelectric point (pHiep). The zeta potential of carbonized (EF900) and activated CFs (EFAC1 

& EFAC2) declined from +12 mV to -24 mV, +21 mV to -23 mV, and +21 mV to -22 mV, 

respectively, when the pH of the solution was increased from 3 to 9. It can also be observed 

that all three samples displayed zeta potential values of approximately -20 mV at pH 7.0. 

Extrapolation to the pH-axis yielded an estimate of pHiep of 3.7 for the carbonized (EF900) and 
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4.5 and 4.0 for the activated samples EFAC1 and EFAC2, respectively. The activation process 

shifted the pHiep towards higher values and it was apparent that the activation by CO2 increased 

the surface basicity of the samples.  

 

 

Figure 26. (a) Zeta potential of CFs at varying pH, and (b) Wettability of CFs. 

 

Contact angles measured using a polar liquid (deionized water) were found to be dependent 

on the pyrolysis and/or activation process as shown in Fig. 26b. The reported angles measured 

were based on the Circle and Young-Laplace methods [233]; results are shown in Table 11.  

 

Table 11. Contact angles of carbonized and activated samples. 

Sample Edge angle (Circle), (°) Edge angle (Young-Laplace), (°) 

EF700 93 88 

EF900 65 56 

EFAC1 41 33 

EFAC2 0 0 

 

A significant decrease in the contact angle was observed for the activated CFs (EFAC1 & 

EFAC2). The CFs prepared by the two-step process were super-hydrophilic due to their 

specific porosity and surface functional groups introduced during the CO2 activation. Carbon-

oxygen was the most important surface group that influenced the surface characteristics, i.e., 

the wettability of the material. Here, activation increased the pHiep to 4 and 4.5, possibly due 

to the presence of basic surface functional groups that could improve the hydrophilicity of the 

material. Thus, the decrease of the contact angle (increasing hydrophilicity) could be attributed 
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to the activation by CO2, since it modified the carbon surface via the introduction of oxygen 

surface functional groups.  

Further, the predicted surface chemistry of the activated CFs was confirmed by XPS and 

the survey spectra are shown in Fig. 27 and the relative concentration of functional groups is 

given in Table 12.  

 

 

Figure 27. XPS survey spectra of the activated CFs. 

 

Table 12. The relative concentration of peaks deconvoluted from C 1s, O 1s and N 1s spectra 

Peaks Bonds EFAC1 (%) EFAC2 (%) 

C 1s 

284.4 eV C=C 54.5 54.7 

285.3 eV C-C/ C-H 18.5 18.8 

286.5 eV C-OH 10.4 11.0 

287.9 eV C=O/O-C-O 5.8 5.7 

289.3 eV O=C-O 5.4 4.9 

291 eV π-π* 5.4 4.8 

O 1s 

530.8 eV O=C/O-C-O 34.3 20.1 

532.7 eV C-OH 55.5 73.6 

535.4 eV C-O-C 10.2 6.3 

N 1s 
398.5 eV pyridinic N 27 30 

400.9 eV graphitic N 73 70 
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The deconvoluted XPS spectra of the CFs are shown in Figs. 28a-f. The C 1s spectrum of 

each CFs was decomposed into 6 peaks as shown in Figs. 28a and d, which shows the presence 

of graphitic carbon at 284.4 eV and 285.3 eV in particular with C=C and C-C/C-H bonds, 

respectively. The graphitic carbon concentration is about 55% in both samples. In addition to 

graphitic peaks, smaller peaks at higher binding energy are recognized and associated with 

oxidized carbon atoms, such as a peak at 286.5 eV relate to C-OH bonds, a peak at 287.9 eV 

relate to C=O/O-C-O bonds, a peak at 289.3 eV relate to O=C-O (COOH/COOR) bonds [234]. 

The peak at approximately 291 eV is assigned to the satellite peak due to π-π* interactions in 

benzene-type rings.  

 

 

Figure 28. Deconvoluted HR XPS spectrum (a, d) C 1s, (b, e) O 1s and N 1s (c, f) of the 

CFs. 

 

The deconvolution results of the O 1s peaks show three major functional groups as 

presented in Figs. 28b and e. The peak at the binding energy of 530.8 eV is assigned to the 

quinone-type carbonyl groups (O=C/O-C-O bonds). The peak at 532.7 eV corresponds to the 

C-OH bonds and the peak at 535.4 eV is related to C-O-C bonds [235]. From Fig. 28b and e, 

it seems the relative concentration of the oxygen-containing functional group, especially the 

hydroxyl group in EFAC2 is higher than in EFAC1, which enhanced the wettability of EFAC2, 

as shown by the contact angle measurement (Fig. 26b). XPS spectra of nitrogen N 1s 

(Figs.  28c and f) were measured for both the samples with similar intensities reflecting the 

surface concentration of 1-2 at.%. These spectra are decomposed into two peaks. The peak at 
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398.5 eV is smaller (23 % of the total intensity of N 1s spectra) and it corresponds to pyridinic 

N. The peak at 400.9 eV is larger (77 % of the total intensity of N 1s spectra) and it is related 

to graphitic N [236]. 

  

5.2 Applications of CFs 

Based on the excellent surface and structural properties, the as-prepared CFs from the waste 

PU elastomer by the two-different activation approaches have the potential as electrode 

materials, adsorbents and/or catalyst support. Hence, the application of CFs was explored by 

investigating their electrochemical performances in EDLCs, the equilibrium adsorption study 

of MB dye and the evaluation of the physicochemical properties and the photocatalytic 

performance of CF-supported BiOCl for the degradation of MB.  

 

5.2.1 Electrochemical performances of CFs 

To investigate the charge-storage properties of the porous activated CFs (EFAC1 and 

EFAC2) prepared via one-step and two-step activation processes, symmetric two-electrode 

cells were fabricated. The assembled two-electrode cells were analysed by CV, GCD cycling 

and EIS. 

Figures 29a and b show the cyclic voltammograms of EFAC1 and EFAC2 at different scan 

rates (5 to 200 mV/s) in the potential window of 0 to 0.8 V. The obtained cyclic 

voltammograms are symmetric and nearly rectangular at all scan rates. These rectangular 

shapes of the CV curves indicate ideal capacitive behaviour, revealing good charge transfer 

and showing the effective double-layer charge storage mechanism. In all cases, the capacitive 

current increases with the scan rates. In comparison with EFAC2, the EFAC1 has a larger area 

enclosed by CV and hence the highest capacitances at all scan rates. Though some Faradaic 

behaviour can be observed through the wide redox peaks on account of some redox processes 

of O- and N- heteroatoms present in the carbon framework, the primary contribution to 

capacitance comes from non-Faradaic EDLC behaviour due to enhanced surface area and 

electrostatic interaction of oxygen-containing functional groups with the aqueous electrolyte. 

