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ABSTRACT 

 
The depletion of natural and man-made quality water sources has become rampant today. In this study, 

functionalized three-dimensional (3D) graphene architecture prepared via the facile hydrothermal treatment 

has been systematically explored as an ingenious strategy in the mitigation of various pollutants; also 

extending to the mitigation of bacterial infestation. The morphological, structural, thermal, optical, and 

textural properties of the hydrothermally modified reduced graphene hydrogels (rGH) were systematically 

studied. In Chapter One, the synthesis methods with a specific focus on hydrothermally prepared 3D 

graphene structure are discussed. The fundamentals of adsorption and photocatalysis are also explored. 

The recent findings on the applications of hybrid 3D graphene-based architectures for the remediation of 

noxious pollutants are also briefly shared. An effort has also been made to collate recent anti-bacterial 

disinfections applications using hybrid three-dimensional graphene architectures. 

In Chapter Two, the effect of dicarboxylic acid as cross-linkers in hydrothermally prepared reduced 

graphene hydrogel is briefly explored. It was found that a higher specific surface (SSA) of the hydrogel is 

obtained for shorter chain length DCAs. The subsequent chapter, Chapter Three deals with the evaluation 

of the intercalation of alkali earth metal divalent ions in hydrothermally prepared graphene hydrogel on the 

adsorption capability towards cationic dyes, methylene blue, and rhodamine B. In Chapter Four, the 

functionalization of various alkylamine chain lengths on the surface of graphene hydrogel was carried out 

using a simple two-step method involving hydrothermal treatment, followed by immersion/agitation 

treatment. The evaluation of the adsorption capability of the modified hydrogels towards methylene blue 

(MB) and bisphenol-A (BPA) was carried out. Chapter Five deals with the preparation of a novel self-

assembled reduced graphene hydrogel modified with silver nanoparticles (AgNPs) and various porphyrin 



VII 
 

complexes. The AgNPs were successfully decorated on the reduced graphene sheets via electrostatic 

interactions. On the other hand, the interaction of porphyrin complexes with the Ag/rGH is via esterification 

and π-π interactions.  The adsorption capability of the modified hydrogels towards methylene blue (MB) is 

further evaluated. Chapter Six covers the preparation and characterization of photocatalyst loaded on three-

dimensional graphene hydrogel for photocatalytic degradation of methyl orange. The assessment of their 

antibacterial activity towards Escherichia coli showed a promising result. In Chapter Seven, an attempt has 

been made to conclude on important findings from each chapter. Besides, some recommendations for 

future studies were proposed to bring added value to this existing research. 

This study may not have covered all aspects of hydrothermally prepared graphene hydrogel in terms of the 

applications in wastewater remediation, but, hopefully, this dissertation could provide a brief overview of 

the simple yet easy method of hydrothermal to functionalize the reduced graphene hydrogel. Certainly, this 

PhD dissertation will be useful to new entrants and experienced researchers intending to employ 

hydrothermally reduced graphene hydrogel in the future for environmental remediation purposes. 
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CHAPTER 1 
 

INTRODUCTION AND LITERATURE REVIEW 
 
 

1.1 Overview of Graphene-based materials 

Since the successful isolation of graphene from graphite by Andre Geim and Kostya Novoselov using the 

mechanical cleavage technique by applying the scotch tape method, ample synthesis techniques have then 

been reported for the synthesis of graphene-based materials (GBMs) [1]. In short, the synthesis technique 

can be divided into a top-down or bottom-up approach which is depicted in Fig. 1.1. The production of 

desired GBMs for their specific applications can be manipulated during the pre-synthesis or post-synthesis 

step which makes this material interesting to be explored. The term ‘graphene’ has been loosely used in 

many studies without taking into consideration the number of layers present. Therefore, terms such as 

‘graphene flakes’ or ‘graphene sheets’ are often used to address them as graphene. A substantial number 

of review articles which collated the most recent GBMs synthesis method for their specific applications have 

been reported. To obtain a comprehensive understanding of the synthesis route of single-layer and multi-

layer graphene, we would like to direct the reader to the review by Lee et al. (2017) and Smith et al. [3]. 

Table 1.1 summarized the overview of GBMs in terms of their chemical structure and main properties. 

 

Fig. 1.1 Graphene synthesis based on the ‘top-down’ and ‘bottom-up’ approaches 

Graphene 
synthesis

Top down 
approach (from 

graphite)

Mechanical 
exfoliation 

Chemical 
exfoliation

Liquid-phase 
exfoliation

Bottom-up 
approach (from 

carbon precursor)

Chemical 
vapour 

deposition

Epitaxial 
growth

CNT unzipping
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1.1.1 Graphene (Gr) 

Graphene or ‘pristine graphene’ can be defined as a single layer hexagonally sp2 hybridized carbon 

allotrope that exists in a honeycomb crystal lattice [1,4,5]. Graphene is the basic building block of carbon 

allotropes such as fullerene (0D), carbon nanotubes (1D), and graphite (3D). The preparation of single-

layer graphene can be realized via mechanical exfoliation, chemical vapour deposition, and epitaxial growth 

on silicon carbide (SiC). Often, the process to obtain large scale, single-layer graphene is an arduous task 

which requires complicated equipment and various post-treatment synthesis. Up to now, the race to 

produce a high-quality single-layer graphene layer in mass quantity is still ongoing. Chemical vapour 

deposition (CVD) is still regarded as the most effective strategy to prepare high-quality pristine graphene 

with the largest production rate [6]. Besides, graphene also can be obtained via ultrasonic treatment in ionic 

liquids (IL) and surfactants. The setback behind the ultrasonic treatment often leads to the reduced surface 

area which is not desirable in some applications. Chen et al. [7] succeeded in the exfoliation of graphite to 

obtain low-defect and stable pristine graphene in urea/glycerol dispersion under mechanical stirring without 

sonication. In another study, the use of organic salt-assisted exfoliation method in ethanol has been 

reported for the preparation of high-quality pristine graphene dispersion [8]. Recently, the ultrafast synthesis 

of pristine graphene can also be achieved at room temperature inside a transmission electron microscope 

using a gold catalyst [9]. 

1.1.2 Graphene oxide (GO) 

GO is a single-layer hydrophilic derivative of graphene often produced by the exfoliation of graphite. To 

date, there is no accurate description of GO structure but the consensus is that GO is composed of a 

collection of six-membered rings connected to the majority of oxygenated groups. Among them, hydroxyl 

and epoxide constitute the majority, with carboxylic, carbonyl, and phenolic groups present in smaller 

quantities at the edges of the plane [10]. GO is not a recently found material as it has been known in 

existence since the 1840s. The presence of aromatic (sp2) and aliphatic (sp3) components have 

predominantly made GO be the starting point for the large-scale preparation of most GBMs. Unlike pristine 

graphene, GO provides a wide range of chemical interactions for various functionalities to improve its 

inherent properties. GO is often characterized by a low C/O ratio of less than 3:1 and typically closer to 2:1. 

Interestingly, GO is reported to have limited electrical and thermal transport due to the oxygen 
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functionalization on the basal plane surface. The interesting properties of GO can be tuned leading to a 

plethora of applications including water purification, multifunctional gels, and membrane technology in 

wastewater treatment. GO nanosheets are about 1 nm in thickness with the diameter varying from a few 

nanometres to hundreds of microns. The desired properties for their specific application are highly 

dependent on the dimension as well as its size distribution. The Hummers’ method was first introduced as 

a strategy in the preparation of graphitic oxide by the reaction of graphite with KMnO4, NaNO3, and H2SO4 

[11]. The method produced explosive exothermic reactions and generate toxic gases such as NO2 and 

N2O2 which are harmful to the environment. The preparation of GO via elimination of NaNO3 in the starting 

mixture has shown to also produce GO with similar chemical structure, thickness, and lateral dimension 

[12]. There onwards various modified version has been proposed to mitigate the setbacks by altering the 

mixing ratio of the reactants under various conditions [13–16]. On a positive note, the successful 

commercialization of GO powder/suspension has reduced the need for researchers to synthesis GO.  

1.1.3 Reduced graphene oxide (rGO) 

From its name, rGO is the reduced form of GO that retains the salient properties of pristine graphene which 

possesses good thermal stability, high mechanical strength, and highly conductive. rGO consists of a 

graphene-like basal plane with structural defect and populated with a smaller number of oxygen-containing 

functional groups as compared to GO. rGO is often prepared from GO as the fabrication protocol can be 

scaled up to mass-produce the product. From previous studies, the reduction of GO could be achieved from 

a plethora of techniques such as thermal, chemical, electrochemical, microwave, photo-assisted, and/or 

microbial, in which each of them led to significant differences in the properties of the end product. The 

thermal reduction has been known to produce rGO sheets that closely resemble the properties of graphene 

[17]. Different protocols have their advantages and disadvantages in terms of their cost incurred, scalability, 

chemical waste, and energy usage. Nowadays, a few important aspects are considered in the reduction of 

GO which takes into account the aspect of environmentally friendly, low cost, shorter reaction time, etc. 

The paramount factor to determine a successful reduction to high-quality rGO can be evaluated by 

accessing the C/O ratio, surface defects, and improvement in their mechanical strength, conductivity, and 

optical property as compared to GO. Also, the preparation of three-dimensional rGO in the form of hydrogel, 

aerogel, films, foam, monolith, and bead has seen its vast usage in various applications especially in 
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electric/electronics, catalysis, and adsorbents. Among all synthesis methods, hydrothermal treatment has 

gained ample attraction for its’ feasibility in the preparation of three-dimensional (3D) structures while 

retaining some form of functional groups on the graphene sheet [18–20]. 

Table 1.1 Overview of the structures and main properties of GBMs [21–29] 

 GO rGO Gr 

Chemical 
structure 

 
  

Synthesis 
route 

Oxidation of graphite 
 

Reduction of GO 
 

CVD, mechanical 
exfoliation, 

epitaxial growth 

C/O ratio 2.1 – 2.9 6.0 – 13.5 - 

Young’s 
modulus 
(GPa) 

380 – 470 600 1000 

Electron 
mobility 

(cm2 V–1 s–1) 

insulator up to 320 10000 – 50000 

Conductivity 
(S m–1) 

 

0.00029 up to 6300 104 – 105  

Thermal 
conductivity 
(W m–1 k–1) 

72 30 – 2600 1500 –5800 
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1.2 Hydrothermal preparation for three-dimensional graphene architecture 

In this dissertation, the author will focus on the green synthesis pathways using the hydrothermal method. 

GO is a single-layer hydrophilic derivative of graphene often produced by exfoliation of graphite containing 

oxygen-containing functional groups such as carbonyl, hydroxyl, epoxide, and phenolic present at the basal 

and edges. The presence of aromatic (sp2) and aliphatic (sp3) components have predominantly made GO 

be the starting point for the preparation of 3D macrostructure For the synthesis of different rGO based 

materials, this method is usually associated with the 'one-step' synthesis. This protocol is typically performed 

in a closed environment with an inner vessel made of Teflon to provide high corrosion resistance at 

temperatures above 100oC under high pressure, and the outer container is made of stainless steel to 

withstand high pressure and corrosion. The superheated water acts as the reducing agent with high diffusion 

and dielectric constant which severe the oxygenated functional groups on the GO [30]. Through this 

technique, GO alone can be partially reduced, but to further improve the degree of reduction, chemical 

reductants are usually added. The ability to control the reaction process by adjusting the temperature, time 

of reaction, medium of reaction, pH, and medium concentration allows the production of different rGO 

morphologies. Attributed to the strong hydrophobic and π-π interactions between the graphene sheets, 

direct self-assembly of dispersed GO sheets is possible without the use of any crosslinking agents [31,32]. 

Xu and co-workers, among the pioneers in the synthesis of 3D graphene, studied the formation of 

hydrothermally prepared 3D rGH by using various GO concentrations at 180oC [33]. The freeze-drying 

technique is often applied to retain the structure of the hydrogel obtained; in which the dried form is often 

denoted as ‘aerogel’. Other drying techniques such as oven drying and vacuum drying often led to the 

collapse of the hydrogel structure due to the π-π stacking between the graphene sheets.  

 
1.3 Common remediation method for wastewater  
 
1.3.1 Adsorption 

In essence, adsorption is a mass transfer process that is attributed to the transfer of a molecule from a 

liquid/gas interface to a solid surface due to physical/chemical bonding. Adsorption possess is often 

employed for the remediation of hazardous pollutants due to their high efficiency, cost-efficiency, and easy 

operation route [34]. To date, the search for low-cost, durable, and high-performance adsorbent has 
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intensified. The adsorption can occur via the physisorption or chemisorption process. On some occasions, 

the two processes may occur simultaneously, independent of one another [35]. Various factors are involved 

in the determination of adsorption capability that includes specific surface area and the textural properties 

(pore size and pore volume) of the adsorbent. Besides, the functionalities present on the adsorbent are 

another factor to access the improved adsorption capability. Often in adsorption studies, determining 

parameters such as temperature, pH, initial concentration of adsorbate, amount of adsorbent, contact time, 

and stirring speed are studied to obtain a comprehensive view of the adsorbent capability of the particular 

adsorbent. To explore the feasibility and efficiency of the adsorbent often requires three fundamental study 

aspects: kinetic, isothermal, and thermodynamic studies. Understanding the adsorption kinetics using 

various kinetic models such as quasi-first order kinetic model (PFO), quasi-second order kinetic model 

(PSO), intraparticle diffusion model (IPD), etc are important in determining the adsorption rate and 

adsorption mechanism. On the other hand, analysis of isotherm data is vital to describe the equilibrium 

relationship between adsorbent-adsorbate [36]. The qualitative assessment of the adsorption data can be 

portrayed as a curve of the adsorbed amount on the surface as a function of the concentration or partial 

pressure of the adsorbate at a constant temperature. Various adsorption isotherm models have been 

utilized in adsorption studies such as Langmuir, Freundlich, Langmuir-Freundlich, Brunauer-Emmett-Teller, 

Dublin-Radushkevich, Temkin, Sips etc. Similarly, thermodynamic studies predict the adsorption whether 

the adsorption is spontaneous by providing information regarding energy changes using the Gibbs free 

energy equation. 

1.3.2 Photocatalysis 

Photocatalysis is one of the advanced oxidation processes (AOP) that changes the rate of chemical 

transformation under the presence of a catalyst that absorbed light to initiate the reaction. To address 

current energy demand, the development of photocatalysis technologies for environmental remediation has 

been rampant since the past decade. This eco-friendly technology harnesses solar energy for the 

degradation of various pollutants in water bodies. On this note, a large number of studies on the 

photocatalytic degradation by various pollutants have been previously reported for the efficient 

decomposition/mineralization of phenolic compounds [37–39]. The selection into an efficient photocatalytic 

system is usually based on the band-energy gap and charge carrier mobility where in essence the 



7 
 

development of an efficient photodegradation catalyst can utilize a wide range of visible light. In this notion, 

ample studies have utilized wide-bandgap photocatalyst (Eg> 3eV) and visible-light-responsive 

photocatalysts (Eg ≤ 3 eV) in the hybrid GBMs system. The fundamental process of photocatalysis is based 

on the formation of superoxide radicals and hydroxyl radicals from the photocatalyst which was produced 

from the electron-hole pairs. Besides, electrons and holes may also produce other active species which 

improves the degradation activity. To name a few, photocatalysts including metal oxides (TiO2, Ag2O, ZnO), 

metal halides and oxyhalides (AgBr), multi-component oxides, (SrTiO3, BiVO4, Bi2WO6), metal phosphate 

(Ag3PO4), and metal-free materials (g-C3N4, Si) have been explored as a feasible solution. To apply them 

alone in wastewater treatment which is usually the case, the setbacks may include fast recombination of 

photogenerated electrons and holes, agglomeration, and regeneration which hinders the photocatalysis 

process due to the reduction of reactive species generation used for the degradation process. The shift in 

usage to second/third generation photocatalyst by applying a multi-component photocatalytic system has 

shown significant improvement in degradation of phenolic compounds by suppressing charge carrier 

recombination and assist in post-separation problems [40]. Similar to adsorption, the performance of 

photocatalyst for the degradation also depends on parameters such as pH, light intensity, presence of 

interfering compounds, and amount of catalyst. The review on photodegradation of BPA in aqueous media 

using various photocatalysts has been recently reported by Reddy et al. [41]. 