As both materials have a higher percentage of the –OH group compared to other functional 

groups, the pseudo-capacitive behaviour might be because of the reaction >C-OH ↔ >C=O + 

H+ + e- at the electrode interfaces [237]. 
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Figure 29. (a, b) Cyclic voltammograms at different scan rates, (c, d) charge-discharge profiles 

at different current densities of the symmetric two-electrode cells, (e) comparison of the two 

materials in CV curves at a high scan rate of 200 mV/s, and (f) charge-discharge profile at 10 

A/g showing IR drop. 

 

Figures 29c and d show the galvanostatic charge-discharge curves of EFAC1 and EFAC2, 

respectively. The GCD curves exhibit good symmetry and nearly linear discharge slopes that 

confirms good electrochemical reversibility and Coulombic efficiency. Both electrode 

materials exhibit good stability at different current densities, as depicted by nearly triangular 

charge-discharge curves at all current densities. Thus, the GCD curves show the good rate 
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capability of the supercapacitor at different current densities, which indicates good charge 

storage behaviour.  

The performance of the two materials is compared by the CV (at a scan rate of 200 mV/s) 

and GCD (at a current density of 10 A/g) curves as shown in Figs. 29e and f. Even at a high 

scan rate of 200 mV/s and current density as high as 10 A/g, both materials show quasi-

rectangular-shaped CV curves and nearly triangular-shaped GCD curves. Such behaviour of 

the double-layer capacitor suggests a high rate capability and low internal resistance. However, 

there is a little IR drop (Fig. 29f) during the changing of polarity, which is smaller for EFAC2 

indicating the higher diffusion rate of electrolyte ions as it contains more –OH group than 

EFAC1. Due to the high electronegativity of the oxygen atom in the –OH group, the bond 

between oxygen and hydrogen is highly polar, which acts as an H-bond acceptor and donor. 

Hence it strongly attracts solvated electrolyte ions, enhancing the wettability of the carbon in 

the aqueous electrolyte and thus faster ion transport in EFAC2. 

 

 

Figure 30. (a) Gravimetric capacitance (Csp_g), and (b) volumetric capacitance (Csp_v) of 

EFAC1 and EFAC2 recorded at 0.1-1.0 A/g. 

 

Specific capacitances (Csp_g and Csp_v) of the CF-based electrodes are calculated from 

galvanostatic charge-discharge profiles and the calculated values are shown in Figs. 30a and b, 

which show similar tendencies of the change in capacitance with the current density. The 

measured specific capacitances correlate with the SBET of the CFs. Consequently, the material 

with the highest SBET shows the highest Csp_g of 74.4 F/g, while the material with the lowest 

SBET shows the lowest Csp_g of 63.0 F/g at a current density of 0.1 A/g. Moreover, the CF 

electrodes have an excellent volumetric capacitance of 134.7 F/cm3 (EFAC1) and 112.1 F/cm3 
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(EFAC2) at a current density of 0.1 A/g and retain the volumetric capacitances of 64.8 F/cm3 

and 53.7 F/cm3, respectively, even at a high current density of 10 A/g. Porous carbon with large 

specific surface areas is widely employed for EDLCs to improve gravimetric energy storage 

capacity; however, high surface area carbon-based electrodes suffer from poor volumetric 

capacitance due to the low packing density and large void fraction of porous materials [238], 

[239]. Electrodes fabricated from the as-prepared CFs contain dense carbon spherical particles, 

having the advantage of high packing density compared to other forms of amorphous 

carbon  [240]. The CFs that contain carbon spheres provide a compact structure while retaining 

high porosity that results in high gravimetric and volumetric capacitances.  

High specific capacitance and a very small IR drop observed at the beginning of the 

discharge curves indicate that both CF-based electrodes provide an excellent diffusion path for 

easier movement of ions between the electrodes and electrolyte during the charge-discharge 

process and high electrical conductivity shows good performance. However, EFAC1 shows 

better specific capacitances than EFAC2 as can be seen in the larger area enclosed by the CV 

curves as well as longer discharge time in GCD, as it has a higher SBET due to the hierarchical 

porous structure with micro-, meso- and macropores. As the EFAC2 has a lower SBET due to a 

less hierarchical structure, it exhibited relatively lower specific capacitances.  

Though the SBET of both materials has a large variance, the difference in their capacitances 

is minimal. The two different pathways of activation resulted in the difference in properties 

such as specific surface area, pore structure and surface functionalities. The hierarchical pore 

structure of EFAC1 aided in achieving higher capacitance due to its larger SBET, however, the 

larger IR drop showed that the rate of diffusion is slower. In EFAC2, though it possesses lower 

SBET, the more oxygen-containing functional group, mainly the –OH group on the carbon 

framework played a crucial role in achieving good capacitance and lower ohmic resistance 

predominantly through reversible adsorption-desorption mechanism due to its superior 

interface affinity properties [241].  

The electrochemical behaviour of the two materials was further investigated with the EIS 

over the frequency range of 100 kHz to 0.1 Hz. The sufficient ion diffusion is confirmed by 

the Nyquist plot (Fig. 31a). 
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Figure 31. (a) Nyquist plots of EFAC1 and EFAC2 (The inset figure shows that the semicircle 

in the high-frequency range indicates the charge transfer resistance), (b) Bode plot of phase 

angle with frequency, (c) frequency-dependent real capacitance plot (C' Vs frequency), and (d) 

frequency-dependent imaginary capacitance plot (C" Vs frequency). 

 

The Nyquist plots show a semicircle in the high-frequency region and a linear shape in the 

low-frequency region. The insets in Fig. 31a show the high-frequency region zoomed in for 

visibility. The high-frequency region depicts Faradaic charge transfer resistance on the surface 

of the porous electrode and more linearity in the low-frequency region indicates that the 

diffusion-controlled electrode kinetics and this resistance can be modelled as Warburg 

impedance [242]. The diameter of the semicircle region of the EFAC2 plot is smaller than that 

of the EFAC1, indicating lower charge transfer resistance. The values of charge transfer 

resistance obtained from impedance plots are 0.32 Ω and 0.23 Ω for EFAC1 and EFAC2, 

respectively. Meanwhile, the ability of fast ion diffusion can be judged by the projection of the 

Warburg type-line on the real axis. In comparison, the EFAC2 plot has a larger Warburg angle 

(> 45˚) indicating fast electrolyte ion diffusion into the electrodes. The more vertical the 

straight line at the low-frequency region, the more intensely the supercapacitor behaves like an 

ideal capacitor. The ESR can be determined from the offsets on the x-axis in the high-frequency 
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region. The ESR obtained from the impedance plots are 1.32 Ω and 1.05 Ω for EFAC1 and 

EFAC2, respectively. The presence of oxygen-containing functional groups, especially the 

higher percentage of hydroxyl functional groups relatively improved the wettability of EFAC2 

in the aqueous electrolyte, facilitating the easier diffusion of ions into the carbon electrodes, 

thus achieving lower charge transfer resistance. The hierarchical porous structure of EFAC1 

does not necessarily enhance ionic transport in the CFs and similar behaviour of high 

capacitance and high ESR was observed and the mechanism of diffusion of electrolyte ions 

into the HPC was reported [243]. Therefore, apart from hierarchical porous structure, the type 

and concentration of surface functional groups play a major role in determining the rate of 

diffusion of electrolyte ions into the carbon electrodes. This process is crucial in determining 

the power density of a supercapacitor. Using the ESR value, the maximum power of the device 

was calculated to be 39.29 kW/kg (EFAC1) and 48.89 kW/kg (EFAC2), respectively.  