1.4 Types of pollutants 

1.4.1 Synthetic dye molecules 

Synthetic dyes are often used in the textile, food, plastic, paper, printing, pharmaceutical, and cosmetic 

industries. Common water pollutants and harmful to aquatic animals and plants are dyes that have good 

solubility in water [42]. Studies on the adsorption of cationic or anionic dye molecules such as methylene 

blue (MB), rhodamine B (RhB), crystal violet (CV), congo red (CR), acid red (AR), malachite green (MG), 

methyl orange (MO), sunset yellow (SY), basic blue (BB), etc. are extensive. The chemical structure of the 

dye molecules determines the various colours of the dyes. Cationic dyes contain functional groups that 

dissociate in an aqueous solution into positively charged ions in which the onium group is the common 

group. On the other hand, anionic dyes contain negatively charged functional groups such as carboxylic 

and sulfonic groups. Often, the interaction of the dye molecules with the GBMs occurred via π-π 
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interactions, electrostatic interaction, and/or hydrophobic interaction. Improvements in the adsorption 

capacity are often associated with the adsorbents’ functionality, surface area, and textural properties.  

1.4.2 Heavy metal  

Due to the detrimental effect on human health and the marine ecosystems, heavy metal pollution on water 

bodies from factory discharges (e.g. automotive, painting, mining, etc.) and agricultural run-offs is an 

environmental concern. The accumulation of heavy metal may occur in the soft tissue of the human body 

through food, water, or adsorption through our skin. To date, GBMs have been successfully used to adsorb 

various heavy metal ions such as chromium, mercury, cobalt, arsenic, cadmium, zinc, lead, etc.  Given the 

serious damage caused by their toxic nature, immediate action is needed to rectify this situation. To date, 

in the field of heavy metal remediation, 3D GBMs have attracted great interest. 

1.4.3 Emerging contaminants 

The term "emerging pollutants" is used to describe any synthetic or naturally occurring chemical or 

microorganism with unknown or suspected ecological and human health effects. Many of them are used 

and released into the environment continuously, even in trace amounts, and some may cause chronic 

toxicity, endocrine disruption in humans and aquatic wildlife, and the development of bacterial pathogen 

resistance. The usage of GBMs for the remediation of organic pollutants such as phenolic compounds, 

polycyclic aromatic hydrocarbon, aromatic amine pesticides, antibiotics, etc from various sources have 

surged in recent years. Besides the discussed pollutants in the previous section, emerging pollutants are 

usually toxic and remain stable in the ecosystem which requires complex removal methods.  

1.5 3D graphene for wastewater remediation 

To date, ample studies have reported on the usage of hybrid 3D graphene for the adsorption and 

photocatalysis of various pollutants. The altering of the specific surface area and textural properties by 

introducing modifiers has become a leading strategy to improve the adsorption performance. Besides, the 

addition of modifiers provides multiple sites of interactions and functionalities on the graphene surface 

which is desirable for the improvement in their performance. In terms of photocatalysis, the unique 

properties of the 3D macrostructure allow for the anchoring of various photocatalysts to address the 

limitation brought by powder-based photocatalysts. Fig. 1.2 summarized the typical photocatalytic process 
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on a single photocatalyst and heterojunction catalyst.  In essence, the adsorption and photocatalysis 

process may contribute synergistically to the remediation of the pollutants. Often, the poor reusability and 

regeneration of conventional photocatalysts are not attractive in real-time applications. Specifically, the 

combination of TiO2 with other p or n-semiconductor materials with narrow bandgap such as CdS, CuO, 

Co3O4, CuS, and MoS2 has been previously explored as a feasible strategy to improve photocatalytic 

activity. The fabrication of TiO2/GBMs hybrid system using a narrow-band gap semiconductor with band 

potentials matching TiO2 allows photogenerated carriers from the narrow bandgap semiconductor to be 

transferred to TiO2 via the heterojunction interface.  

 

Fig. 1.2. Schematic illustration of (a) single photocatalyst and (b) heterojunction catalyst anchored on a 

graphene sheet.  

The photogenerated electron-hole moves to the surface and interacts with the hydroxyl groups and oxygen 

where adsorption creates free radicals at the surface of the semiconductor. The synergistic effect of the 

semiconducting materials with the TiO2/GBMs has shown excellent performance in the remediation of 

various dye molecules. Table 1.2 summarized some of the recently reported usages of hybrid 3D graphene 

for the remediation of various pollutants. There are still other avenues in improving the salient properties of 

3D graphene, but this dissertation will focus on the usage of Cu2O, cuprous oxide the material of interest.  
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Table 1.2. Recently reported 3D hybrid graphene for the remediation of various pollutants 

No Photocatalyst Pollutant Mode of 
remediation 

Removal 
efficiency (%) 

Ref. 

1 Fe3O4@SnO2/Ag-Gr 2,4 dichlorophenol 

 

Adsorption and 

photocatalysis 

78.00 [43] 

2 Fe-g-C3N4/rGH phenol and coking 

wastewater 

Photocatalysis and 

Fenton 

86.90 [44] 

3 Ag3PO4/rGH BPA Adsorption and 

photocatalysis 

90.00 [45] 

4 TiO2/GA tetracycline, methylene 

blue and rhodamine B  

Adsorption and 

photocatalysis 

43.20, 77.80, 

and 91.90 

[46] 

5 BiPO4/GA phenol, BPA and 

formaldehyde 

Adsorption and 

photocatalysis 

50.67, 96.23, 

and 26.40 

[47] 

6 C3N4-MoS2/Gr ampicillin PEC 74.60 [48] 

7 Bi7O9I3/N-Gr RhB Photocatalysis 96.30 [49] 

8 rGO/ZnO/Ag MB Photocatalysis 99.99 [50] 

 

There is no ‘one size fits all’ mechanism to characterize the photocatalytic degradation of pollutants as the 

process often takes a few steps to complete the reaction to form the final product which is often CO2 and 

H2O. The pathways mainly depended on the photocatalyst used for the photodegradation process. The 

fundamental process of photodegradation is regulated by the electrons in the VB and holes in the CB which 

are formed from light exposure. 

Zhang et al.,[20], applied the hydrothermal method to prepare the Z-scheme 3D g-C3N4-ZnO@GA 

heterojunctions for the adsorption and photocatalysis of various dye molecules under visible light irradiation. 

In the preparation of their 3D hybrid material, they first synthesized the g-C3N4 using heat decomposition 

from melamine. The ZnO was prepared using Zn(NO3)2 as the precursor. Both the photoactive materials 

were then added into the GO suspension, sonicated and subjected to hydrothermal treatment at 180oC for 

24 h.  The reduction of GO using ascorbic acid (AA) was first reported by Zhang et al.,[21]. Since then, many 

studies have reported on a 3D graphene formation using AA as the green reducing agent. Often AA is mixed 

into the GO suspension and mildly heated without agitation to drive the self-assembly to a graphene-

monolith structure. This one-pot method allows for the preparation of various hybrid 3D graphene structure 

by merely mixing the photocatalytic materials in the GO suspension.  Li et al., [22] prepared a TiO2/rGH 

using commercially obtained Degussa TiO2 (P25) as the photoactive material. In their synthetic protocol, 
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they added an equal volume of PEG 200 and TiO2 into GO, and subject them to ultrasonication. Following 

that, they used sodium ascorbate as the self-assembly agent by heating the suspension at 95oC for 60 min 

to obtain the 3D hybrid material. Recently, the in-situ growth method was reported by Ma et al.,[23] to 

prepare a hybrid 3D BiVO4/rGH for the photodegradation of tetracycline (TC). The one-step method was 

initiated by adding Bi(NO3)3.5H2O and various mass fraction of rGH in distilled water, followed by sonication 

and stirring. Then, NH4VO4 and CO(NH2)2 were added respectively and stirred. The suspension was heated 

at 80oC for 24 h to obtain the 3D photocatalytic material. They posited that the directional migration of BiVO4 

and rGH substantially inhibits photogenerated carriers from recombination, thus increasing the separation 

efficiency.  

1.6 Anti-bacterial disinfection properties of 3D graphene architecture 

Hybrid 3D graphene macrostructure has also been reported to be effective anti-bacterial agents. Membrane 

stress, oxidative stress, and/or wrapping isolation produced the mechanism behind their effective anti-

bacterial activity [51]. The general mechanism of the anti-bacterial process involves the degradation of 

Coenzyme A by the photocatalytic reaction generated by reactive oxygen species (ROS), leading to 

denaturation of the enzyme that inhibited respiratory activity, causing cell death. Cell death is caused by 

the disruption of the membrane of the cell wall, which leads to potassium ion leakage and subsequent flow 

of cellular components such as ribonucleic acid (RNA) and protein. Anti-bacterial activity against gram-

positive and gram-negative species of bacteria such as Escherichia coli, Staphylococcus aureus, 

Pseudomonas aeruginosa, Streptococcus faecalis, and Candida albicans, etc. are often used as model 

bacteria to access the antibacterial activity of a certain material. Previous studies have shown that GO 

possessed greater antibacterial activity as compared to rGO due to their morphological features of having 

sharp-like edges. In anti-bacterial studies, the aggregation of the GBMs is usually a challenge due to strong 

inter-planar interactions limiting their surface area and mode of action. Therefore, to enhance anti-bacterial 

activity, different functionalization and surface modification of GBMs using metal nanoparticles, metal 

oxides, polymers, antibiotics, etc. have been carried out. 

The use of stabilized anti-bacterial metal nanoparticles such as silver (Ag) on GBMs has been extensively 

investigated. AgNP has been identified as causing direct damage to the bacterial cell membrane. Previous 

studies have shown that Ag ions bind to the thiol groups in enzymes, and disrupt the bacteria's respiratory 
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chain leading to cell death. Also, through photocatalytic activation, AgNP can generate ROS to fight against 

bacteria. The drawbacks of AgNPs, however, include agglomerations, ease to oxidize, recovery complexity, 

and cytotoxicity. In enhancing the efficiency of bacterial inactivation, hybridization between the AgNPs and 

GBMs is a possible strategy. The inclusion of graphene-based material in the hybrid system allows the size 

and morphology of the AgNPs to be systematically controlled and the surface area significantly enhanced, 

thus facilitating interaction with the bacteria. Besides, the strong interaction of the AgNP and GBMs with 

electrostatic interaction allows for the easy recovery of nanoparticles that can leech into the environment, 

causing secondary pollution that is not desirable. As proof of concept, we prepared Ag/rGH to access its 

anti-bacterial activity towards Escherichia coli via the hydrothermal and freeze-dried method. Improvements 

in the inactivation of bacteria from rGH and AgNP/rGH can be seen from the bacterial plate count in Fig. 

1.3(a-b) compared to the cotton sample only (control). The bacterial disinfection results show that almost 

100% of E. coli inactivation was achieved by AgNP/rGH. The results showed that 3D-based Ag/rGH in 

wastewater treatment could be a potential remedy for the process of bacterial inactivation. 

 

Fig. 1.3. (a) Photographs of colonies formed by E. coli after remediation with cotton, rGH and Ag/rGH 

(b) Number of bacterial colonies (x103) formation. 

 

 

 

a

 

b

 

Cotton rGH Ag/rGH 
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1.7 Problem statement and objectives 

The remediation of various pollutants using 3D graphene-based is an emerging trend that is gaining wide 

interest. In this regard, a graphene-based hydrogel/aerogel could be an alternative strategy that can 

overcome the limitation associated with powder-based adsorbent/photocatalyst. The preparation of 3D 

hydrogel structure via hydrothermal treatment is mainly attributed to the need to eliminate the usage of 

chemical reductants which incurred additional cost. In addition, the one-pot synthetic method is a facile and 

efficient strategy to prepare various functionalized 3D hydrogel with improved properties for usage as 

adsorbent/photocatalyst. Hence, the objectives of this study are: 

The objectives of this study are: 

i. To prepare 3D modified graphene hydrogels via hydrothermal treatment and freeze-drying. 

ii. To characterize the 3D graphene hydrogel in terms of their morphological, structural, optical, and 

electrochemical properties.  

iii. To evaluate the adsorption capability of the 3D graphene towards selected pollutants. 

iv. To carry out photocatalytic degradation and identify their degradation mechanism on selected 

pollutants using the 3D graphene. 

v. To access the antibacterial activity of the 3D graphene towards selected bacteria 
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CHAPTER 2 
 

ACCESSING EFFECTS OF ALIPHATIC DICARBOXYLIC ACID TOWARDS THE PHYSICAL AND 
CHEMICAL CHANGES IN LOW TEMPERATURE HYDROTHERMALLY REDUCED GRAPHENE 

HYDROGEL 
 

Abstract 
 

To date, studies pertaining the effect of aliphatic dicarboxylic acids (DCAs) on the properties of 

hydrothermally reduced graphene hydrogels (rGH) are limited and mainly used as either a reducing 

agent or cross-linkers. The modification of the properties of the hydrogels by introducing small amount 

of additive into the mixing composition is important from the point of view of imparting desired properties 

to the graphene-based hydrogel as intended for their specific applications. In this study, the in-situ 

preparation of rGH was carried out in the presence of a series of aliphatic DCAs namely oxalic acid (OA), 

malonic acid (MA), succinic acid (SA), glutaric acid (GA) and adipic acid (AA) in the graphene oxide (GO) 

reaction mixture via green hydrothermal method and freeze-drying. The as-prepared hydrogels were 

systematically characterized to probe the changes in their chemical and physical changes. Higher 

specific surface (SSA) of the hydrogel is obtained for shorter chain length DCAs.  The FTIR and XPS 

results also indicated that shorter chain DCAs exhibited better reducing capability in the removal of 

oxygen functional groups. The C/O ratio obtained showed decrement with the increase in the chain 

length of the DCA. On the other hand, good dispersity was found for longer chain DCAs in polar solvent. 

Overall, this study provided a comprehensive understanding on hydrothermally reduced graphene 

hydrogels prepared in the presence of dicarboxylic acids.   

 
Keywords: Graphene; hydrogel; hydrothermal; chain length; aliphatic dicarboxylic acid  
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2.1 Introduction  

Graphene is a unique sp2 carbon material that possessed high surface area, chemical stability, and great 

electron mobility. However, graphene sheets tend to aggregate due to their π-π interactions which hinders 

their fullest potential in various applications such as pollution remediations, energy storage, sensor, etc. To 

solve the inherent problems posed by two-dimensional (2D) graphene structure, researchers have 

proposed the transformation to a three-dimensional structure that retains the salient properties of graphene 

making it an attractive strategy for its usage in various applications[52]. Three-dimensional (3D) graphene 

hydrogel has attracted ample interest due to its highly porous framework, low density, tunable porosity, and 

easy utilization. Besides, the surface of the graphene sheets in the 3D macrostructure can be exploited for 

functionalization or anchoring, improving their physiochemical properties. The commonly reported self-

assembly process involved the hydrothermal [33,53], and chemical reduction[54] process in the 

development of 3D macrostructure. The in-situ assembly of reduced graphene hydrogel from graphene 

oxide (GO) using hydrothermal reduction has shown to bring far superior benefits owing to the elimination 

of the usage of reducing agents; hence lowering the cost. The process implements the use of overheated 

supercritical (SC) water to play the role of the reducing agent allowing the catalysis of heterolytic bond 

cleavage[55]. Besides that, the output from the treatment does not emit harmful end-products, offering the 

green alternative in comparison to organic solvents. During the hydrothermal treatment, the number of 

oxygenated functional groups is removed and the self-assembly process occurred from the hydrophobic 

interaction and π-π interactions between the reduced sheet[56].  

The addition of additives in the precursor before the hydrothermal reaction has become a common 

procedure due to the abundance of oxygen-containing functional groups distributed on GO sheets such as 

carboxylic (-COOH), epoxides (C-O-C), hydroxyl (-OH), and carbonyl (C=O) groups on their edges and 

basal plane enabling functionalization with various materials. The high chemical reactivity of the oxygenated 

groups enables the tuning of the graphene properties[19]. Among them, aliphatic dicarboxylic acids have 

been used alongside GO precursor either as cross-linkers or reducing agents in the preparation of 

graphene-based materials. Aliphatic dicarboxylic acids (DCAs) are important water-soluble organic 

compounds containing two carboxyl functional groups at both ends of their chemical structure. The physical 
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and chemical characteristics of DCAs presents many applications in different areas such as 

nanotechnology, polymer, and the pharmaceutical industries.  