Figure 31b shows the Bode phase plot (phase angle Vs frequency) of EFAC1 and EFAC2. 

At high frequencies, the phase angle is almost zero. Below 100 Hz, the phase angle increases 

rapidly towards a more negative value with decreasing frequency. At the low-frequency region, 

a phase shift of -76.77˚ and -79.26˚ is observed for EFAC1 and EFAC2, respectively, which is 

close to -90˚, exhibiting nearly ideal capacitive behaviour [244]. The capacitor response 

frequency corresponds to the phase angle of -45˚, at which the SC transform from purely 

resistive to purely capacitive behaviour [245]. EFAC2 reached -45˚ at a relatively higher 

frequency than EFAC1, thus revealing the fastest diffusion of ions in EFAC2. The plots of 

frequency-dependent C' and C" components of the capacitance of both materials are shown in 

Fig. 31c and d. From the real part of the capacitance (C') Vs frequency plot, we observe that at 

high frequencies the capacitive behaviour vanishes as the electrolyte ions can have access only 

to the surface of carbon electrodes. However, at low frequencies, the polarization is slower 

resulting in maximum capacitance as the ions can reach the whole surface of the electrodes. In 

the transition region, the capacitance is limited by the diffusion of ions inside the carbon 

particle [243]. As discussed before, the EFAC2 exhibits the transition at the highest frequency, 

therefore the fastest diffusion rate. The peak in the plot of the frequency-dependent imaginary 

part of capacitance (C") displays a maximum capacitance at a frequency f0 which corresponds 

to the relaxation time τ0 (=1/f0). The relaxation time is a measure of how fast the device can be 

charged/discharged and implies the minimum time needed to discharge all the energy from the 

device with an efficiency greater than 50% [246]. Hence the shorter the time, the less limited 

the charge transport. The relaxation time of EFAC1 and EFAC2 is found to be 479 ms and 
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295 ms, respectively. The shorter relaxation time of EFAC2 indicates faster charge/discharge 

reversibility and efficiency.  

The energy densities of EDLCs are calculated using the Csp_g obtained from charge-

discharge profiles and the results are shown in Fig. 32a. The energy densities are 2.58 Wh/kg 

and 2.19 Wh/kg for EFAC1 and EFAC2, respectively, at the current density of 0.1 A/g. The 

Ragone plot for the CF-based EDLCs is shown in Fig. 32b.  

 

 

Figure 32. (a) Energy densities calculated at different current densities, (b) Ragone plot for 

EFAC1 and EFAC2, (c) charge-discharge profiles of EFAC1 and EFAC2 at 1st and 5000th cycle 

at a current density of 3 A/g, and (d) cycle life of the supercapacitor measured at a current 

density of 3 A/g. 

 

Moreover, the cyclic stability of the CF-based cells is explored in a 6 M KOH aqueous 

solution at 3 A/g. The specific capacitances of EFAC1 and EFAC2 at 3 A/g are calculated as 

45.6 F/g and 38.2 F/g, respectively and they have slightly decreased to 44.6 F/g and 37.1 F/g, 

respectively, even after 5000 cycles. The charge-discharge profile remains symmetric after 

multiple cycles (Fig. 32c), indicating relatively high capacitance retention of 97.7% (EFAC1) 

and 97.0% (EFAC2) as shown in Fig. 32d. The Coulombic efficiency (η) of the cells is close 
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to 100 % for the 5000 charge-discharge cycles at 3 A/g. The exceptional rate capability is 

potentially due to the porous structure and also the presence of oxygen functional groups that 

facilitates ion diffusion and the high electrical conductivity that enables fast charge transfer at 

interfaces and into the pores of the electrodes.  

 

Table 13. Literature overview of the capacitive performance of porous carbon electrodes 

produced from various plastic and biomass wastes. 

1 2E/3E represents the two-electrode/ three-electrode electrochemical testing configuration. The three-electrode 

system typically shows 2-3 times higher capacitances than the two-electrode configuration [252].  

Precursor 
Electrode1/ 

Electrolyte 

Specific 

capacitance, Csp-g 

(F/g) 

No. of 

cycles 

Capacitance 

retention 

(%) 

Ref. 

PU elastomer 

(EFAC1; EFAC2) 
2E/ 6 M KOH 

74.4; 63.0 

(at 0.1 A/g) 
5000 

97.7; 97.0 

(at 3 A/g) 

Current 

work 

Polyethylene 

terephthalate 
3E/ 6 M KOH 

325 

(at 0.5 A/g) 
5000 

91.86 

(at 5 A/g) 
[150] 

Polyethylene 2E/ 6 M KOH 
110 

(at 0.05 A/g) 
10000 

97.1 

(at 2 A/g) 
[152] 

Polypropylene 3E/ 6 M KOH 
349 

(at 0.5 A/g) 
10000 

99.0 

(at 5 A/g) 
[154] 

Polystyrene 2E/ 6 M KOH 
69.3 

(at 0.5 A/g) 
5000 

93.6 

(at 10 A/g) 
[155] 

Polyvinyl chloride 3E/ 6 M KOH 
399 

(at 1.0 A/g) 
1000 

96.0 

(at 5 A/g) 
[247] 

Polytetrafluoroethene 3E/ 6 M KOH 
313.7 

(at 0.5 A/g) 
5000 

93.1 

(at 20 A/g) 
[248] 

Silica sphere nano array 

& triblock copolymer 

P123 template 

2E/ 6 M KOH 
54.2 

(at 1.0 A/g) 
10000 

91.0 

(at 0.5 A/g) 
[249] 

Wheat straw cellulosic 

foam 

3E/ 6 M KOH 

 

226.2 

(at 0.5 A/g) 
5000 

78.4 

(at 0.5 A/g) 
[250] 

Oxidized lignin 2E/ 6 M KOH 
274.02 

(at 0.1 A/g) 
5000 

88.46 

(at 5 A/g) 
[251] 
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Table 13 presents a literature comparison of the current work with the capacitive 

performance of porous carbon electrodes produced from various plastic and biomass wastes. 

The Csp_g and the capacitance retentions of electrodes (tested in two-electrode configuration) 

fabricated from waste PU elastomer are comparable to the electrodes produced from other 

plastic and biomass wastes already reported. 

 

5.2.2 Equilibrium adsorption study of MB on CFs 

The adsorption isotherms allowed for the evaluation of the nature of the adsorption process 

of MB on CFs. The adsorption isotherms of MB on CF plotted with the linearized Langmuir 

and Freundlich models are shown in Fig. 33.  

 

 

Figure 33. (a, b) Langmuir, and (c, d) Freundlich linear fits for MB adsorption on the CFs. 

 

The comparison of the correlation coefficient (R2) of the linear fits suggests that the 

Langmuir model (Figs. 33c and d) yielded a better fit (R2 = 0.9998) for the experimental 

equilibrium adsorption data than the Freundlich model. This indicates that the adsorbed MB 
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formed a monolayer on the activated CF surface and adsorption sites possessed uniform 

adsorption energies [253]. 

 Figures 34a and b represent the MB adsorption isotherms (non-linear fits of the Langmuir 

and Freundlich equations) of the CFs and the coefficients of the Langmuir and Freundlich 

models are given in Table 14. The maximum adsorption capacity of EFAC1 and EFAC2 was 

calculated from the non-linear Langmuir equation as 592 mg/g and 437 mg/g, respectively. The 

separation factor indicated strong interaction between the MB and the CF adsorbent and 

showed that adsorption was favourable (0 < RL < 1).  

 

 

Figure 34. Langmuir isotherms for the adsorption of MB on (a) EFAC1, and (b) EFAC2. 

 

Table 14. Isotherm parameters for the adsorption of MB on CFs. 

Sample Langmuir model Freundlich model 

qm* (mg/g) KL* (L/mg) RL range KF (mg/g) n (L/mg) 

EFAC1 592  0.42  0.001 – 0.015 281.6 4.78 

EFAC2 437  0.92  0.0008 – 0.0067 223.8 6.08 

*The coefficients of Langmuir and Freundlich isotherm were calculated using non-linear regression (Orthogonal 

Distance Regression Iteration method). 

 

The high surface area EFAC1 (2172 m2/g) resulted in the highest qm, while the highest 

affinity (KL) towards MB was observed in the case of EFAC2. Some of the micropores in the 

adsorbent were too small for the diffusion of MB molecules (1.7 nm); however, larger 

micropores and mesopores could easily adsorb MB molecules, increasing adsorption capacity. 

Both adsorbents showed good adsorption capacity, especially EFAC1 as it contained a 
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hierarchical porous structure. Although the surface area and the pore structure of AC are crucial 

to accommodate the adsorbed MB, the presence of surface functional groups also played a vital 

role in increasing the adsorption capacity. The lower surface area EFAC2 (964 m2/g) also 

allowed good adsorption capacity (qm = 437 mg/g) and high affinity (KL = 0.92 L/mg), possibly 

due to the presence of more oxygen-containing functional groups (especially the -OH group) 

than EFAC1, as confirmed by the wettability test and XPS. Table 15 presents a summary of 

the adsorption capacities of the various adsorbents for MB. The adsorption capacities of CFs 

were comparable to, or greater than many adsorbents reported in the literature. 

 

Table 15. Adsorption capacities of MB of various previously reported adsorbents and the 

as-prepared CFs. 

Adsorbent Precursor Activating agent SBET (m2/g) qm (mg/g) References 

CFs 

PU elastomer - sucrose CO2 2172; 964 592; 437 Current work 

Sucrose Steam 601 85 [254] 

Spruce bark extracts ZnCl2 1495 240 [255] 

PU foam–AC Only carbonization 655 100 [256] 

Other AC 

Coconut shell NaOH 876 200 [257] 

Commercial sucrose KOH 1534 704 [258] 

Fishery waste NaOH 1868 185 [259] 

Waste black tea H3PO4 2054 402 [260] 

Date press cake KOH 2633 547 [261] 

Sucrose CO2 1012 211 [262] 

 

5.2.3 Physicochemical properties and photocatalytic performance of CF-supported BiOCl 

composites 

5.2.3.1 Surface morphologies  

The morphologies of pristine and CF-supported BiOCl with and without surfactant were 

observed by SEM and the results are shown in Figs. 35a-h. As can be seen in Figs. 35a and b, 

the pristine BiOCl show relatively more regular and thicker plates with smooth surfaces related 

to the tetragonal structure of BiOCl, whereas the addition of SDS forms irregular and thinner 

microplates (Figs. 35c and d). 
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Figure 35. SEM micrographs of (a, b) BiOCl, (c, d) BiOCl/SDS, (e, f) CF/BiOCl, and (g, h) 

CF/BiOCl/SDS. 

 

In the case of composites, the hierarchical rose-like structures of BiOCl crystals were 

dispersed on the surface of the CFs while using the SDS, as shown in Figs. 35g and h. But, no 
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such flower, rather clusters of hierarchical microplates are seen in the composites prepared 

without the SDS (Figs.  35e  and f). Through the EDX elemental mapping of the CF-BiOCl 

composites (Figs.  36a and b), the distribution of Bi, O, Cl and C can be observed, revealing 

the formation of BiOCl on the surface of the CFs. 

 

 

Figure 36. EDX elemental mapping of Bi, O, Cl and C of (a) CF/BiOCl/SDS, and (b) 

CF/BiOCl. 

 

5.2.3.2 Structural and surface properties 

The crystal structure and the phase composition of pristine BiOCl and CF-BiOCl 

composites were investigated by XRD and the respective diffractograms are shown in Fig. 37. 

All the diffraction patterns were well fitted with tetragonal bismuth oxychloride (JCPDS No. 

4509949). The XRD pattern of the pristine BiOCl shows intense diffraction peaks at 2θ values 

of 12.0˚, 25.9 ˚and 33.5 ˚ corresponding to the crystal planes of (001), (101) and (102) 

respectively. On the other hand, the composites exhibit the major peaks at 2θ of 25.9˚ 32.6˚ 
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and 33.5˚ relative to the respective planes of (101), (110) and (102). No additional peaks from 

other impurities indicate the successful synthesis of BiOCl. 

 

 

Figure 37. XRD diffractogram of pristine BiOCl and CF-BiOCl composites with and without 

surfactant. 