Previously, Bai et al. prepared few-layer graphene sheets using oxalic acid and NaCl under sonication for 

transparent conductive film applications[57]. Kumar et al. carried out the reduction of GO using various 

amount ratios of malonic acid: GO and found that the reduction fared better as compared to oxalic acid. 

They attributed the efficient reduction from the active methylene group that acts as an effective 

nucleophile[58]. In another study, Amanulla et al., synthesized AuNP/rGO nanocomposite using succinic 

acid as the reducing agent for calorimetric sensor application[59]. Besides, Al-Hazmi et al., reported on an 

efficient method to obtain high-quality graphene using the treatment of graphite flakes with glutaric acid 

using the microwave-assisted solvothermal method, in which the graphite flakes were pushed at an equal 

distance of the length of the glutaric acid [60]. Previous studies mentioned above have indicated the 

feasibility of using DCA as reducing agents or cross-linkers between graphene sheets.   

However, studies on the usage of DCA in the preparation of hydrothermally reduced graphene hydrogel 

are limited in the sense that previous studies only applied one kind of DCA in the preparation of graphene-

based materials. Also, fundamental studies on the effect of the DCA on the formation of hydrothermally 

reduced graphene hydrogel are worth exploring especially in terms of their physical and chemical changes. 

Thus, to develop a better understanding of the relationship between chain length of DCAs and reduced 

graphene hydrogel formation via hydrothermal process, a series of DCAs consisting of oxalic acid (OA), 

malonic acid (MA), succinic acid (SA), glutaric acid (GA) and adipic acid (AA) were used in this work. The 

impact of increasing the carboxylic chain length towards the formation of hydrothermally reduced graphene 

hydrogel was systematically studied in terms of their morphology, crystallinity, chemical interactions, and 

dispersion. The findings of this study will bridge the knowledge gap on this subject matter; which is 

paramount in practical applications involving the preparation of graphene-based hydrogels. 
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2.2 Materials and Methods  

2.2.1 Chemicals 

Dispersion of graphene oxide (GO) in water (0.1-2.0 %) was obtained from Nippon Shokubai Co. Ltd (AX-

1-FM-W-151). The dicarboxylic acids consisting of oxalic acid (OA), malonic acid (MA), succinic acid (SA), 

glutaric acid (GA), and adipic acid (AA) were obtained from Wako Pure Chemical Industries Ltd, Japan. 

Potassium hexacyanoferrate (III) 99% was purchased from Sigma Aldrich.  Deionized water (18.25 MΩ.cm) 

was obtained from a Milli- Direct 16 (Millipore Q, USA). Unless specified otherwise, all the reagents and 

materials were readily used without additional purification. For the sonication process, a bath sonicator (AS 

ONE Ultrasonic Cleaner Single Frequency, 3L (MSC-3) 40 kHz, 100W) was used as described below.  

 

2.2.2 Synthesis of reduced graphene hydrogels  

GO (30 mL) was first ultrasonicated for 1 hour until reaching a concentration of 2 mg/mL to exfoliate the 

graphene sheets. 0.01 M of aliphatic DCA was readily added to the aqueous GO dispersion and further 

sonicated for 0.5 h at room temperature. The solution was then transferred into a modified 100 mL 

borosilicate glass vial that can withstand high temperature and pressure. The hydrothermal reduction is 

carried out in a TOMY High-pressure steam sterilizer (LBS-325) at 120oC for 12 hours. The autoclave was 

then naturally cooled to ambient temperature.  The resulting hydrogel was then immersed in deionized 

water for 24 hours to remove any unreacted materials and was lyophilized at -50oC for 24 hours to remove 

any moisture content before any characterization is carried out. The obtained hydrogels with the addition 

of oxalic acid (OA), malonic acid (MA), succinic acid (SA), glutaric acid (GA), and adipic acid (AA) were 

denoted as rGH-OA, rGH-MA, rGH-SA, rGH-GA, and rGH-AA, respectively to ease identification. The GO 

suspension without any addition of DCAs is denoted as rGH, acting as the control. 

 

2.2.3 Characterizations 

The morphology of the freeze-dried hydrogel surface was accessed using scanning electron microscopy 

(SEM) on a JEOL 6000 microscope. N2 adsorption-desorption was carried out on a Surface Area and Pore 

Size Analyzer (Nova 4200e, Quantachrome Instruments) in which the Brunauer-Emmett-Teller (BET) 

surface area and Barrete-Joynere-Halenda (BJH) pore size were obtained from the obtained isotherms. 
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The crystalline structure of the hydrogels was accessed using a Rigaku X-ray diffractometer with Cu K-α 

radiation at 40kV and 15 mA with a scan rate of 10o/min. The chemical bonding changes were accessed 

on an Attenuated total reflection-Fourier transform infrared (ATR-FTIR), PerkinElmer Spectrum GX in the 

range of 4000 to 500 cm-1. X-ray photoelectron spectroscopy (XPS) measurements were performed using 

Axis Nova (XPS) Surface Analyzer (Kratos Analytical Ltd, Japan). Thermogravimetric analysis (TGA) was 

performed to analyze thermal stability from room temperature to 550oC at a rate of 2oC/min under the N2 

atmosphere using EXSTAR TG/DTA7000. The electrochemical analyzer Nova 1.1 Autolab potentiostat 

(PGSTAT204, Metrohm Autolab, Netherlands) connected to an external computer was utilized to carry out 

the electrochemical measurement. The three-electrode system consisted of a glassy carbon electrode 

(GCE) as the working electrode, Ag/AgCl/KCl (3M), and platinum as the reference and auxiliary electrode, 

respectively. The freeze-dried graphene-based hydrogel was first sonicated in DMF to a concentration of 1 

mg/mL and the suspension is drop-casted on the GCE surface and allowed to dry before proceeding with 

electrochemical measurements. 

 

2.3 Results and Discussion  
 

 

 

 

 

 

 

Fig. 2.1. Digital images of the as-prepared graphene hydrogels. (a) rGH, (b) rGH-OA, (c) rGH-MA, (d) 

rGH-SA, (e) rGH-GA and (f) rGH-AA 

 

Based on Fig. 2.1, the digital images of the hydrogels obtained after hydrothermal treatment for 12 h at 

120oC using autoclave showed the formation of almost cylindrical-shaped which is consistent with 

previously reported studies[31,33]. Two essential factors need to be taken into account for the hydrogel to 

be formed: hydrothermal temperature and time. The gelation process is due to the strong π−π and 

hydrophobic interaction of reduced graphene sheets above a critical concentration of the starting GO 

(a) (b) (c) (d)  (e) (f) 
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suspension[31]. To evaluate the physical changes, the water content of the hydrogels was evaluated in 

which the results were shown in Table 1 using the following equations: 

 

Water content (%) = 
𝑀𝑤− 𝑀𝑑

𝑀𝑤
 x 100%   

Mw represents the mass of the as-prepared hydrogel and Md denotes the mass after freeze-drying. It can 

be seen that the water content and diameter of the hydrogel increased with the increase in the chain length 

of aliphatic DCAs. The water content roughly represents the empty voids and spaces which were consisted 

of the pores filled with water. Although a similar concentration of GO dispersion was used, the volume 

obtained were 1.92 cm3, 0.95 cm3, 1.25 cm3, 2.12 cm3, 2.72 cm3 and 3.41 cm3 for rGH, rGH-OA, rGH-MA, 

rGH-SA, rGH-GA, and rGH-AA, respectively as shown in Table 2.1. Using the volume of rGH as a reference, 

the volume increased as much as 43.70 % for rGH-AA. Hence, the findings showed that the presence of 

the DCAs affected the cross-linking network which corresponds to the change in their physical properties 

in terms of volume and water content.  

Table 2.1. Water content and density of the reduced graphene-based hydrogels 

Sample Water content (%) Volume  

(cm3) 

Density  

( g/cm3) 

rGH 99.02 1.92 0.62 

rGH-OA 98.06 0.95 1.24 

rGH-MA 98.44 1.25 1.59 

rGH-SA 99.17 2.12 1.23 

rGH-GA 99.20 2.72 1.03 

rGH-AA 99.32 3.41 0.64 

 

The SEM images of the freeze-dried hydrogels are depicted in Fig. 2.2 to further probe their surface 

morphology. The freeze-drying process leads to the removal of the ice crystal from the voids and hence 

causing the graphene layers to be rearranged and finally leading to the formation of a three-dimensional 

porous structure[53]. The disordered randomly oriented graphene sheets shown in Fig. 2.2(a) possessed 
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a wrinkled texture which is consistent with many studies[61,62]. However, in the presence of the aliphatic 

DCA during hydrothermal treatment, the morphology graphene sheets showed more exfoliated layers and 

possess a more porous nature as depicted in Fig. 2.2(b-f)[63].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. SEM images of reduced graphene-based hydrogels. (a) rGH, (b) rGH-OA, (c) rGH-MA, (c) rGH-

SA, (d) rGH-GA, (e) rGH-AA 

FTIR provides an overview of the presence of the oxygen-containing functional groups for the freeze-dried 

hydrogels. The spectrum of GO as shown in Fig. S2.1(a) possessed peaks at 1,080 cm-1 correspondings 

to C-O stretching vibration mode related to the presence of the alkoxy group, 1,280 cm-1 attributed to C-O 

(a) (b) 

(c) (d) 

(e) (f) 
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from the epoxy group, 1,618 cm-1 associated with the presence of C = C bond, and 1,750 cm-1 assigned to 

C = O stretching vibration mode in the carboxyl group. The commonly found broad peak at 3,212 cm-

1 originates from the hydroxyl O-H bond[64]. This spectrum confirms the presence of alkoxy, epoxy, and 

carboxyl group characteristic to GO. Fig. 2.3(b) depicts the ATR-FTIR spectra of rGH, rGH-OA, rGH-MA, 

rGH-SA, rGH-GA, and rGH-AA. Four prominent peaks attributed to the C=O, C=C, C-O-C (epoxy) and C-

O (alkoxyl) can be observed after the hydrothermal treatment occurring around 1720 cm-1, 1580 cm-1, 1240 

cm-1 and 1048 cm-1, respectively. The hydrothermal treatment diminished the O-H groups around 3300 cm-

1 and increased the peak intensity of the C=C around 1580 cm-1 which confirmed the restoration of the sp2 

carbon network. The C-O peak in rGH-OA weakened extensively which further proved their reducing 

capabilities. The increased intensity and shift in the position of the C-O-C peak for cross-linked rGHs can 

be posited from the low hydrothermal temperature which is not sufficient to severe the strong covalently 

bonded carbon symmetry at the basal plane. The oxygen groups of the DCA should functionalize on the 

edge of the graphene plane without causing lattice distortion and defects at the basal plane[65]. In addition, 

the increase in peak intensity and the shift in the peak position of the C=O may be attributed to the 

successful surface functionalization of the DCA on the graphene surface via ester formation. This finding 

showed that the alkoxy group is susceptible to the hydrothermal treatment for short-chain DCA (OA).  
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Fig. 2.3. (a) FTIR spectrum, (b) TGA thermogram, (c) XRD spectra and (d) N2 adsorption-desorption 

isotherm of the as-prepared graphene hydrogel 

 

Thermogravimetric analysis (TGA) was used to access the thermal stability of the freeze-dried hydrogel. 

There were three significant stages of mass loss based on the thermograms in Fig. 2.3(b). The mass loss 

until about 150oC is ascribed to the removal of absorbed water. The second step observed from 150 to 

500oC is attributed to the loss of oxygen-containing functional groups on the basal and planar plane which 

were not removed completely via the hydrothermal treatment [66]. And the third step above 500oC is related 

to the unstable carbon remaining and pyrolysis of the oxygen functional groups on the graphene sheet to 

yield carbon monoxide and carbon dioxide [67]. However, it can be seen that rGH-OA exhibited the highest 

thermal stability which is possible from the restoration of the sp2 carbon network due to the reducing 

capability of OA in the removal of the more oxygen-containing functional groups during hydrothermal 

treatment. However, on the other hand, longer chain derivatives of the aliphatic DCA (MA onwards) showed 

(a) (b) 

(c) (d) 
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a slight deterioration in their thermal stability. The notable mass loss at about 350oC can be partly ascribed 

to the pyrolysis of the weakly bonded chemically grafted DCAs as supported by the FTIR results[68]. Hence, 

the difference in weight loss between the control sample, rGH and the rGH-DCA enables us to predict the 

functionalization rate of the DCA on the basal plane. The total weight loss difference in comparison to rGH 

is 1.87%, 5.44%, 6.31%, and 4.75 % for rGH-MA, rGH-SA, rGH-GA and rGH-AA, respectively. This finding 

further indicates that there is no direct relation between the chain length of DCA and their functionalization 

rate on the basal plane.  

The XRD patterns of the reduced graphene hydrogels are shown in Fig. 2.3(c) to probe its crystalline 

changes. GO showed the typical wide diffraction peak at 2θ=10.24o corresponding to the (0 0 1) crystal 

plane as shown in Fig. S2.1(b). The smaller peaks obtained at 2θ=19.77 o and 26.36 o indicate the presence 

of abundant oxygen atoms that were not fully intercalated[69]. Well-resolved diffraction peaks observed at 

2θ are around 23.8o corresponding to the d-spacing values of 0.373 nm for the rGH. On the other hand, the 

small diffraction peak at 2θ at 42.98° is related to the (1 0 2) plane of rGO structure. The findings are in 

agreement with to previously reported study on hydrothermally prepared graphene hydrogels[70]. The 

diffraction peak intensities of the (002) peak showed higher intensity for a longer chain length of DCA (from 

SA onwards) in comparison to the short-chain length of DCA. The increased intensity peak at 2θ and no 

significant changes in the 2θ peak position (< 1o) in the presence of increased chain length of aliphatic DCA 

indicated that the reduced graphene sheets consisted of disorderedly stacked sheets which are in 

agreement with the results obtained from the morphology in the SEM analysis. Often, the reduction in d-

spacing between the graphene sheet indicate reduction occurred by the removal of the remaining oxygen 

groups. Interestingly, only rGH-MA showed an increase in the d-spacing which may be related to the cross-

linking effect of the rGO lamellae by MA. This behaviour can be attributed to the preferential grafting of the 

oxygen-containing functional group onto GO during the sonication process which played a supporting role 

like “pillars”, hence leading to the increase in d-spacing of the rGH-MA[71]. It can also be seen that there 

was no significant pattern of changes in the d-spacing with the increase of the DCA’s chain length.  The 

crystallite size of the hydrogels was calculated using the full width at half maximum (FHWM) of the (0 0 2) 

plane refraction peak, the highest intensity peak using the Debye-Scherrer equation: 

𝐷 =
kλ

𝛽 cos θ
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where D is the crystallite size, λ is the wavelength of the X-ray (1.54 Å), 𝛽 is the FWHM of the diffraction 

peak and θ is the diffraction angle. Table 2.2 further summarizes the crystallite size of hydrogel based on 

the (0 0 2) plane. The crystallite size of rGH-GA and rGH-AA significantly decreased in comparison to rGH 

which is possible from disruption of graphitic stacked ordering and the creation of more grain boundaries 

or lateral defects from the introduction of the longer DCAs[72]. 

Table 2.2. XRD parameters of the hydrogels 

Hydrogel (0 0 2) (1 0 2) *Crystallite 
size 

(nm) 
2θ FWHM 

(o2θ) 

d-
spacing 

(Å) 

2θ FWHM 

(o2θ) 

d-
spacing 

(Å) 

rGH 23.81 2.50 3.73 42.98 1.54 2.10 3.39 

rGH-OA 24.25 1.92 3.67 43.69 3.65 2.07 4.42 

rGH-MA 23.66 2.69 3.76 42.94 2.30 2.10 3.15 

rGH-SA 23.96 1.50 3.71 43.68 2.99 2.07 5.66 

rGH-GA 24.41 4.61 3.63 43.65 2.50 2.07 1.84 

rGH-AA 24.06 3.65 3.69 43.66 3.07 2.07 2.33 

*The crystallite size is measured from the (0 0 2) diffraction peak position 

To elucidate the surface areas and microstructure of the hydrogels, low-temperature nitrogen adsorption-

desorption isotherm were carried out as depicted in Fig. 2.3(d). The type IV adsorption-desorption isotherm 

indicated that significant mesopores are present in the hydrogels with pore diameter between 2- 50 nm. 