 

The presence of amorphous background is evident through the peak widening, as can be 

seen in Fig. 37 due to the amorphous CF template. Compared to the pristine BiOCl, there is no 

significant change in the position of the diffraction peaks of the CF-BiOCl composite which 

means that the addition of CF does not alter the crystal structure of BiOCl. However, we could 

observe a little variation in the relative intensities of the peaks that points toward some changes 

in the crystal orientations. For instance, the dominant crystallographic orientation of pristine 

BiOCl (BiOCl shown in yellow colour) is the (102) plane, but the addition of SDS enhanced 

the crystal growth along the (001) plane (BiOCl/SDS shown in green colour). On the other 

hand, the CF template regulated the growth direction of the BiOCl crystal in the (101) 

irrespective of the surfactant (shown by red and blue diffractograms).  
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Table 16. Primary crystallite size, intensities ratio and SBET of the samples. 

Samples 
Mean primary 

crystallite size (nm) 

(001), (101) and (102) 

intensities ratio 

SBET 

(m2/g) 

BiOCl 83.2 0.68:1.00:1.05 4.9 

BiOCl/SDS 61.1 2.21:1.00:1.32 2.8 

CF/BiOCl 28.6 0.39:1.00:0.93 258.5 

CF/BiOCl/SDS 28.5 0.39:1.00:0.91 34.8 

JCPDS No. 4509949 N/A 0.54:1.00:0.98 N/A 

 

The range of primary crystallite size calculated from the Scherrer equation (Eq. 5), 

intensities ratio (calculated after the baseline corrections) and SBET by nitrogen sorption test of 

the pristine BiOCl and the composites are given in Table 16. The pristine BiOCl showed a 

larger crystallite size of 83.2 nm, whereas the addition of SDS slightly reduced the crystallite 

size to 61.1 nm. However, relatively smaller crystallite sizes (~29 nm) were observed for both 

types of composites. Hence, the CF template supported the formation of smaller crystallites of 

the BiOCl, and the surfactant had no significant role in regulating the crystallite sizes in the 

case of composites. 

The SBET of the blank samples was 2.8 m2/g (BiOCl/SDS) and 4.9 m2/g (BiOCl) which is 

true since the hydrothermal treatment leads to the formation of larger crystals. As the SBET of 

the pure CF was 2172 m2/g, but after the formation of BiOCl crystals, the surface area has 

drastically reduced for CF/BiOCl (258.5 m2/g, which can be seen in Table 16), on account of 

the eventual blockage of the BiOCl nanoparticles in the pores of the CF. The reduction in the 

surface areas indicates that BiOCl has effectively grown on the surface of CF with sufficient 

interfacial interaction [191]. However, it got further reduced while using surfactant due to its 

excessive quantity which could limit the diffusion of N2 during measurement, thereby showing 

reduced surface area. As can be seen from Table 16, the CFs benefit the surface property of 

the composites with improved surface area (compared to blank BiOCl), which means a higher 

number of active sites which could enhance the photocatalytic activity of BiOCl and overall 

pollutant removal efficiency. 

To determine the composition and the interactions between CF and BiOCl crystals, the 

surface chemical states of the samples were measured using XPS. The surface atomic 

concentrations and the survey spectra of the samples are shown in Figs. 38a and b, respectively. 

Bi-, O-, Cl-, and C-containing species were present in all samples tested (Figs. 38b).  The blank 
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samples contain a higher atomic surface concentration of Bi, O, and Cl than the composites 

(Fig. 38a). The C-containing species in the blank BiOCl sample originated from the 

adventitious carbonaceous species and/or surfactant and/or impurities during synthesis. In the 

case of composites, the sample without surfactant (CF/BiOCl) showed a higher atomic surface 

concentration of Bi (6.4 at.%) and Cl (4.9 at.%) than CF/BiOCl/SDS (1.4 at.% of Bi and 1.3 

at.% of Cl). 

 

 

Figure 38. (a) Elemental composition, and (b) XPS survey spectra of pristine and CF-

supported  BiOCl samples. 

 

 

Figure 39. XPS deconvoluted peaks of (a) Bi 4f, and (b) Cl 2p of pristine BiOCl and CF-

BiOCl composites. 
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The high-resolution XPS spectra for Bi 4f and Cl 2p are shown in Figs. 39a and b. Bi 4f is 

composed of two peaks centred at 164.5 eV and 159.2 eV originating from Bi 4f5/2 and Bi 4f7/2, 

respectively (Fig. 39a). The position of the peaks corresponds to Bi3+. A separation of Bi 4f5/2 

and Bi 4f7/2 peaks by 5.3 eV relates to spin-orbit splitting [263]. Compared to the pristine 

BiOCl, the Bi 4f peaks for composites shifted to lower binding energy due to the lower valence 

state of bismuth, which may suggest the Bi-C bonding [264]. These peak shifts in the 

composites indicate a strong interfacial interaction between BiOCl and CF [202]. The 

deconvoluted Cl 2p spectra (Fig. 39b) displayed peaks located at 198.0 eV and 199.5 eV, 

corresponding to Cl 2p3/2 and Cl 2p1/2, due to the presence of Cl– in the samples.  

The deconvoluted spectra of C 1s of the composites are shown in Figs. 40a and b. The peak 

at 284.8 eV is ascribed to the C=C bond of the CFs. The peaks centred at 286.3 eV and 288.5 

eV are attributed to the C-O and C=O implying the presence of oxygen-containing functional 

groups in the CFs. Besides, a small shoulder peak located at 283.5 eV in the composites can be 

assigned to Bi-C bonds [264]. Further, the O 1s deconvoluted spectra of the pristine BiOCl and 

CF-BiOCl composites are depicted in Figs. 40c-f. The peak at 530 eV corresponds to the O2- 

state of lattice oxygen, which could be ascribed to the Bi-O bond in [Bi2O2] slabs of the layered 

structure of the BiOCl. The peaks centred at 531.5 eV and 532.7 eV are related to the O2- state 

of oxygen vacancies and –OH groups/ adsorbed water molecules on the samples, respectively. 

Another peak particularly present in the composite around 534.0 eV corresponds to the O=C- O 

groups of the CFs [265]. To conclude, the chemical shifts of Bi 4f and Cl 2p to lower binding 

energies and a small peak that appeared around 283.5 eV of C 1s spectra indicate a strong 

interfacial interaction between the CF and BiOCl. 
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Figure 40. XPS deconvoluted peaks of (a, b) C 1s, and (c-f) O 1s of pristine BiOCl and CF-

BiOCl composites. 

 

5.2.3.3 Optical properties 

The optical properties of the samples were determined using UV-Vis DRS in the 

wavelength range of 200-800 nm. Due to the strong interfacial interactions between the BiOCl 

and CF, a mixed mechanism for the associated electronic transitions could be occurring. Most 
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studies report that light absorption by a specific type of semiconductor and amorphous carbon 

proceeds through indirect allowed transition [266], [267], therefore the indirect band gap 

energy was calculated using the Kubelka-Munk equation (Eq. 6). The optical band gaps of the 

samples were primarily calculated from the zero extrapolation in the Tauc plot of (F(R)hν)1/2 

versus hν, which is about 3.39 eV and 3.45 eV for pristine BiOCl and BiOCl/SDS, respectively 

and a decrease in band gap (2.75 eV and 2.98 eV) was observed for the CF-BiOCl composites, 

as shown in Fig. 41a. 

However, due to the strong light absorption of carbon in the visible region, the diffuse 

reflectance of the composites is lower than 100% due to which the onset of the Tauc 

representations is no longer close to zero and appears above zero in the (F(R)hν)1/2 axis. 

Therefore, the estimation of the band gap by the zero extrapolation of (F(R)hν)1/2 is not valid 

which overestimates the band gap value (shown in Fig. 41a). As a result, a double linear fitting 

(extrapolation of the intersection of the dotted lines to zero of (F(R)hν)1/2 axis) [266] was 

applied for the Tauc plot as shown in Fig. 41b. The estimated band gap values by the double 

linear approach have shown an increase in band gap values for the composites compared to the 

pristine BiOCl.  

 

 

Figure 41. Band gap calculation of the pristine BiOCl and CF-BiOCl composites from (a) zero 

extrapolation in Tauc representation of (F(R)hν)1/2 versus hν, and (b) extrapolation of the linear 

least square fit of (F(R)hν)1/2 versus hν using the double linear fitting approach.  

 

It is further evaluated through the first derivative DRS spectra (dR/dλ) of both reference 

samples and composites, which are shown in Figs. 42a and b. The absorption maximum for 

the pristine BiOCl samples was observed at around 349 nm (BiOCl/SDS) and 356 nm (BiOCl) 
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(Fig. 42a). On the other hand, the CF-based composites showed a blue shift in the absorption 

maximum, which is around 341 nm for the composites as shown in Fig. 42b. Similar behaviour 

of blue shift in absorption maximum while adding carbon in the semiconductor catalyst was 

reported elsewhere [268], [269]. This result is in line with the double linear fitting of the Tauc 

plot, thus the addition of carbon does not necessarily decrease the band gap and extends the 

absorption to the visible region. 

 

 

Figure 42. First derivative DRS spectra of (a) pristine BiOCl, (b) CF-BiOCl composites, and 

(c) UV-Vis diffuse reflectance spectra of all samples. 

 

Figure 42c has shown that the adsorption edge of the composites seems to exhibit a red 

shift in the spectra between 440-490 nm, which could be misleading. As discussed before, the 

extrapolation of the linear region of the curves to zero of the y-axis provides a false 

interpretation. Therefore, the absorption edge can be depicted from the dR/dλ curve 

(Fig.  42a  and b) between 380-388 nm for the pristine BiOCl samples and around 368 nm for 

the composites. Through these interpretations, we can conclude that the presence of carbon 
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doesn’t shift the absorption to the visible region for the UV-active photocatalysts like BiOCl 

unlike most reported. This blue shift observed in the case of composites could be due to the 

quantum size effect which has been well reported in [270], [271]. Also, in our case, the size 

reduction of the BiOCl in the composites was seen and these are the samples which showed 

blue shift. Therefore, we can assume the influence of lower crystallite size on the absorption 

edge of BiOCl. 

 

5.2.3.4 Evaluation of photocatalytic activity 

The photocatalytic activity of the catalysts was evaluated by the degradation of the MB as 

the model pollutant under UV-A irradiation. The degradation efficiencies of MB in the 

presence of different catalysts are shown in Figs. 43a and b at two different initial MB 

concentrations. 

 

Figure 43. Photocatalytic degradations of MB using different catalysts at (a) 0.05 mmol/L, 

(b) 0.5 mmol/L, and (c) photographs of MB removal test. The photolysis of MB without a 

catalyst is shown by pink scatter plots. 
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First, all the catalysts except CF/BiOCl were analysed with 0.05 mmol/L of MB (Fig. 43a). 

Since CF/BiOCl possess a relatively higher specific surface area, the photodegradation of the 

catalyst was analysed with a higher pollutant concentration (0.5 mmol/L), which is shown in 

Fig. 43b. In both concentrations, the photolysis of MB without the addition of catalyst was also 

tested, which is shown by pink scatter plots. At 0.05 mmol/L, the pristine BiOCl exhibited the 

photodegradation of MB in the following order: BiOCl (82.6%) > BiOCl/SDS (48.0%) in 60 

minutes of irradiation. Here, the (001) facet-exposed BiOCl showed less activity than the other 

pristine BiOCl samples with (102) crystal orientation, as shown in Fig. 43a. At the same 

condition, the composite CF/BiOCl/SDS showed almost complete removal of MB (97.2%) due 

to its enhanced surface area, crystal orientation and hierarchical structure of BiOCl. Moreover, 

due to the high SBET of CF/BiOCl (258.5 m2/g), the catalyst completely removed the MB in the 

adsorption stage itself (in 30 minutes). However, at a higher MB concentration of 0.5 mmol/L, 

both the pristine catalysts and the CF/BiOCl/SDS exhibited no activity, since more dye 

molecules present in the solution absorbed the UV light and hindered the light penetration 

towards the surface of the catalysts. However, the composite CF/BiOCl displayed an overall 

removal efficiency of 99.0% in 100 minutes of irradiation at that high MB concentration. It has 

removed 44.0% of MB by adsorption due to its high specific surface area, therefore the reduced 

dye molecules in the solution favoured the light-harvesting efficiency of the catalyst. 

Generally, in the case of the porous carbon support, the rate of photodegradation is accelerated 

by the enhanced mass transfer and detention of the intended pollutant molecule in the pores. 

Thus, the hierarchical structure of CFs with high SBET enables the catalyst to have more contact 

area for the dye molecules to promote the photocatalytic reaction and the heterojunction formed 

between CF and BiOCl facilitates the separation of e- and h+. The electrons can be transferred 

from BiOCl to the conductive CF through the well-connected heterojunction interfaces. 

Though blue shifts were seen for the composite samples, the lower crystallite size and the 

higher SBET of the composites facilitated the complete removal of MB. Therefore, for CF-

BiOCl composites, the dominance of structural and surface area together with hierarchical 

morphology has contributed to the photodegradation of MB rather than the optical property.  
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Figure 44. The quasi-first order kinetics of the degradations of MB at different 

concentrations using the catalysts – (a) 0.05 mmol/L, and (b) 0.5 mmol/L. 