The isotherm of rGH-OA exhibited a significant H3 hysteresis loop which is a typical characteristic of non-

rigid aggregates of plat-like possessing open large pores[61,73]. The specific area and textural property of 

the hydrogels are summarized in Table 2.3 Interestingly, the specific area and pore volume improved until 

rGH-MA but decreased significantly as the chain length of the aliphatic DCA increased further.  The 

decreased surface area obtained in a longer chain of aliphatic DCA hydrogels can be attributed to the 

agglomeration/precipitation and partial overlapping of the sheets leading to inaccessible surface added on 

with the presence of the remaining oxygen functionalities from the longer chain aliphatic DCA which was 

not completely removed by the hydrothermal treatment[74]. In comparison to the theoretical surface area 
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of graphene, the significant decrease of the surface area obtained in this study could be largely attributed 

to hydrothermal and freeze-drying treatment. Often, the stacking of the graphene sheets due to the 

extensive van der Waals interaction reduces the accessible surface area with regards to their degree of 

stacking[75]. On this notion, the number of graphene stacking is accessed by applying the scaling law which 

is described as: 

𝑁 =  
2600

𝐴
 

where the N is the number of graphene sheets per plate, 2600 is the theoretical surface area of graphene 

(m3/g) and A is the experimental BET surface area measured (m2/g). The graphene stacking number is also 

summarized in Table 2.3.  

Table 2.3. BET Surface area and BJH pore size/volume of the reduced graphene hydrogels 

Sample Specific surface 
area  

(m2/g) 

Average pore 
size 

(nm) 

Total pore 
volume  
(m3/g) 

Number of 
stacking, N 

rGH 22.51 1.739 0.132 115 

rGH-OA 54.71 1.976 0.357 47 

rGH-MA 58.83 1.728 0.655 44 

rGH-SA 31.88 1.624 0.217 81 

rGH-GA 12.13 1.981 0.069 214 

rGH-AA 7.059 1.723 0.048 368 

XPS was further performed to access the surface chemical composition of the freeze-dried hydrogels. Fig. 

4(a) shows the XPS wide spectra possessing characteristic peaks of C1s and O1s, respectively. The atomic 

ratio of carbon to oxygen (C/O) was obtained via the atomic concentration (%) for the C1s and O1s peaks. 

C/O ratios are often analyzed to access the reduction degree of graphene-based materials. However, it is 

important to note that DCAs alkyl chains are also included into the C content and hence the C/O ratio 

obtained may not necessarily portray the actual carbon content of the bulk reduced graphene sheet. The 

C/O ratio should be interpreted with caution. The C/O ratio decreased with the increase of the DCA chain 

length. It is found that that the presence of short-chain DCAs (OA and MA) during hydrothermal treatment 

enables the easy restoration of the sp2 carbon network due to the removal of the oxygen functional groups 
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on the graphene sheets. The findings obtained also support the result obtained from the FT-IR and TGA 

for short-chain length DCAs.  On contrary, in the case of the longer DCAs chain length, the lower C/O ratio 

obtained is possible from the surface functionalization of DCAs which hinders the effective removal of 

oxygen-containing groups during hydrothermal.  

Based on Fig. 2.4(b), the deconvolution of C1s spectra corresponds to the C-C/C=C (284.6 eV), C-O (286.4 

eV), attributed to the hydroxyl/phenolic and O-C=O (carbonyl and carboxylic) at around 288.7 eV[76]. The 

curve fitting results of the C1s split spectra was further shown in Table 2.4. Except for rGH-OA, the increase 

of O-C=O percentage indicates the surface functionalization of the DCAs occurred on the reduced 

graphene surface. Interestingly, the increase of O-C=O is the greatest for rGH-MA. On the other hand, the 

decrease of the C-O and O-C=O percentage in rGH-OA further substantiated the reducing capability of OA 

as supported by the FT-IR and TGA results. 
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Fig. 2.4. (a) Wide spectra and (b) C1s split spectra of the reduced graphene hydrogel 

 

In addition, the increase in the C-C/C=C also showed the improved restoration of the sp2 aromatic rings 

during hydrothermal. In hindsight, the changes in the C-C/C=C are relatively subtle for other DCAs, which 

can be explained by the small amount of DCAs used in the hydrothermal treatment.  

 

 

 

a 

b 
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Table 2.4. Curve fitting results obtained from the XPS split spectra of C1s 

 Assignments Binding 

energy (eV) 

Area Atomic 

Percentage (%) 

rGH C-C/C=C 284.6 45240.1 82.04 

 C-O 286.3 6349.3 11.52 

 O-C=O 288.7 3552.0 6.45 

rGH-OA C-C/C=C 284.6 47958.1 84.23 

 C-O 286.5 5755.0 10.11 

 O-C=O 288.9 3222.7 5.66 

rGH-MA C-C/C=C 284.6 57171.0 80.72 

 C-O 286.4 8460.5 11.95 

 O-C=O 288.7 5192.1 7.34 

rGH-SA C-C/C=C 284.7 44352.7 80.43 

 C-O 286.6 5687.5 10.32 

 O-C=O 288.7 5101.3 9.26 

rGH-GA C-C/C=C 284.7 46030.7 80.19 

 C-O 286.5 7311.5 12.74 

 O-C=O 288.9 4057.1 7.07 

rGH-AA C-C/C=C 284.6 54121.7 79.58 

 C-O 286.4 7215.3 10.61 

 O-C=O 288.7 6663.5 9.80 
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Digital photographs as shown in Fig. 2.5 were taken to further access the dispersion stability of the 

graphene-based hydrogels in a wide range of solvents such as H2O, MeOH, EtOH, acetone, CHCl3, and 

DMF. The amphiphilic dispersion of the reduced graphene hydrogels depends on their complex structure 

which includes oxygen-functioning groups, topological defect clusters, and edge/defects on their plane to 

form stable dispersion[77]. The dispersion stability was investigated by adding 1.0 wt.% of the freeze-dried 

hydrogel into various organic solvents with a 1:10 weight ratio and sonicated for 2 hours. The final 

concentration of the suspension was maintained at 0.1 mg/mL. The abundance of oxygen-containing 

functional groups on GO exhibited good dispersion in various organic solvents as compared to its reduced 

form[78]. The surface of the reduced graphene after freeze dry becomes hydrophobic due to the 

deoxygenation process during hydrothermal treatment.[53,79]. The results showed that all of the freeze-

dried hydrogels retained excellent solubility in DMF for up to 10 days. In terms of colloidal stability, the 

Derjaguin-Landau-Verwey- Overbeek (DLVO) theory is fundamental in the study of colloidal properties in 

polar media which states that the interaction energy is the sum of the van der Waals and electrostatic 

interactions. Stable dispersion means that the electrostatic interactions are greater in comparison to van 

der Waals[80]. In DMF, the greater electrostatic repulsive force overcomes the attractive van der Waals 

forces resulting in the good dispersion attributed to the creation of electric charge on the graphene particle 

surface[81]. Interestingly, for rGH-AA, the functionalization on the reduced graphene surface also improved 

the dispersity in low polar solvents such as MeOH and EtOH with low precipitation sedimented at the 

bottom.  rGH-MA also showed improved dispersity in H2O and EtOH as compared to rGH. Besides, rGH-

SA also showed good dispersion stability in non-polar solvents such as CHCl3 posited from the effective 

spacers formed which improve exfoliation of the graphene sheet and preventing agglomeration[82]. 
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After sonication for 2 h Sample After 10 days 

 

 

 

rGH 
 

 

rGH-OA 

 

 

rGH-MA 

 

 

rGH-SA 

 

 

rGH-GA 

 

 

rGH-AA 

 

 

Fig. 2.5. Dispersity of the graphene-based hydrogels in various solvents (left) after sonication for 2 h 

(right) after left for 10 days. (a) rGH, (b) rGH-OA, (c) rGH-MA, (d) rGH-SA, (e) rGH-GA, (f) rGH-AA 

The determination of the electrochemical properties of the hydrogels was further accessed using cyclic 

voltammetry. Cyclic voltammetry was carried out on potassium ferricyanide [(K3Fe(CN)6] as the 

electrochemical probe using the dispersion of modified rGH modified on the glassy carbon electrode (GCE) 

by the drop-casting method. Fig. 2.6 depicts the almost reversible one-electron transfer cyclic 

voltammogram for [(K3Fe(CN)6] which is common. The improved voltammetric response (anodic current) 
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in the presence DCAs as compared to bare rGH can be attributed to the increased charge transport 

properties and transfer dynamic [83]. Besides, the enhancement in the oxidation current is resulted from 

the salient properties of reduced graphene such as high specific surface area and excellent conductivity. 

In contrary to the BET surface area as shown in Table 2.3, the sonication of the freeze-dried graphene 

hydrogel to suspension form may induce better separation of the graphene sheets which increased their 

surface area. Interestingly, rGH-MA showed the highest anodic current which corresponds to the highest 

surface area as obtained from the BET studies. However, the only minimal increase could be observed for 

the rGH-DCA in comparison to bare rGH. Besides, the slight shifting of the anodic peak to a less negative 

potential peak can be related to the increase in selectivity of the modified graphene-based electrode which 

is paramount in research on chiral sensing applications [84]. It is important to understand that various 

experimental factors such as temperature, pH, salt concentration, amount of modifier, and type of 

electrolyte may also affect the performance of the modified electrode. It would be interesting to further 

optimize the working condition which can improve its performance. This finding further showed that 

graphene-based material prepared in the presence of DCA showed slightly improved electrochemical 

properties which can be used as a potential modifier for improved performance in sensing applications.  

 

 

Fig. 2.6. Cyclic voltammogram of 1 mM potassium ferricyanide, [(K3Fe(CN)6] with a scan rate of 100 

mV/s using GCE modified with the graphene-based hydrogels. 
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2.4 Conclusion 

In summary, we have successfully prepared various reduced graphene hydrogels in the presence of various 

chain lengths of aliphatic DCAs possessing different physical and chemical properties. The volume and 

water content of the hydrogel prepared increased with the increase in the chain length. Improved thermal 

stability is achieved for shorter chain length DCAs; rGH-OA and rGH-MA. Besides, decreased surface area 

obtained in longer alkyl chain DCA hydrogels possible from the agglomeration/precipitation and partial 

overlapping of the sheets leading to the inaccessible surface. FTIR and XPS indicated that reduction or 

surface grafting of the oxygen-containing functional groups from the DCAs occurred. The surface grafting 

of some longer chain DCAs such as AA exhibited improved dispersity in low polar solvents. Overall, this 

study provided a more detailed understanding of hydrothermally reduced graphene hydrogels and its’ 

implications from the addition of DCAs. Hence, this work will be beneficial in the development of novel 

graphene-based hydrogels for their usage in their intended applications such as biomedical, electronics, 

wastewater treatment, and sensor applications. 
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CHAPTER 3 
 

HYDROTHERMALLY REDUCED GRAPHENE HYDROGEL INTERCALATED WITH DIVALENT IONS 

FOR DYE ADSORPTION STUDIES 

Abstract 

Fundamental studies involving divalent ion intercalated graphene-based hydrogel are still lacking in terms 

of their adsorption behavior towards dye pollutants. In this study, we prepared a self-assembled Mg2+ and 

Ca2+ intercalated reduced graphene hydrogel using hydrothermal treatment to evaluate the intercalation 

impact on the adsorption capability towards cationic dyes, methylene blue (MB) and rhodamine B (RhB). 

The morphological, structural, thermal and textural properties of the divalent ion intercalated reduced 

graphene hydrogels (rGHs) were studied using Fourier transform infrared spectrometer (FT-IR), 

thermogravimetric analysis (TGA), Raman spectroscopy, scanning electron microscope-energy dispersive 

spectroscopy (SEM/EDS), X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET) 

surface area analysis, and X-ray diffraction (XRD). The increased adsorption capacity of rGH-Ca and rGH-

Mg as compared to rGH towards the dye molecules resulted from the increase in the specific surface area 

and pore volume due to the Mg2+ and Ca2+ bridging that formed spaces between the graphene sheets 

framework. Adsorption kinetics and the equilibrium adsorption isotherm were fitted by a pseudo-second-

order (PSO) alongside intraparticle diffusion (IPD) kinetic model and Langmuir isotherm respectively. In 

addition, the Mg2+ and Ca2+ intercalated reduced graphene hydrogel showed good generation after three 

cycles of simultaneous adsorption without any structural deformities 

Keywords: graphene hydrogel; hydrothermal; dye adsorption; calcium; magnesium  
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3.1. Introduction 

Water bodies contaminated with dye-containing effluent disposed from various industries such as textile 

and printing often contribute to massive environmental and health problems[85–88]. Currently, the 

treatment of dye wastewater includes biological treatment, coagulation, floatation, and adsorption. Due to 

the low cost, ease of operation, and high performance, adsorption is often preferred for dye removal from 

waste water. [34,89–91]. For the past years, many significant findings on the remediation of dye wastewater 

via adsorption have been reported using graphene-based nanomaterials upon comparing to other carbon-

based materials such as biochar, activated carbon, etc [92–96]. From the carbon family, graphene 

possessed a honeycomb crystal lattice composing of hexagonally sp2 hybridized carbon atom with a 

thickness of equal to one atom diameter[97]. This two-dimensional (2D) material has gained prominence 

among researchers due to its unique properties such as possessing high surface area (2600 m2/g), intrinsic 

electron mobility (200,000 cm2/Vs), Young’s Modulus (1 TPa), and high thermal conductivity (5000 W/mK) 

[61,98,99]. Graphene oxide (GO) is a commonly used precursor in the synthesis of graphene. Until now, 

the salient properties associated with 2D graphene have not yet been realized due to the fact that they 

cannot exist in a free state due to aggregation of the sheets from the intrinsic π-π [100].  

In wastewater remediation applications, the usage of graphene-based powder complicates the post-

recovery process which is not ideal in large-scale applications. The development of three-dimensional (3D) 

graphene-based architecture such as hydrogels or aerogels has become a promising choice to tackle the 

aforementioned drawbacks. The 3D reduced graphene hydrogel block morphology explicitly tackles the 

issue of easy recovery and prevents the release of graphene nanosheets from contributing to secondary 

contamination.[101]. The intrinsic π-π interactions and van der Waals interactions drive the hydrogel 

formation between the sheets to achieve macroscopic structural stability[31,102]. 3D graphene framework 

contains an interconnected porous structure with a large specific surface area making them ideal for 

wastewater treatment[103,104]. Besides, reduced graphene-based hydrogels can act as a templating 

material for the inclusion/blending with small molecules, metal/metal oxide nanoparticles, polymer complex, 

etc which enable the design of novel multi-functional hydrogels with upgraded properties[105,106]. In terms 

of pollution remediation, reduced graphene hydrogel form π-π interactions with adsorbate molecules 

containing aromatic rings. Furthermore, remaining oxygenated groups on their surface enable electrostatic, 
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van der Waals forces, and hydrogen bonding interactions with the pollutants such as small dyes[107]. 

Previously, ample studies have been conducted using graphene-based hydrogel as promising adsorbent 

material for wastewater dye remediation[35,108–113]. To date, various approaches were reported in the 

successful fabrication of reduced graphene-based hydrogels which include hydrothermal 

treatment[31,114–116], solvothermal method, and chemical vapor deposition (CVD)[117]. Inherently, the 

hydrothermal process is a preferred alternative as it is a scalable approach that enables the control in the 

size and properties of the hydrogel from operating parameters such as hydrothermal time and hydrothermal 

temperature[118]. Also, the process eliminates the usage of reducing agents, which significantly reduced 

the cost[70]. During the hydrothermal process, superheated water acts as a strong electrolyte with high 

diffusion and dielectric constant; hence readily catalyzes bond cleavage of oxygen moieties present on the 

basal planes of the graphene sheets[30].  