 

Table 17. Rate constant values of the MB photodegradation 

Sample MB concentration (mmol/L) The rate constant, k (min-1) R2 

BiOCl 

0.05 

0.0273 0.9623 

BiOCl/SDS 0.0104 0.9558 

CF/BiOCl/SDS 0.0522 0.9786 

BiOCl 

0.5 

0 - 

BiOCl/SDS 0 - 

CF/BiOCl 0.0332 0.9695 

CF/BiOCl/SDS 0 - 

 

Figures 44a and b show that the photocatalytic decolourization of MB was fitted to the 

Langmuir-Hinshelwood model by plotting ln(C0/C) versus irradiation time (t). The pseudo-

first-order kinetics was used to calculate the rate constant, k (min-1) and the values at two 

different concentrations are given in Table 17. At 0.05 mmol/L, the rate constant of 

CF/BiOCl/SDS is 0.0522 min-1, which is higher than that of pristine BiOCl. Moreover, the rate 

constant of CF/BiOCl is 0.0332 min-1, which is zero for the remaining samples at high MB 

concentration. 
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6. Summary 

 The goal of this research was to create a basis and platform synthesis process of the 

CFs using the difficult-to-recycle waste PU elastomer that enables a wide range of 

applications including energy storage and wastewater treatment. Novel synthesis pathways 

enable novel applications via yielding complex, hierarchical material structures. The major 

observations of this research work are summarized here: 

 

 In this work, we produced the activated CFs via two different activation pathways - one-

step, direct activation in CO2 and two-step activation in N2 and CO2. The yield of CF was 

higher when direct, one-step activation was used; furthermore, direct activation at 1000 °C 

in CO2 for 100 minutes yielded CF with a high specific surface area (2127 m2/g). The 

obtained CFs have a hierarchical pore structure and exhibit a non-graphitized, turbostratic 

carbon nanostructure. The temperature and time of activation also played a significant role 

in obtaining CF with good surface properties. The one-step activation is simpler and 

appears more economical than the two-step activation.  

 

 One of the main observations in our work was the difference in the specific surface area of 

the CFs achieved via the two methods of activation. The reason for this disparity is that in 

the two-step process, the tars formed during the first step of pyrolysis in N2 created the 

secondary char (during cooling), which partially or completely filled the generated pores 

in the primary carbon matrix (char) and during the activation of this char, the CO2 

simultaneously remove the secondary char from the pores and also the carbons from the 

primary char resulting in lower specific surface area. On the other hand, in direct activation, 

the CO2 reacted with the tars released from the impregnated foams, inhibiting the 

polymerization reaction and secondary char formation into the pores of the primary carbon 

matrix. Thus the CO2 removed the carbon atoms only from the primary matrix and not the 

secondary char, producing high surface area CFs. However, the surface-bound functional 

group, especially the hydroxyl group and hence the hydrophilicity of CFs produced by the 

two-step process was relatively higher, which was confirmed by the wettability test and 

XPS.   

 

 Based on the high surface area, hierarchical pore configuration and surface functionalities 

of the CFs, we evaluated their adsorption capacity of MB and also the electrochemical 
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performances in EDLCs. Equilibrium adsorption of methylene blue (MB) was best 

described by the Langmuir isotherm model with a maximum adsorption capacity of 592 

mg/g and 437 mg/g for EFAC1 and EFAC2, respectively. We observed that the high 

surface area EFAC1 showed high MB adsorption capacity, while the highest affinity 

towards MB was observed in the case of EFAC2 due to its more surface-bound oxygen-

containing functional groups, mainly the –OH group. Although the surface area and the 

pore structure of the CFs are crucial to accommodate the adsorbed MB, the presence of 

surface functional groups also played a vital role in increasing the adsorption capacity. 

Pertaining to the excellent adsorption capacity of MB, the as-prepared CFs have the 

potential as an adsorbent or catalyst support. Further surface modification might enable 

applications in wastewater treatment. 

 

 Moreover, the EDLCs fabricated from the EFAC1 exhibited the highest gravimetric 

capacitance of 74.4 F/g at 0.1 A/g due to its high specific surface area. High packing density 

due to the presence of carbon spheres in the hierarchical structure offered excellent 

volumetric capacitance of 134.7 F/cm3 at 0.1 A/g. Besides, both CF-based EDLCs 

exhibited Coulombic efficiency close to 100% and showed stable cyclic performance for 

5000 charge-discharge cycles with good capacitance retention of 97.7% at 3 A/g. On the 

contrary, EFAC2 exhibited low equivalent series resistance (1.05 Ω) and charge transfer 

resistance (0.23 Ω) due to the extensive presence of hydroxyl functional groups contributed 

to attaining high power (48.89 kW/kg). Hence, the hierarchical porous structure of EFAC1 

does not necessarily enhance the ionic transport in the CFs as most reported. One major 

finding is that apart from the hierarchical porous structure, the surface-bound functional 

groups play a major role in determining the rate of diffusion of electrolyte ions into the CF 

electrodes. Therefore, the electrochemical performance of the CFs is not only controlled by 

the hierarchical pore structure and surface area but also the type and concentration of the 

oxygen-containing surface functional groups. Based on the preferred properties such as 

high specific surface area, hierarchical pore structure, surface functionalities, low metallic 

impurities, high conductivity and desirable capacitive behaviour, the CF prepared from 

waste PU elastomers have shown potential to be adopted as electrodes in EDLCs. 

 

 Finally, we proposed the applicability of porous CF as a support material to the 

semiconductor BiOCl to improve its photocatalytic performance. EFAC1 was used to 
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synthesize the CF-BiOCl composites by a simple hydrothermal method in which the BiOCl 

micro flowers and plates were immobilized on the CF surface. The structure, morphology 

and optical properties of the composites were precisely characterized. The determination 

of the band gap from diffuse reflectance through double linear fit exhibit an increased band 

gap of the composites, which indicates that the addition of carbon does not necessarily 

decrease the band gap and shifts the absorption to the visible region for the UV-active 

BiOCl. The photocatalytic activity of the samples was evaluated by studying the 

degradation of methylene blue (MB) under UV-A irradiation. Even at a high MB 

concentration (0.5 mmol/L), excellent photocatalytic activity was observed with an overall 

removal efficiency of 99.0% in 100 minutes of irradiation. Kinetic studies were also carried 

out for the degradation of MB by pristine BiOCl and CF-BiOCl composites. The rate 

constants of the photodegradation were evaluated by fitting the kinetic data with a pseudo-

first-order model and the rate constants of CF-BiOCl composites were higher than that of 

pristine BiOCl. Though a blue shift was seen for the composites in DRS, the lower 

crystallite size and higher specific surface area of the composites facilitated the complete 

removal of MB. It is found that the dominance of structural and surface properties together 

with hierarchical morphology has contributed to the photodegradation of MB rather than 

the optical property.  

 

 Thus, our work contributes to the utilization of valuable waste PU elastomer-derived CFs 

and their composites in the energy storage device and wastewater treatment, which provides 

a strategy to reach the objective of circular economy, energy and environmental 

remediation. 
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7. Claims/New scientific results 

The activated CFs were successfully synthesized from the waste PU elastomer following 

two different activation pathways – one-step (direct) and two-step (indirect) activation routes. 