Previously, Jiang et al[119] compared divalent ion (Ca2+, Ni2+, and Co2+ ) linkage between graphene sheets 

in a 3D architecture prepared via hydrothermal treatment. They found that the graphene sheet is 

interconnected via chemical and hydrogen bonds, which are driven by water molecules, divalent ions, and 

oxygen-functional groups on the reduced graphene sheet. The inclusion of calcium ions is also reported to 

improve the mechanical performance of alginate/graphene-based hydrogel due to the formation of different 

microcosmic morphologies within the framework[120,121]. In energy applications, Ca2+ forms bridge 

between graphene sheets; hence creating new electron energy levels and conduction channels [122]. The 

comparison between alkali metal ions as crosslinkers should be made to reduce the knowledge gap to fully 

grasp their effect on the physical and chemical properties of the hydrogels synthesized. Taking the unique 

behavior of reduced graphene hydrogel, we herein describe a simple one-pot synthesis via the 

hydrothermal treatment of GO in the presence of Mg2+ and Ca2+ for the preparation of divalent-ion 

intercalated reduced graphene hydrogels (rGH). The effect of divalent metal ion cross-linking within the 3D 

macrostructure is accessed for their adsorption behavior towards methylene blue and rhodamine B. The 

findings of this study will provide useful insights on future works on intercalated reduced graphene hydrogel 

practical applications in dye wastewater treatment. 
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3.2. Materials and Methods  

3.2.1 Materials, reagents, and equipment 

Graphene oxide (GO) dispersion in water (0.1-2.0 %) was used as received from Nippon Shokubai Co., Ltd 

(AX-1-FM-W-151). Magnesium chloride (MgCl2), calcium chloride (CaCl2), methylene blue (MB), rhodamine 

B (RhB), hydrochloric acid (HCl) was obtained from Wako Pure Chemical Industries Ltd, Japan. Deionized 

water (18.25 MΩ cm) produced by a Milli- Direct 16 (Millipore Q, USA) was used for the entire experiment. 

All the reagents and materials were used without further purification unless otherwise specified. For the 

sonication process, a bath ultrasonicator (AS ONE Ultrasonic Cleaner Single Frequency, 3L (MSC-3) 40 

kHz, 100W) was used as described below. 

3.2.2. Synthesis of divalent ion intercalated reduced graphene hydrogel 

30 mL of GO solution was prepared by the sonication of GO dispersion in deionized water to a concentration 

of 2 mg/mL for 1.5 hours to exfoliate the graphene sheets. 10 mL of 0.01 M MgCl2 and CaCl2 was added 

into the GO solution, respectively, and stirred for 15 minutes. The solution mixture was then transferred into 

an 80 mL modified autoclave glass bottle and sealed. The hydrothermal reduction was carried out in a high-

pressure steam sterilizer (TOMY LBS-325) at 130oC for 8 hours. The resulting reduced graphene hydrogels 

(rGH) were then dialyzed in H2O for 24 h. The obtained rGHs were denoted as rGH-Mg and rGH-Ca to 

ease identification.  The hydrothermal treatment of GO solution (40 mL) without the addition of divalent salt 

was also carried out and denoted as rGH. The rGH samples were then freeze-dried at -50oC for 24 hours 

to remove any moisture content without destroying the 3D macrostructure. The freeze-dried rGHs were 

kept for characterization studies as described below.  

3.2.3. Characterizations 

The absorption spectrum of the colloidal suspension of individual GO and with the presence of MgCl2 and 

CaCl2 were measured by UV-vis spectrophotometer (Genesys 10s, Thermo Fisher Scientific). The zeta 

potential and particle size analysis of the colloidal suspension were determined using DelsaMax Pro 

Beckman Coulter, Inc. The morphology of the freeze-dried hydrogels was accessed using JEOL 6000 

microscope scanning electron microscopy (SEM) attached with an energy dispersive X-ray analyzer (EDX) 
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operated at 10kV accelerating voltage. The crystalline structure was recorded on a Rigaku X-ray 

diffractometer with Cu K-α radiation at 40kV and 15 mA with a scan rate of 10o/min. FTIR spectroscopy 

was carried out on a PerkinElmer Spectrum GX. Thermogravimetric analysis (TGA) was performed on an 

EXSTAR TG/DTA7000 under a continuous N2 stream. Raman spectroscopy measurements were 

performed using JASCO NRS-5100 Laser Raman Spectrometer with an excitation wavelength of 532 nm 

and a 2.5 mW laser power beam. The ID/IG ratio was automatically calculated using the Spectra Manager 

II software pre-installed after performing wavenumber correction and intensity correction.  X-ray 

photoelectron spectroscopy (XPS) was performed on an Axis Nova (XPS) Surface Analyzer with a 

monochromatized Al Kα X-ray source. The XPS spectra were analyzed for their relative atomic percentages 

of the element species present using the CasaXPS program. The peaks are fitted by Gaussian-Lorentzian 

(GL) formula fitted with a  Shirley background. N2 adsorption-desorption studies were carried out using a 

Surface Area and Pore Size Analyzer, Quantachrome Instruments. The surface area and pore size 

distribution of the rGH samples were calculated using the Brunauer-Emmett-Teller (BET) method via N2 

adsorption-desorption isotherms and the Barrete-Joynere-Halenda (BJH) method, respectively. 

 

 

Scheme 3.1. The schematic representation of the formation of divalent ion intercalated reduced 

graphene hydrogel without taking into account the interactions that occurred for the formation of a 

hydrogel 
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3.2.4. Adsorption experiments 

Analytical grade dyes, cationic MB, and RhB were used as model pollutants for the adsorption experiment 

at room temperature to probe the adsorption performance of the hydrogels. The as-prepared hydrogels 

were placed into 20 mg/L, 150 mL dye solution, and agitated until adsorption-desorption equilibrium is 

achieved. For each experimental run, 2 mL of the dye solution was removed at a specific time interval and 

centrifuged at 2000 rpm for 5 min to remove suspended particles before residue dye absorbance 

measurements were taken. From Fig. S3.1, the residual concentration of the MB and RhB were computed 

from the calibration curve prepared by measuring the absorbance at various concentrations of the dye at 

664 and 554 nm, respectively. The adsorption capacity (Qe) for the hydrogels were calculated using the 

following equation: 

𝑄𝑒 =
(𝐶0− 𝐶𝑡)𝑉

𝑚
                         (1)  

where C0 represents the initial concentration (mg/g), Ct represents the equilibrium concentration at the 

specific time(mg/g), V is the volume of the dye solution (L) and m is the mass of the adsorbent (mg). Three 

kinetic models, namely pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich were used to 

understand the adsorption kinetics of the MB and RhB adsorption. PFO corresponded to a diffusion-

controlled process in a solid-liquid phase. PSO assumed the process is controlled by adsorption reaction 

at a liquid-solid interface. Elovich model was applied to describe the adsorption in a non-ideal state. The 

model assumes that the rate of solute adsorption decreases exponentially as the amount of adsorbed solute 

increases. The models’ equation can be described as follows: 

The pseudo-first-order (PFO) model: 

ln (𝑄𝑒 − 𝑄𝑡) = ln 𝑄𝑒 −
𝐾1𝑡

2.303
    (2) 

The pseudo-second-order (PSO) model: 

𝑡

𝑄𝑡
=  

1

𝐾2𝑄𝑒
2 + (

1

𝑄𝑒
) 𝑡      (3) 

The Elovich model:    

𝑄𝑡 =  
1

𝛽
ln 𝛼𝛽 + 

1

𝛽
ln 𝑡     (4) 
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where Qe and Qt are the dye amount adsorbed at equilibrium (mg/g), k represents the time, K1 (h-1) or K2 

(g/mg.h) refers to the adsorption rate constant, α is the initial adsorption rate (mg/g) and β is the desorption 

coefficient (mg/g). To further confirm the diffusion mechanism process, the intraparticle diffusion (IPD) 

model was also applied and can be written as: 

𝑸𝒕 =  𝑲𝒑 𝒕𝟏/𝟐 + 𝑪                (5) 

where Kp is the rate constant of the intraparticle diffusion kinetic model, C is the thickness of the boundary 

layer.  

The Langmuir, Freundlich, and Temkin adsorption isotherms were applied in the process to probe the 

adsorption process by fitting the equilibrium data. The Langmuir model presumes monolayer adsorption 

onto a homogenous adsorbent surface with the idea that energy change is uniform for all adsorption. On 

the other hand, the Freundlich model assumes that multilayer adsorption occurs on a heterogeneous 

surface. On the other hand, the Temkin model assumes that the heat of adsorption decreases linearly 

instead of logarithmically with the increase in the surface coverage and that adsorption can be characterized 

by uniform binding energies. The linear form of the equation employed to describe the adsorption isotherm 

is as follows: 

 

Langmuir isotherm model: 

𝐶𝑒

𝑄𝑒
=  

1

𝐾𝐿𝑄𝑚
+ 

𝐶𝑒

𝑄𝑚
        (6) 

Freundlich isotherm model: 

ln 𝑄𝑒 = ln 𝐾𝐹 +  
1

𝑛
 In 𝐶𝑒       (7) 

Temkin isotherm model: 

𝑄𝑒 =  
RT

B
ln 𝐾𝑇 + 

RT

B
ln 𝐶𝑒        (8) 

where Ce is the equilibrium concentration of the dye solution (mg/L). Qe and Qm are the adsorption capacity 

(mg/g) adsorbed on the adsorbent at equilibrium and maximum adsorption capacity (mg/g), respectively. 
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KL is the Langmuir binding constant (L/mol), KF is the Freundlich binding constant (L/mol), KT is the 

equilibrium binding constant (L/mol) corresponding to maximum binding energy and 1/n is the adsorption 

intensity. B is related to the heat of adsorption (J/mol), R is the universal gas constant (8.314 J/K. mol) and 

T is the absolute temperature (K). 

3.3 Results and Discussion 

Before hydrothermal reaction, the addition of MgCl2 and CaCl2 into the GO suspension led to the 

intercalation between the divalent atoms and the oxygen-containing functional groups occurring between 

the basal plane and edges; hence leading to a network of continuous bridging[123,124]. The divalent ions 

(M2+) may interact with GO sheets via two different binding modes. The strongest binding mode is the M2+ 

ions bound to the carboxylic group at the edges which results in the cross-linking with neighboring sheets. 

The second, from the creation of C-OH due to the ring-opening epoxide by M2+ which facilitates the 

intercalation of metal ions into the gallery between GO sheets[124]. To probe the interaction with the 

divalent ions, UV-visible analysis was conducted on the GO suspension which is shown in Fig. S3.2. The 

UV-Vis spectrum of GO suspension after sonication showed two distinct bands, a maximum at 262 nm 

attributed to π-π* transition of the aromatic C-C bonds, and the shoulder peak at 302 nm corresponds to 

the n-π* transition of the carbonyl C=O bonds[125]. The decrease in intensity of the shoulder peak and also 

the slight blue shift could be possible from the intercalation of the divalent ion with the oxygen-containing 

functional groups. Saha et al.,[126] found the blue shifting upon studying the effect of anionic surfactant 

(SDS) intercalation on GO. From Table 3.1, the addition of the neutral salt solution of MgCl2 and CaCl2 

does not bring significant changes to the pH of the GO suspension. To further confirm the intercalation 

behavior and access the colloidal stability, DLS and zeta potential studies were conducted. The increase 

in the lateral size of the GO and also the increase in zeta potential value after the inclusion of the divalent 

ion in the GO suspension indicated that Mg2+ and Ca2+ showed good affinity towards the oxygen functional 

groups GO sheets are highly negative charged which is attributed to the ionization of oxygen-containing 

functional groups present at the basal and planar plane. We posit that the higher particle diameter obtained 

for rGH-Ca is attributed to the larger ionic size of Ca2+ for easier chelation with the oxygenated group of the 

GO[127]. The higher hydration energy of MgCl2 led to the greater volumetric dimension of its hydrated ion 
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which may limit their interactions via ionic cross-linking with the negatively charged GO sheets[128]. Zeta 

potential values below (more negative) than -30 mV are considered ideal to represent sufficient electrostatic 

repulsion to ensure a stable dispersion[129]. The more positive zeta potential values obtained for the 

colloidal suspension of GO in the presence of divalent ion occur due to the lower charge density of GO from 

the interaction with negatively charged functional groups.  

Table 3.1. Properties of the GO colloidal suspension in the presence of MgCl2 and CaCl2. 

Sample pH 
Diameter 

 (nm) 
Zeta Potential (mV) 

GO 2.70 2015.2 -39.24 

GO + MgCl2 2.69 4563.3 -36.63 

GO + CaCl2 2.69 7680.9 -32.37 

 

Fig. S3.3 depicts the hydrogels after the freeze-drying process which showed the retainment of the 

cylindrical monolith reduced graphene hydrogel in the presence of the Mg2+ and Ca2+. The surface of the 

reduced graphene hydrogel after freeze dry becomes hydrophobic[53,79]. From previously reported 

studies, the freeze-drying process removed water molecules embedded in the pore structure which leads 

to the collapse of the framework due to π-π interactions between the graphene sheets. It can be seen that 

the presence of Mg2+ and Ca2+ introduced in the graphene framework preserved the cylindrical structure of 

the hydrogel. It is posited that the divalent ion bridged the individual graphene sheets; hence retaining the 

hydrogel structure. 

Fig. 3.1 depicts SEM images of the freeze-dried hydrogels. GO possesses a wrinkled surface topography 

and a disorderly manner as depicted in Fig. 3.1(a) which can be attributed to the deviation from the sp2 

planar character of the carbon atom. Based on Fig. 3.1(b-d), the morphology of rGHs depicted a randomly 

oriented 3D framework after hydrothermal treatment. The reduced graphene nanosheets are of aggregated 

crumples nanosheets which were similar to previous literature obtained via hydrothermal treatment[30]. 

The aggregation of reduced graphene sheets is attributed to the increased hydrophobic interactions 

between individual sheets. The intercalation of the divalent ion may occur electrostatically in which the ion 
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coordinates with the carboxylic groups; hence forming linkages between the reduced graphene sheets. In 

the situation in which the carboxylic groups are saturated, electrostatic repulsion between other carboxylic 

groups is reduced, leaving the system to interact through the π=π bond network which drives the 

stacking[130]. The intercalation of Mg2+ and Ca2+ can be roughly accessed from the atomic elemental 

composition from the EDX signals assigned to Mg and Ca. Even though the peak signal is relatively low (< 

1% atomic percentage), the inclusion of the divalent ion altered the morphology in terms of the introduction 

of more pore cavities.  

Table 3.2. Elemental composition of GO, rGH, rGH-Mg, and rGH-Ca obtained from EDX analysis 

 

 

 

 

 

 

 

 

The elemental analysis of the commercial GO as well as the rGHs samples were summarized in Table 3.2. 

The presence of a trace amount of S and K in the commercial GO sample may be attributed to the residue 

reactants used during the manufacturing process. The C/O atomic percentage (at. %) of GO, rGH, rGH-

Mg, and rGH-Ca is 1.40, 3.05, 3.27, and 3.41, respectively. The slight increase in the C/O ratio indicates 

that the intercalation of Mg2+ and Ca2+ further assisted in the removal of the oxygenated functional groups 

during the hydrothermal treatment. The result of the intercalation of the divalent ion creates C-OH from the 

to the ring-opening epoxide which can be directly desorbed from the graphene sheet due to Coulomb 

repulsion derived from the extra charge accumulation[131]. Hence, the rearrangement of aromatic sp2 

carbon resulted in a higher C/O ratio for the divalent ion intercalated hydrogels. The difficulty of Mg2+ 

intercalation in comparison to Ca2+ can be attributed to the strong electrostatic forces between the Mg ions 

and the negatively charged groups on the graphene sheet which induce the intrinsically slow kinetics of ion 

insertion and diffusion[132]. 

Sample  C  

(%) 

 O  

(%) 

S 

(%) 

K  

(%) 

Mg  

(%) 

Ca  

(%) 

Total  

(%) 

GO 55.99 39.82 3.81 0.38 0.00 0.00 100.00 

rGH 75.31 24.69 0.00 0.00 0.00 0.00 100.00 

rGH-Mg 76.15 23.28 0.00 0.00 0.57 0.00 100.00 

rGH-Ca 76.74 22.49 0.00 0.00 0.00 0.77 100.00 
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Fig. 3.1. SEM images of freeze-dried (a) GO, (b) rGH, (c) rGH-Mg, (d) rGH-Ca. EDS spectrum with 

elemental distribution for (e) rGH-Mg and (f) rGH-Ca 

The interlayer spacing of GO and the freeze-dried hydrogels were confirmed using powder X-ray 

diffraction (XRD). From Fig. 3.2(a), the diffractogram of the commercial freeze-dried GO exhibited a sharp 

peak at 7.25o corresponding to the characteristic carbon peak (001) with a d-spacing of 1.21 nm. The larger 

e 

(a) (b) 

(c) (d) 

(e) (f) 
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d-spacing obtained from GO upon comparing to other previous reported findings[133] (~0.80 nm) could be 

attributed to the freeze-drying process that retains the graphene framework. The d-spacing of the most 

intense peak was calculated by using Bragg’s equation which is presented as: 

 

𝑛𝜆 = 2 𝑑 sin 𝛳   (9) 

 

where n is an integer, 𝜆 is the X-ray wavelength and ϴ is the angle between incidence and reflected rays.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2. (a) XRD, (b) FTIR, (c) Raman spectrum (d) TGA thermogram of GO, rGH, rGH-Mg, and rGH-Ca 

 

The reduction of GO led to the disappearance of the (0 0 2) peak and appearance of a well-resolved 

diffraction peak observed at 24.02o, 24.74o, and 23.56o corresponding to d-spacing values of 0.370, 0.360, 

c 

a b 

(a) (b) 

(c) (d) 
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0.362 nm for rGH, rGH-Mg, and rGH-Ca, respectively. The finding indicated that GO has been successfully 

reduced to its’ reduced form via hydrothermal treatment. The intercalation of the divalent ion resulted in 

reduced interlayer spacing in comparison to rGH. The presence of small diffraction peaks, 2θ at ~43.0-

44.0° is related to the (1 0 2) plane of reduced graphene structure. Hence, the inclusion of intercalated Mg2+ 

and Ca2+ between the graphene layers led to the decrease in the interlayer spacing making the sheets 

packed tightly to one another; which signified the intercalation of the divalent ions into the graphene 

framework.  

FTIR provided an overview of the presence of chemical functionalities in the freeze-dried hydrogels. Fig. 

3.2(b) depicts the ATR-FTIR spectra of GO, rGH, rGH-Mg, and rGH-Ca. The spectrum of GO with following 

peaks: 1,080 cm-1 corresponded to C-O (alkoxy group), 1,280 cm-1 (epoxy group), 1,618 cm-1 associated 

with the presence of C = C (aromatic), and 1,750 cm-1 assigned to C = O (carboxyl group) present mostly 

along the sheet and basal plane. The broad peak at 3,212 cm-1 originated from the hydroxyl O-H bond. The 

hydrothermal reduction of the GO led to the significant weakening of the O-H and C=O peaks and is 

apparent in the Mg2+ and Ca2+ intercalated reduced graphene hydrogels. Moreover, the intense weakening 

of alkoxyl groups (1040 cm-1) and the epoxy groups for the divalent ion intercalated samples indicated 

possible interaction with the groups. The peak at about 1550 cm-1 confirmed the restoration of the sp2 

carbon network while the peak at around 1710 cm-1 corresponded to vibrations of carbonyl groups. Hence, 

the intercalation is posited to occur from the interaction of the divalent ion to the carboxylic group which is 

linked to the neighboring sheet. The intercalation in between the graphene sheets also may occur from the 

ring-opening epoxide by the divalent ions. A similar result corroborated the study by Park et al.[124], in 

which the epoxy/ether C-O stretch significantly decreased after exposure to Lewis acidic divalent metal ions 

leading to the ring-opening of the epoxide. 

Raman spectroscopy characterization was carried out to access the intercalation effect of Mg2+ and Ca2+ 

towards the defects and disorder within the graphene sheet structure. The Raman spectra of GO, rGH, 

rGH-Mg, and rGH-Ca are depicted in Fig. 3.2(c). The two characteristics bands of GO located at 1392 and 

1596 cm-1 were assigned to the D and G band, respectively. The D band is assigned to the breathing mode 

of k point phonons with A1g symmetry and band attributed to the sp3 hybridization of carbon; G band on the 

other hand is the characteristic peak from sp2 hybridization corresponding to the E2g phonon scattering of 
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carbon atoms. The weak band present around 2640 cm-1 is often associated with the 2D band due to the 

second-order two phonons with opposite momentum in the highest optical branch adjacent to the K point 

of the Brillouin zone[134]. After the hydrothermal reaction, the D band peak remained unchanged while the 

G-band peak of their reduced state red-shifted. The increase in the number of sp2 atomic domains and also 

the successful reduction of GO to a reduced state were evident from the redshift in the G band[29]. The 

intercalation induces a red shift of the G band due to the lower Fermi energy level and shifts the band gap 

due to the doping effect. The slight shift of the G band of the divalent ion intercalated reduced graphene 

hydrogel in comparison to rGH also confirms the interaction between graphene and the divalent ion due to 

charge transfer which has been previously reported[135]. The probing into the order/disorder crystal 

structures can be observed from the integrated intensity ratio (ID/IG) between the D and G bands. The ID/IG 

of GO, rGH, rGH-Mg, and rGH-Ca is 0.89, 1.00, 1.01, and 1.01, respectively. The increase in the ratio 

indicated the decrease in the average size of sp2 carbon domains suggesting the easier orientation of the 

aromatic rings after the removal of the oxygen-containing functional groups. The intercalation of Mg2+ and 

Ca2+ induced a higher ID/IG ratio in which it is hypothesized that the divalent ions do not introduce defect 

from their interaction with the epoxy and carboxyl groups as supported by the FTIR result. The lateral 

dimension size of the sp2 carbon cluster (La) can be calculated using the following equation[136,137]. 

𝐿a (nm) = (2.4 × 10−10)𝜆4 1

𝐼𝐷 𝐼𝐺⁄
   (10) 

where λ is the Raman excitation wavelength of the laser (532 nm). Based on the ID/IG obtained from Fig. 

3.2(c), the calculated La values were 21.60, 19.22, 19.03, and 19.03 for GO, rGH, rGH-Mg, and rGH-Ca, 

respectively. The intercalation of the divalent ions within the hydrogel framework reduced the La value 

suggesting a decrease in the average in-plane crystallite size of the sp2 carbon.  

Thermogravimetric analysis (TGA) was further used to probe the thermal stability of the prepared samples. 

Fig. 3.2(d) displays the TGA thermograms for GO, rGH, rGH-Mg, and rGH-Ca, respectively. GO showed 

major weight loss (~30%) between 100 and 200oC which can be attributed to the removal of labile functional 

groups such as hydroxyl, epoxy, and carbonyl which yielded CO, CO2, and steam[138]. The reduced state 

samples exhibited a smooth weight loss curve which can be attributed to the removal of most oxygen 

functional groups via the hydrothermal process. Between 100-200oC, the weight loss of the divalent ion 

intercalated samples was slightly higher than that of rGH, suggesting higher moisture content. It can be 



47 
 

inferred that the intercalation of Mg2+ and Ca2+ increases the hygroscopicity of the hydrogels. Closer 

inspection from the inset in Fig. 3.2(d) showed that the rGH-Mg and rGH-Ca exhibited slight improvement 

in their thermal stability between 200-400oC with a lower mass loss reported which can be attributed to the 

intercalation effect. However, the weight loss of the hydrogel samples remained similar beyond 400oC.  

 

Table 3.3. Elemental composition, and C 1s binding energy obtained from XPS 

Sample Elemental composition (%) C1s Deconvolution (%) 

C O Mg Ca Csp2 Csp3 C-O C=O O-

C-O 

C(O)OH π -

π* 

rGH 67.92 32.08 0.00 0.00 69.50 9.10 13.18 2.80 3.04 0.60 1.78 

rGH-

Mg 

76.65 22.46 0.89 0.00 71.72 15.77 5.92 1.89 1.48 1.95 1.26 

rGH-

Ca 

73.54 24.47 0.00 1.99 71.89 13.41 6.23 3.76 1.87 1.58 1.27 

 

XPS characterization was further carried out to investigate the elemental composition and also to confirm 

the successful intercalation of the Mg2+ and Ca2+ within the reduced graphene framework. The quantified 

atomic concentration of the functional groups is shown in Table 3.3. Fig. 3(f) depicts the XPS wide spectra 

of rGH, rGH-Mg, and rGH-Ca. The typical C 1s and O 1s peaks can be observed for all the freeze-dried 

samples with a trace amount of Mg and Ca from the intercalation with the graphene sheets. Although the 

Ca 2p and Mg 2p peaks cannot be observed clearly from the wide peak spectrum, the split peaks indicated 

otherwise. The atomic percentage of Ca is greater than Mg by one-fold which substantiates the notion that 

Mg2+ is difficult to chelate with the oxygenated groups of the graphene sheets. The low content of the 

divalent ion could be the reason for their weak signal strength. The deconvoluted high-resolution C 1s 

region of the samples was shown in Fig. 3 (a-c), possessing peak binding energies at around 284.6, 285.4, 

286.3, 287.1, 287.9, 289.1, and 290.3 eV assigned to C=C, C-C, C-O, C=O, O-C-O, C(O)OH, and π -π*, 

respectively. It can be seen that the atomic percentage of alkoxy and epoxy groups significantly decreased 

which further supports the notion that intercalation occurs via ring-opening epoxide by the divalent ions and 

also via the alkoxy groups. The findings corroborated the result obtained via FTIR. The increase in the Csp2 

atomic composition percentage also suggests that the divalent ion-assisted in the rearrangement of the 
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C=C aromatic structure. Fig. 3.3(d) depicts the fitted Mg 2p core-level spectra deconvoluted to Mg 2p1/2 and 

Mg 2p3/2. The binding energy at 51.4 eV and 48.6 eV correspond to the Mg2+ state and Mg0, respectively. 

As for the Ca 2p spectra in Fig. 3.3(e), the deconvolution at 347.9 and 351.4 eV are attributed to the Ca 

2p3/2 and Ca 2p1/2. The split of 3.5 eV between the two peaks is evident for the presence of Ca2+ coordination 

within the graphene framework[122].  

 

Fig. 3.3. (a-c) C 1s split spectra of rGH, rGH-Mg, and rGH-Ca. (d) Mg 2p split spectra of rGH-Mg. (e) Ca 

2p split spectra of rGH-Ca. (f) wide spectra of GO, rGH, rGH-Mg, and rGH-Ca 

a b c 

d e f 

(a) (b) (c) 

(d) (e) (f) 
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Fig. 3.4. (a) N2 adsorption-desorption isotherm and (b) BJH pore size distribution of the freeze-dried rGH, 

rGH-Mg, and rGH-Ca 

 

Fig. 3.4(a) depicts the nitrogen adsorption-desorption isotherm of the freeze-dried rGH, rGH-Mg, and rGH-

Ca which exhibited an H3 hysteresis loop with the typical type IV isotherm suggesting the presence of 

mesopores and slit-like pores. It can be seen that the hysteresis loop closes below 0.4 P/P0 which is 

possible from the smaller neck diameter than the critical size on the reduced graphene hydrogel surface 

a 

(a) 

(b) 
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which led to the desorption mechanism occurring from larger pores involving cavitation [139]. From Table 

3.4, rGH-Ca was found to exhibit the largest surface area at 63.09 m2/g; followed by rGH-Mg at 50.48 m2/g 

and rGH at 41.14 m2/g. The increase in the surface area can be attributed to the successful intercalation of 

the Mg2+ and Ca2+ that become cross-linkers and also act as spacers between the graphene sheets which 

create a porous framework. However, the surface area was lower than the theoretical value of exfoliated 

pristine graphene which is about 2600 m2/g which may be attributed to the varying synthesis/drying process. 

The significant decrease of the hydrogel’s surface area could be attributed to the aggregation of the sheets 

during GO sonication leading to the coalescing of the reduced graphene sheets after hydrothermal 

treatment as supported by SEM results. The estimation into the number of stacking of the graphene sheets 

can be further realized by applying the scaling law which is described as [140,141]: 

N= 2600 /A    (11) 

where the N is the number of graphene sheets per plate, 2600 is the theoretical surface area of graphene 

(m2/g) [142] and A is the experimental BET surface area measured (m2/g). It can be seen that the estimated 

number of graphene sheets present is 63, 47, and 41 for the freeze-dried rGH, rGH-Mg, and rGH-Ca, 

respectively. Fig. 3.4(b) shows the pore size distribution of the freeze-dried hydrogels with bimodal pore 

size distribution around 2 nm in radius for the mesopores. Barrett, Joyner, and Halenda (BJH) method were 

utilized in the calculation of the pore size distributions and volume from the experimental isotherms using 

the Kelvin model of pore filling as adapted in previous studies[143–145]. The data was readily obtained 

from the Nova e software program installed on the workstation. It can be observed that the intercalation of 

the Mg2+ and Ca2+ between the graphene sheets induced higher pore volume which is posited to occur due 

to the spacing effect elicited from the divalent ions. The higher pore volume obtained for rGH-Ca can be 

attributed to the larger ionic size of the Ca2+ in comparison to Mg2+. The larger surface area and pore volume 

after divalent ion intercalation should enhance the diffusion of liquid reactants which are beneficial for the 

dye adsorption process. 
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Table 3.4. BET surface area and textural properties of freeze-dried hydrogels. 

Sample Specific 

surface area 

m2/g 

Pore radius 

Dv(r) 

Pore volume 

cc/g 

rGH 41.135 1.741 0.145 

rGH-Mg 54.884 1.741 0.265 

rGH-Ca 63.088 1.751 0.313 

 

From previous studies, adsorption of dye compounds onto the highly porous graphene-based hydrogels 

can occur via several interactions which may include π-π interactions, electrostatic interactions, and 

hydrogen bonding interactions[146,147]. To evaluate the in-situ adsorption capacity of rGH, rGH-Mg, and 

rGH-Ca towards MB and RhB, the ‘wet-hydrogel’ sample was used instead of the freeze-dried samples. 

The wet hydrogel samples were placed in the dye solutions and agitated for 24 h to achieve the adsorption-

desorption equilibrium. The water content present in the hydrogel matrix not only acts as supporting media 

and provides transport nanochannels but also promotes hydrogen bonding to induce the adsorption 

process[148,149]. The findings indicated that the inclusion of a small amount of divalent ion in the hydrogel 

matrix could bring improvement in their adsorption capacities towards MB and RhB. Based on Fig. 3.5, the 

effect of initial dye concentration on the adsorption capacity of the hydrogels is shown. It can be seen that 

the amount of dye adsorbed increased with an increase in the initial concentration. The initial dye 

concentration provided an important driving force to overcome the mass transfer resistance of the dye and 

the hydrogel. High dye concentrations increase the gradient between the bulk solution and that of the 

adsorbent, which enhances the driving forces for the diffusion of dye molecules to the adsorbent 

surface[150]. Hence, the higher adsorption capacity for dye is expected at a higher initial concentration. 

Generally, the adsorption capacity for MB is higher as compared to the RhB because of the larger size of 

RhB[151]. The adsorption capacity of the rGH-Ca showed the highest adsorption capacity at a higher initial 

dye concentration (100 mg/L) for both MB and RhB. The adsorption behavior of RhB corresponds to the 

surface area of the hydrogel, with rGH-Ca performed the best attributed to their higher surface area in 
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comparison to rGH and rGH-Mg. As for MB adsorption, rGH-Mg and rGH-Ca possessed almost similar 

adsorption capacity at lower concentrations (20 and 50 mg/L) of dye concentration. It is posited that at a 

low concentration of dye solution, π-π interactions play a determining role in the adsorption process for 

rGH-Mg and rGH-Ca which is supported by the almost similar sp2 atomic percentage obtained from the 

XPS result.  

  

Fig. 3.5. The adsorption capacity of the rGHs using various initial concentration (20, 50 and 100 mg/L) of 

MB and RhB  

Kinetic studies were carried out to understand the mechanism involved during the adsorption process. The 

linear plots of ln (Qe – Qt) vs t and ln (Qe – Qt) vs t/Qt corresponding to the PFO and PSO are depicted in 

Fig. S3.4(a-d). The linear plot of the Elovich model is obtained from the Qt vs. In t as shown in Fig. S3.4(e-

f). The lower regression value for the Elovich model proved that this model is not suitable to accurately 

describe the kinetic process. The kinetic parameters obtained from the models are displayed in Table 3.5. 