The method of activation affects the textural and surface properties of the final product. The 

as-prepared CFs were tested for their applicability as electrodes in EDLCs, adsorbent and/or 

photocatalytic support material in wastewater treatment. 

 

Claim 1. Effect of activation routes on the textural and surface properties of the CFs 

I observed that there was a difference in the specific surface area, pore configuration and 

surface functionalities of the CFs synthesized via the two different activation routes. The 

difference in the surface area and porosity was observed in the nitrogen sorption test (Table 

10) and the variation in their pore structure can be seen in the TEM images (Fig. 21e and i).  

The reason behind the disparity in the surface area is explained as follows: in the two-step 

process, the tars formed during the first step of pyrolysis in N2 created the secondary char 

(during cooling), which partially or completely filled the generated pores in the primary carbon 

matrix (char) and during the activation of this char, the CO2 simultaneously remove the 

secondary char from the pores and also the carbons from the primary char resulting in lower 

specific surface area. On the other hand, in direct activation, the CO2 reacted with the tars 

released from the impregnated foams, inhibiting the polymerization reaction and secondary 

char formation into the pores of the primary carbon matrix. Thus the CO2 removed the carbon 

atoms only from the primary matrix and not the secondary char, producing high surface area 

CFs. However, the surface-bound oxygen-containing functional group, mainly the –OH group 

and hence the hydrophilicity of CFs produced by the two-step process was relatively higher, 

which was confirmed by the wettability test and XPS.  

 

Claim 2: The pore size distribution of raw PU elastomer influences the formation of 

carbon spheres 

Many micro- and nanosized carbon spheres were formed inside the porous structure of the 

CFs.  From the CT pore and particle size distribution, the majority of the pores in the raw foams 

appeared in the range of 50 – 300 μm (Fig. 22c), whereas the particle sizes of carbon spheres 

were between 50 – 200 μm (Fig. 22f, i, l). With the evidence of the CT imaging, it appears 

likely that during pyrolysis or direct activation, the sucrose solution filled inside the pores of 
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the elastomer template took the shape of the pore leading to the formation of many spherical 

carbon particles inside the porous architecture of the CFs.  

 

Claim 3: Influence of hierarchical pore structure and surface functionalities on the 

adsorption capacity and electrochemical performances of the CFs 

I established that not only the hierarchical porous structure but also the surface-bound 

functionalities of the CFs determine the adsorption capacity and electrochemical performances 

of the CFs. For instance, the high specific surface area EFAC1 showed a higher MB adsorption 

capacity of 592 mg/g than EFAC2 (437 mg/g), whilst the highest affinity towards MB was 

observed in the case of EFAC2 (KL = 0.92 L/mg) due to its more surface-bound oxygen-

containing functional groups, especially the –OH group. Although the surface area and the pore 

structure of the CFs are crucial to accommodate the adsorbed MB, the presence of surface 

functional groups also played a vital role in increasing the adsorption capacity.  

Moreover, the EDLCs fabricated from the EFAC1 exhibited the highest gravimetric 

capacitance of 74.4 F/g at 0.1 A/g due to its high specific surface area. On the contrary, EFAC2 

exhibited low equivalent series resistance (1.05 Ω) and charge transfer resistance (0.23 Ω) due 

to the extensive presence of oxygen-containing (mainly hydroxyl) functional groups 

contributed to attaining high power (48.89 kW/kg). Hence, the hierarchical porous structure of 

EFAC1 does not necessarily enhance the ionic transport in the CFs as most reported. Apart 

from the hierarchical porous structure, the surface-bound oxygen functional groups play a 

major role in determining the rate of diffusion of electrolyte ions into the CF electrodes. 

Therefore, the electrochemical performance of the CFs is not only controlled by the 

hierarchical pore structure and surface area but also the type and concentration of the oxygen-

containing surface functional groups.  

 

Claim 4: Effect of carbon on the optical properties of the semiconductor catalyst 

Most literature reported that the addition of carbon to the semiconductor photocatalyst 

reduces the band gap and exhibits a red shift to the visible region. The band gap energy was 

calculated using the Kubelka-Munk function [(F(R)hν)γ=A(hν-Eg)]. While analysing the Tauc 

plot of (F(R)hν)1/2 versus hν, the estimation of the band gap by the zero extrapolation of 

(F(R)hν)1/2 (Fig. 41a) is not valid (commonly used method in the literature), which 

overestimates the band gap value. Due to the strong light absorption of carbon in the visible 

region, the diffuse reflectance of the composites is lower than 100% due to which the onset of 
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the Tauc representations is no longer close to zero and appears above zero in the (F(R)hν)1/2 

axis. As a result, a double linear fitting (extrapolation of the intersection of the dotted lines to 

zero of (F(R)hν)1/2 axis) was applied for the Tauc plot (Fig. 41b). I established that the 

estimated band gap values by the double linear approach have shown an increase in band gap 

values for the composites compared to the pristine BiOCl, which was further confirmed with a 

blue shift of absorption maxima around 341 nm in the first derivative DRS curve (dR/dλ) of 

the composites (Fig. 42b). The particle size reduction of BiOCl was observed for the 

composites and we speculate that the lower crystallite sizes influence the absorption edge of 

the BiOCl.  

 

Claim 5: Applications of CFs in energy storage and environmental remediation 

The specific capacitances (74.4 F/g and 63.0 F/g), energy densities (2.58 Wh/kg and 

2.19  Wh/kg) and the maximum power (39.29 kW/kg and 48.89 kW/kg) of the CFs in this work 

are in the range of supercapacitor materials. Based on the preferred properties such as the high 

specific surface area, pore structure, surface functionalities, low metallic impurities, high 

conductivity and desirable capacitive behaviour, the CF prepared from waste PU elastomers 

have shown potential to be adopted as electrodes in EDLCs. 

The maximum adsorption capacity of MB onto the CFs was estimated as 592 mg/g and 

437  mg/g for EFAC1 and EFAC2, respectively. These values are comparable to, or higher 

than most earlier reported values. Based on the adsorption capacity of MB, the as-prepared 

EFAC1 can be categorized as an “excellent adsorbent”. Hence, the CFs, especially the EFAC1 

can have the potential as adsorbent or catalyst support. Moreover, the EFCA1 was used as a 

support for the synthesis of the CF-BiOCl composites. The composites showed excellent 

photocatalytic activity and an overall MB removal efficiency of 99.0% in 100 minutes of UV 

irradiation, even at a high MB concentration of 0.5 mmol/L.  

Thus, I established that the as-prepared CFs enable a wide range of applications including 

energy storage and environmental remediation.  
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