The kinetic data of MB and RhB adsorption using the hydrogels can be accurately described by the PSO 

model from the better regression coefficient as compared to the PFO and Elovich model. Moreover, the 

linear plots of t/Qt versus t indicated good agreement between experimental results and the calculated 

values. For MB adsorption, the fastest adsorbing hydrogel is rGH followed by rGH-Mg and rGH-Ca. While 

for RhB adsorption, the rate of adsorption showed that rGH-Mg showed the highest rate followed by rGH 

and rGH-Ca. Thus, these results revealed that the diffusion of the dye molecules onto the hydrogels is 
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controlled adsorption, posited to be via chemisorption through binding reaction by sharing/exchange of 

electrons or covalent forces. 

Table 3.5 Kinetic parameters obtained from the PSO, PSO, and Elovich kinetic model for the adsorption 

of MB and RhB 

 Pseudo-First Order  Pseudo-Second Order  Elovich  

Sample Qe K1 R2 Qe K2 R2 α β R2 

MB 

rGH 107.61 0.002902 0.96962 123.92 0.000024 0.98502 1.060 0.04440 0.93857 

rGH-Mg 123.41 0.002902 0.95907 140.85 0.000018 0.97394 1.087 0.03985 0.91910 

rGH-Ca 118.32 0.002695 0.93354 138.89 0.000018 0.97647 1.054 0.04054 0.92249 

RhB 

rGH 40.55 0.001914 0.95924 74.68 0.0001242 0.98612 17.846 0.12314 0.74884 

rGH-Mg 37.71 0.001794 0.96048 74.35 0.0001496 0.98806 31.446 0.13240 0.73716 

rGH-Ca 40.55 0.002096 0.96130 87.26 0.0000981 0.98204 10.678 0.09706 0.75825 

From Fig. 3.6, the plot of Qt versus t1/2 confirms the multistage adsorption of the dye molecules on the 

hydrogels with three slopes obtained. The first linear line indicated the transfer of dye molecules to the 

external surface posited to occur via strong electrostatic interactions. The second linear line corresponds 

to the slow adsorption step in which the dye molecules entered the internal porous network of the hydrogels 

via intraparticle diffusion. The final stage is the final equilibrium step, in which the dye molecules moved 

slowly from the larger pores to the smaller pores, leading to a retarded adsorption rate[152,153].  

 

 

 

 

 

 

Fig. 3.6. Intraparticle diffusion plot of MB and RhB adsorption onto the hydrogels 
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From Table S3.4, the negative C value obtained for MB absorption can be attributed to the combined effects 

of film diffusion and surface reaction control which has been previously reported[154]. For MB adsorption, 

K1 > K2 indicated a faster diffusion process during the initial stage of adsorption. However, as for RhB 

adsorption, the value of K1 > K2, indicating that IPD process was faster than the first step. Hence, it is 

considered that surface adsorption involving PSO and IPD are involved simultaneously in the adsorption of 

the dye compounds. 

The study into the adsorption isotherm provided vital insights into the interaction behavior of the adsorbate 

and adsorbent. It is important to establish the correlation for the equilibrium curve for the optimization of a 

dye adsorption system. Table 3.6 summarizes the equilibrium isotherm constant for the adsorption of MB 

and RhB using the hydrogels. For both the adsorption of MB and RhB, it was found that the experimental 

data conformed to the Langmuir isotherm model yielding linear correlation coefficients (R2) closer to unity 

for rGH, rGH-Mg, and rGH-Ca as compared to Freundlich and Temkin isotherm model. Hence, it can be 

posited that the adsorption sites on the rGHs were occupied by dye molecules in monolayer form having 

the same adsorption energy. Further, Langmuir isotherm can be used to access the maximum adsorption 

capacity (Qm) of the hydrogels towards MB and RhB. Interestingly, the maximum adsorption capacity for 

MB followed the following trend: rGH (282.49 mg/g) > rGH-Ca (224.22 mg/g) > rGH-Mg (243.31 mg/g). 

From XPS measurement, the presence of a higher percentage of oxygenated functionalities on rGH 

promote interactions with the MB. It is posited that the surface of rGH is surrounded by a higher number of 

functional groups such as carboxyl, hydroxyl and epoxy groups as the binding sites which drive the 

adsorption capacity with the cationic dye, MB. However, the interaction between the divalent ion 

intercalated rGH showed higher KL values which indicated greater interaction between rGH and MB which 

is important for the post-treatment process. On the other hand, the RhB adsorption followed the following 

isotherm model in order: Langmuir > Temkin > Freundlich. The maximum adsorption capacity (Qm) for RhB 

followed the following trend: rGH-Ca (299.40 mg/g) > rGH-Mg (260.42 mg/g) > rGH (192.31 mg/g) which 

showed that the intercalated divalent ion improved the maximum adsorption capacity by almost 35% and 

57% for Mg2+ and Ca2+, respectively. The affinity between adsorbate and absorbent was accessed using 

the dimensionless separation factor, RL which can be expressed as: 
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𝑅𝐿 =  
1

1+ 𝐾𝐿𝐶0
    (11) 

where KL is the calculated Langmuir constant and C0 is the initial concentration of the dye solution. Often, 

the RL (0 < RL < 1) indicate a favorable isotherm, while (RL >1) is unfavorable and (RL =1) is linear. The 

separation factors calculated for all the hydrogel samples indicated that the adsorption of both the cationic 

dyes is favorable.  

Table 3.6. Langmuir, Freundlich, and Temkin equilibrium isotherm constant for the adsorption of MB and 

RhB 

 Langmuir model Freundlich model Temkin model 

Sample Qm KL R2 KF n R2 KT B R2 

MB 

rGH 282.49 0.09056 0.98769 78.40 4.937 0.45218 0.3208 132.33 0.66571 

rGH-Mg 224.22 0.29419 0.99999 87.62 4.4905 0.89475 0.5799 111.74 0.55911 

rGH-Ca 243.31 0.15498 0.99968 69.66 3.4775 0.88091 0.3039 140.57 0.66571 

RhB 

rGH 192.31 0.006157 0.99968 31.05 2.602 0.95183 0.6045 41.72 0.99476 

rGH-Mg 260.42 0.049016 0.99999 29.88 2.177 0.95183 0.3370 69.60 0.99187 

rGH-Ca 299.40 0.045294 0.99906 29.62 2.026 0.94789 0.3681 73.00 0.99903 

In terms of the adsorption performance of the divalent ion intercalated rGH with previously reported 

adsorbent for MB and RhB, the intercalated divalent rGHs were comparable to that of previously reported 

adsorbents. Table 3.7 represents some adsorption capacity of some hydrogel-based adsorbents. The 

differences in their adsorption capacity can be attributed to various factors including the functionalities, 

textural properties, and experimental conditions. The results showed that the adsorption capacity of divalent 

ion intercalated rGH prepared using the facile hydrothermal method can be beneficial in the preparation of 

adsorbents with high structural integrity. It is posited that the adsorption of various noxious pollutants such 

as heavy metals, emerging contaminants, etc is also possible using the divalent ion intercalated rGHs.  
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Table 3.7. Adsorption capacities of MB and RhB onto various hydrogel-based adsorbents  

Adsorbate Adsorbent Kinetic 

model 

Adsorption 

isotherm 

Qe (mg/g) Reference 

MB 

 

rGH PSO/IPD Langmuir 123.92 This work 

rGH-Mg PSO/IPD Langmuir 140.85 This work 

rGH-Ca PSO/IPD Langmuir 138.89 This work 

Ag/TPP/rGH PSO - 130.37 [18] 

P(HEMA-co-DMMa) copolymer PSO Langmuir 80.27 [155] 

CS-CNT PSO - 21.74 [156] 

P-N-GO PSO - 12.71 [157] 

PVA/PCMC/GO/bentonite PSO Langmuir 157.50 [158] 

TA-rGH PSO Langmuir 348.40 [159] 

PAAm-Agar/Clay@rGO PSO Langmuir 189.00 [160] 

GO - cellulose nanowhiskers  PSO - 122.5 [161] 

RhB rGH PSO/IPD Langmuir 74.68 This work 

rGH-Mg PSO/IPD Langmuir 74.35 This work 

rGH-Ca PSO/IPD Langmuir 87.26 This work 

GO - cellulose nanowhiskers  PSO - 62 [161] 

rGO/Nd2O3 PSO - 244.50 [162] 

PAAm-Agar/Clay@rGO PSO Langmuir 186.40 [160] 

P-N-GO PSO - 11.91 [157] 

CS-CNT PSO - 9.66 [156] 
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Fig. 3.7. FTIR of freeze-dried rGHs before and after adsorption with (a) MB and (b) RhB 

To elucidate the active sites and interaction between the as-prepared reduced graphene hydrogels and the 

dyes, the hydrogels collected after adsorption for 24 h were freeze-dried and subjected to FTIR analysis. 

The interaction of the cationic dyes might occur either via physical or chemical bonding such as π-π 

interactions, hydrogen bonding, and/or via electrostatic interactions. The FTIR before and after the 

adsorption of MB and RhB was shown in Fig. 3.7(a) and 3.7(b), respectively. For pure MB, peaks appearing 

at 3430 and 1181 cm-1 are attributed to the O-H and C=C skeleton of the aromatic rings, respectively. The 

spectra ranging from 1600 to 1341 are assigned to the aromatic ring structures of MB[163]. The interaction 

(a) 

(b) 
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with MB shifted the C=O bond (~1714 cm-1) and also almost completely removed the C-OH (~1250 cm-1) 

and C-O-C (1040 cm-1) suggesting strong electrostatic interactions. On the other hand, the adsorption of 

the RhB showed new adsorption peaks around ~800 cm-1 and ~1390 cm-1 indicating chemical interactions 

with the rGHs. Pure RhB showed typical bands at 2984, 1590, and 1345 cm-1 [164]. The peaks appearing 

around 2987 and 2900 cm-1 corresponded to the C-H stretching vibration of the RhB adsorbed on the 

surface of the hydrogels. The slight introduction of the peak around ~3300 cm-1 may be attributed to the 

hydrogen bonding that occurs with the RhB. Besides, the increase in the intensity of the 1060 cm-1 

corresponded to the C-O; indicating that the interaction with RhB also is driven by electrostatic interaction. 

From the kinetic studies, chemisorption has been posited to be one of the main driving forces that govern 

the adsorption mechanism of the divalent ion intercalated rGHs; possibly due to the electrostatic 

interactions. To access the adsorption affinity towards the dye molecules (MB and RhB), simultaneous 

adsorption studies were conducted by placing the as-prepared hydrogel in an aqueous solution containing 

an equal concentration of both dye molecules. From visual observation, the rGHs showed greater affinity 

towards cationic MB dye as compared to the RhB dye as depicted in Fig. S3.5 from the clear change in 

color (from bluish to pinkish) before and after adsorption. The possible explanation can be attributed to the 

electrostatic interaction due to the positive charged sulfur and nitrogen in MB structure; hence driving the 

adsorption process further in addition to the porous structure framework. In addition, the IPD parameters 

of MB adsorption further corroborated the findings, with MB having higher K1 values. Similar adsorption 

affinity behavior has also been previously reported elsewhere [165,166].  

Considering the potential practical application and to reduce material cost, the divalent ion intercalated 

hydrogels should possess excellent recyclability and reusability. The cycling adsorption experiments were 

performed to access the regeneration efficiency of the as-prepared hydrogels. The results were depicted 

in Fig. 3.8(a) and (b). After each cycle of adsorption, the hydrogels were dialyzed in dilute HCl for 6 h and 

washed with H2O before the regenerated hydrogels were subjected to the next adsorption cycle. It can be 

seen that the regeneration efficiency decreased each cycle which is due to loss of small graphene 

fragments during the adsorption/desorption under agitation; hence leading to reduced surface area for 

interactions. After three(3) cycles of adsorption-desorption, the divalent ion intercalated hydrogels 
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maintained above 95% of its initial capacity demonstrating good adsorption recyclability for both MB and 

RhB which is an added value for large scale applications. In comparison, the adsorption capacity obtained 

for rGH is only about 89.3 and 88.5% for MB and RhB, respectively. Therefore, the divalent ion intercalated 

hydrogels can be used as an efficient cationic dye adsorbent.  

  

Fig. 3.8. Regeneration efficiency after adsorption of (a) MB and (b) RhB after 3 cycles. 

3.4 Conclusion 

In the present work, divalent ion intercalated reduced graphene hydrogel was successfully prepared via 

hydrothermal treatment. The intercalation of Mg2+ and Ca2+ rGH occurred via the alkoxyl and epoxy 

functional groups showed improved performance towards the adsorption of cationic dyes, MB, and RhB 

with a higher affinity towards MB. The improvement in their adsorption capacity can be attributed to the 

increase in their physical attributes such as surface area and pore volume. The adsorption kinetics and the 

equilibrium adsorption isotherm conformed to a pseudo-second-order (PSO) alongside intraparticle 

diffusion (IPD) kinetic models and Langmuir isotherm respectively. The interaction between the divalent ion 

intercalated rGH showed higher KL values which indicated greater interaction with the dye molecules which 

is important for the post-treatment process. The regeneration process indicated good recovery and 

efficiency after three cycles which is an important factor to address the inherent problem with powder-based 

adsorbents. Thus, the present investigation provided further insight into the application of divalent ion 

intercalated graphene-based hydrogels as dye adsorbent which is efficient, economical, and 

environmentally friendly in the treatment of dye wastewater. 

b a 

(a) (b) 
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CHAPTER 4 
 

DESIGN OF REDUCED GRAPHENE HYDROGEL WITH ALKYLAMINE SURFACE 

FUNCTIONALIZATION THROUGH IMMERSION/AGITATION METHOD AND ITS ADSORPTION 

MECHANISM  

 

Abstract 

To date, existing methods for graphene functionalization entail complex procedures, hence efficient and 

facile methods are desired. In this study, alkylamine functionalization on reduced graphene hydrogel (rGH) 

was achieved via a facile two-step method involving hydrothermal treatment of graphene oxide (GO) to rGH 

followed by the immersion/agitation treatment of the rGH in octylamine (OA), decylamine (DA) and 

dodecylamine (DDA). It was found that the interactions of the alkylamine occurred via the epoxy ring-

opening and amidation. To emphasize the advantage of this method, the adsorption kinetics on methylene 

blue (MB) and bisphenol-A (BPA) was further accessed. Shorter alkyl chain alkylamine (OA & DA) 

functionalized rGHs showed improvement in their adsorption capacity due to the increase in the specific 

surface area of the hydrogels. The highest specific surface area was obtained for rGH-DA at 47.80 m2/g 

followed by rGH-OA (47.37 m2/g), rGH-DDA (42.00 m2/g) and rGH (27.29 m2/g). However, longer chain 

alkyl chain alkylamine (DDA) functionalized rGHs showed lower adsorption capacity posited from the 

crowding of long alkyl chain which decreases the π–π interactions between the MB/BPA and the graphene 

sheets. rGH-DA exhibited the highest adsorption capacity for MB and BPA at 482 and 228 mg/g, 

respectively. In addition, the alkylamine functionalized hydrogels showed high regeneration behaviour after 

three cycles of adsorption-desorption: above 85% and 75% for MB and BPA, respectively. This proposed 

facile functionalization route will open interesting possibilities in the design of novel reduced graphene-

based based hydrogels with improved adsorption performance that can bring ample of benefits in 

wastewater remediation. 

 

Keywords: Graphene; hydrogel; alkylamine; adsorption; methylene blue; bisphenol  
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4.1 Introduction  
 

The in-situ assembly of reduced graphene hydrogel (rGH) from graphene oxide (GO) via hydrothermal 

treatment is a versatile strategy to prepare the three-dimensional (3D) graphene macrostructures for 

various practical applications such as adsorbents, catalysts, sensors and scaffolds [31,32,167]. The 

properties of rGH can be tuned by adjusting the hydrothermal temperature, hydrothermal time, GO 

concentration, and pH of the GO suspension. The π-π stacking and hydrophobic interactions between the 

reduced graphene sheets were responsible for the formation of 3D macrostructures.  The hydrothermal 

treatment possesses advantages of convenience, minimal cost, and produces less harmless by-products. 

Often, some oxygenated functional groups remained after hydrothermal treatment which opens possibilities 

for functionalization [168]. The template of the hydrogel enables the inclusion of modifiers such as 

metal/metal oxide, polymers, porphyrins, etc in the design of novel multi-functional hydrogel. The moderate 

reactivity at the interface enables systematic control on its surface properties that can be tailored for 

potential usage in desired applications. The ongoing development of functionalized graphene-based 

materials mainly focused on the process, which is simple, low cost and does not require a sophsticated 

pre-synthesis route. Often, the one-pot synthesis of functionalized graphene via hydrothermal treatment is 

reported. The study into post-treatment functionalization of rGH is worth exploring.  

The functionalization of graphene-based materials can occur either via non-covalent or covalent 

interactions [75,169]. Covalent functionalization diminished the electronic properties of the graphene by 

altering the sp2 structure which shifts the Fermi level of graphene from its Dirac point [170]. In comparison, 

non-covalent functionalization such as π–π interactions, electron donor-acceptor complexes, hydrogen 

bonding, and van der Waals forces which are usually preferred does not alter the structure and electronic 

properties and at the same time introducing new chemical groups on the surface[75]. In most situation, non-

covalent functionalization improved binding capacity and reactivity which is important in pollution 

remediation applications[75]. The nitrogen functionalities present in graphene have shown to bring ample 

benefits. The method to introduce nitrogen has been widely used which usually follows two routes: either 

via direct synthesis or post-treatment methods. However, the doping after its initial growth usually involves 

a relatively high energy and chemically active nitrogen source to introduce defect and replacing the carbon 

with nitrogen[171]. However, the latter is much preferred as it only introduces N at defect and edge on the 
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surface without sacrificing the inherent salient properties of the graphene. Among the methods are thermal 

treatment, plasma treatment and N2H4 treatment.  However, most of the route proposed does not meet the 

desired point of low cost, fewer post-treatment procedures, and producing harmful-by-products in which 

may greatly increase production cost on an industrial scale.  

Alkylamine is often associated with the production of various biosurfactants for carbon capture applications 

[172,173]. Alkylamine functionalization using varying chain length on graphene-based material had been 

previously reported using the gamma-ray irradiation method [174].  However, most of the previous studies 

involved functionalizing GO which contains various oxygenated functional groups for interactions. Since the 

nitrogen atom in the amine groups is more nucleophilic than oxygen, the studies showed that amine 

functionalization improves the dispersity of the graphene oxide in a low polar solvent, and leads to higher 

mechanical properties and thermal stability[175–177]. The remaining oxygenated functional groups on the 

reduced graphene hydrogel after hydrothermal treatment opens up an avenue for functionalization with 

alkylamine.  

It has been recognized that water contaminants caused by pollutants such as dye compounds, heavy 

metals and emerging contaminants posed adverse effects on human health and ecosystems. The design 

of a novel hydrogel-based adsorbent that is highly efficient remains a significant challenge. Graphene-

based hydrogels were explored thoroughly as a promising candidate as adsorbent attributed to their large 

surface area, abundant pore structure and tailorable surface properties enabling their effective usage in 

pollution control [178–180]. In terms of practical application, hydrogel-based adsorbent enables easy 

separation from aqueous media after usage which is more advantageous than most powder-based 

adsorbents.  

In this context, a simple method that is green, economical and practical is proposed to successfully 

functionalize the reduced graphene hydrogel that can be performed under room temperature without 

sophisticated equipment. Our proposed approach is a greener method that significantly minimizes and 

eliminate unnecessary steps and chemical consumption in the preparation of functionalized graphene-

based hydrogels. Thus, to develop a better understanding of the relationship between functionalization of 

alkylamine on the reduced graphene hydrogel, a series of increasing alkyl-chain length of alkylamine 

consisting of octylamine (OA), decylamine (DA) and dodecylamine (DDA) were used in this work. The 
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functionalized reduced graphene hydrogels were then systematically investigated for the adsorption of 

methylene blue (MB) and bisphenol A (BPA). This proposed route will provide a feasible alternative to 

industries focusing on pollutant remediation and beneficial for future studies on the application of simple 

surface functionalization method on graphene-based hydrogels. 

 

4.2 Materials and Methods  

4.2.1 Materials 

Graphene oxide dispersion in water (0.1-2.0 %) was gifted by Nippon Shokubai Co. Ltd (AX-1-FM-W-151). 

Octylamine (OA), decylamine (DA), dodecylamine (DDA), methylene blue (MB), bisphenol A (BPA), 

hydrochloric acid (HCl) and ethanol (C2H5OH) were obtained from Wako Pure Chemical Industries Ltd, 

Japan. Deionized water (18.25 MΩ.cm) is obtained from Milli- Direct 16 (Millipore Q, USA) dispenser and 

used to prepare the aqueous solution. Unless specified otherwise, no further purification is needed for all 

the reagents and materials used. 

 

4.2.2 Synthesis of rGH 

2.0 mg/mL of GO suspension was prepared by adding 30 mL of deionised water in the commercially 

obtained 4 g of GO slurry. The suspension was then sonicated for 1 h using a bath ultrasonicator (AS ONE 

Ultrasonic Cleaner Single Frequency, 3L (MSC-3) 40 kHz, 100W) to exfoliate the GO layers and transferred 

to a modified borosilicate glass bottle [19,181]. The hydrothermal treatment is carried out at 130oC for 8 

hours in a TOMY High-pressure steam sterilizer (LBS-325). The resulting reduced graphene hydrogel 

obtained was then dialyzed in distilled water for 24 h with occasional changing of the water. The hydrogel 

is termed rGH to act as the control sample and to ease identification. 

 

4.2.3 Synthesis of alkylamine surface-functionalized rGH 

The prepared rGHs were transferred into a solution containing various chain length of 0.01 M alkylamine in 

EtOH and agitated for 12 h. The hydrogels were then removed and washed with excess EtOH and H2O to 

remove unreacted alkylamine before subjected to the evaporation process using an evaporator for 1 hour. 

The solvent-free surface-functionalized rGHs were then freeze-dried at -50 oC for 24 hours to remove any 
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moisture content without destroying the 3D macrostructure. The freeze-dried rGHs were kept for 

characterizations and termed rGH-OA, rGH-DA and rGH-DDA to ease identification. The methodology for 

the preparation of the alkylamine-functionalized rGH is summarized in Scheme 1.  

 

 

Scheme 4.1. Suggested general scheme of the synthesis of alkylamine surface-functionalized Rgh using 

the two-step methods of hydrothermal treatment and immersion/agitation. R is the alkyl chain 

 

4.2.4 Characterizations 

The surface morphology of the freeze-dried hydrogels was accessed using JEOL JCM-6000 versatile 

benchtop scanning electron microscope. FTIR spectra were recorded using Nicolet iS5 spectrophotometer 

(ThermoFisher Scientific, Japan) in the range of 4000 cm-1 to 500 cm-1. The X-ray diffraction (XRD) was 

performed using a Rigaku X-ray diffractometer with Cu K-α radiation with a scanning range from 5 – 60o. 

TGA measurements were taken using EXSTAR TG/DTA7000 under N2 atmosphere from room temperature 

to 550oC at a rate of 10oC/min. The XPS measurements were measured using an Axis Nova (XPS) Surface 

Analyzer with a monochromatized Al Kα as the X-ray source. Casa XPS software was used to carry out the 

fitting of the deconvoluted peaks of C1s, O1s and N1s [182]. The Raman spectra of the hydrogels were 

recorded on a JASCO NRS-5100 Laser Raman Spectrometer using a 2.5 mW laser power beam. The 

Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore size distribution were 

determined using the Surface Area and Pore Size Analyzer, Quantachrome Instruments. Electrochemical 

analyzer Nova 1.1 Autolab potentiostat (PGSTAT204, Metrohm Autolab, Netherlands) connected to an 

external computer was used to carry out electrochemical measurements. The three-electrode system 

consisted of a glassy carbon electrode (GCE) as the working electrode, Ag/AgCl/KCl (3M) and platinum as 

the reference and auxiliary electrode, respectively. The freeze-dried reduced graphene hydrogel was 
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sonicated in DMF to prepare a 1.0 mg/mL of suspension and drop-casted on a glassy carbon electrode 

(GCE) and allowed to dry before electrochemical measurements were taken. 

 

4.2.5 Adsorption experiment 

The model pollutants, MB and BPA were used to access the adsorption behaviour of the hydrogels. The 

graphene-based hydrogel is placed in the aqueous solution of the pollutants and agitated continuously for 

24 h until adsorption equilibrium is achieved. The residue pollutants were measured using a UV-Vis 

spectrophotometer (Genesys 10s, Thermo Fisher Scientific). The concentration of MB and BPA were 

obtained using a standard calibration line as depicted in Fig. S4.1(a) and Fig. S4.1 (b), respectively. The 

adsorption capacity (Qe) was calculated with the following equation: 

𝑄𝑒 =
(𝐶0 − 𝐶𝑡)𝑉

𝑚
 

where C0 and Ct represent the initial concentration (mg/g) and remaining concentration (mg/g) of the 

pollutants at time t, V is the volume of the solution (L), and m is the mass of the adsorbents (mg).  

 

4.3 Results and Discussion 
 

Before hydrothermal reaction, the colloidal GO suspension was probed using UV-Vis as shown in Figure 

S4.2. The UV-Vis spectrum of GO suspension showed two distinct bands, a maximum at 223 nm attributed 

to π-π* transition of the aromatic C-C bonds while the shoulder peak at 302 nm corresponds to the n- π* 

transition of the carbonyl C=O bonds. The finding is consistent with other previous reports on the optical 

property of GO suspension [183–185]. DLS and zeta potential studies were also conducted to access the 

zeta potential and particle size distribution. From Table 4.1, the GO suspension exhibited a zeta potential 

value of -39.24 mV and a mean lateral diameter of 2015.2 nm. Zeta potential values more negative than -

30 mV are considered ideal to represent sufficient electrostatic repulsion to ensure a stable dispersion. GO 

sheets are highly negative charged which is attributed to the ionization of oxygen-containing functional 

groups present at the basal and planar plane. As shown in Scheme 1, the alkylamine is posited to react 

with the remaining epoxy groups and also the carboxylic groups of the reduced graphene hydrogel during 

the immersion/agitation. Previously, it was reported that the low-temperature hydrothermal route employed 

does not remove the epoxy groups due to the strong hydrogen bond interaction between the oxygen 



66 
 

molecules [186]. The freeze-dried hydrogels depicted in Fig. S4.3 showed that the alkylamine functionalized 

hydrogel shrink in size. The possible explanation can be attributed to the evaporation process to remove 

the EtOH which has led to the partial agglomeration of the graphene sheets.  

Table 4.1. Properties of the GO colloidal suspension 

Sample pH Diameter 
(nm) 

Mobility 
(µm cm/s V) 

Zeta Potential 
(mV) 

GO 2.70 2015.2 -2.05 -39.24 
 

SEM images in Fig. 4.1(a-d), showed the morphology of rGH, rGH-OA, rGH-DA and rGH-DDA after freeze-

drying. The interconnected 3D thin layer of rGH showed the wrinkles on the graphene sheet indicating self-

assembly during the hydrothermal process. The alkylamine surface functionalization lead have led to 

substantial morphological changes, with more wrinkles formed that can be attributed to the functionalization 

of varying alkyl length of alkylamines [187]. Besides that, overlapping and coalescing of the sheets is 

apparent leading to physical cross-linking sites[33]. The reduced graphene nanosheets are more closely 

packed, forming thick stacked layers structure as alkylamine functionalization occurred. The further 

agglomeration of reduced graphene sheets is possible from the increased hydrophobic interactions 

between individual sheets. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. SEM images of (a) rGH (b) rGH-OA, (c) rGH-DA and (d) rGH-DDA under x1000 magnification 

(a) (b) 

(c) (d) 
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ATR-FTIR is carried out to confirm the alkylamine surface functionalization on the reduced graphene 

surface. Fig. 4.2. shows the FT-IR spectra of rGH, rGH-OA, rGH-DA, and rGH-DDA. For rGH, the peak at 

1593 cm-1 confirmed the restoration of the sp2 carbon network while the peak at 1718 cm-1 corresponds to 

the stretching vibrations of the C=O of carbonyl or carboxyl groups. The peak at 1046 cm-1 corresponds to 

the C-O-C arranged in an epoxide ring. It is obvious from the decrease in intensity of the epoxide band after 

successful functionalization of the alkylamine on the rGH indicated that the interaction occurred via the 

epoxide ring-opening mechanism. In addition, the intensity of amide carbonyl stretch (C=O) is more 

apparent for the rGH-OA and rGH-DDA as compared to rGH-DA. Moreover, the asymmetric peaks at 2920 

and 2845 cm-1 together with a peak about 730 cm-1 assigned to the C-H stretching vibration showed the 

absorption band of the alkylamine. The strong peak at 1565 cm-1 can be ascribed to the N-H deformation 

band for protonated and/or hydrogen-bonded primary amine [188]. It can also be seen the intensity of the 

-CH2 peak assigned at 1465 cm-1 increased with the increase of chain length. Hence, this finding showed 

the successful alkylamine surface functionalization using the simple immersion/agitation method.  

 

Fig. 4.2. ATR-FTIR of rGH, rGH-OA, rGH-DA and rGH-DDA 
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Fig. 4.3. (a) wide spectra, (b) N1s, and (c) C1s split spectra of the hydrogels 

 

XPS characterization was further carried out to ascertain the surface functionalization mechanism of the 

alkylamines on the graphene surface using the immersion/agitation method. Fig. 4.3(a) depicts the XPS 

wide spectra of rGH, rGH-OA, rGH-DA, and rGH-DDA. The survey spectra of the rGH showed the typical 

(a) 

(b) 

(c) 
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C1s and O1s peaks around 284 and 532 eV, respectively. On the other hand, the wide spectra of alkylamine 

surface-functionalized samples showed the presence of weak N1s peak which is not so apparent possibly 

due to lower content alkylamine functionalized on the rGH surface. However, the high-resolution N1s 

spectra from Fig. 4.3(b) demonstrated the clear band positioned at ~400 eV which is attributed to amine 

functionality. The deconvolution of the N1s spectrum of aminated graphene usually yielded bands attributes 

to pyridines (398.4 eV), amines (399.8 eV), graphitic nitrogen (401.4 eV), and pyridine N-oxide (403.8 eV) 

in which amine functionality often appear to be the dominant nitrogen species [189]. However, in our case, 

the curve fitting does not demonstrate the presence of other nitrogen species besides the dominant amine 

functionality. The chemical bonding from the high-resolution C1s spectra of the hydrogels was depicted in 

Fig 4.3(c) and summarized in Table S3. The high-resolution C1s core spectrum of rGH showed the 

overlapping peaks attributed to C=C/C-C bonds (284.6 eV), C-O bonds in hydroxyl (285.8 eV), C=O (287.7 

eV) and O-C=O (289.2 eV). The remaining C-O component can be attributed to the residual ether groups 

which are considered to be hydrothermally stable, hence limiting the full reduction of the graphene oxide 

[190]. Upon comparing to the control sample, the C1s spectra of the alkylamine surface-functionalized rGH 

showed a significant decrease in the C-O functionality relative peak area. One of the reasons could be due 

to the formation of the C-N bond suggesting that the alkylamine reacts with the remaining epoxy groups on 

the rGH surface via ring-opening reaction [191]. Besides that, the decrease in oxygen content indicates that 

oxygen-containing groups on the hydrogel were either eliminated or substituted on the surface of the 

graphene [23]. Table S2 further summarized the chemical bonding and atomic percentage obtained from 

the high-resolution C1s spectra of the hydrogels. The findings further corroborated the FTIR results which 

showed the decrease in the C-O-C peak intensity.  
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Fig. 4.4. (a) Raman spectra, (b) TGA thermograms, (c) XRD spectra and (d) N2 adsorption-desorption 

isotherm of the alkylamine surface-functionalized hydrogel 

 

To access the structural effect of alkylamine functionalization on the rGHs surface, Raman spectroscopy 

analysis is carried out as depicted in Fig. 4.4(a). This non-destructive tool is commonly used in the 

characterization of carbon-based materials such as graphene. The three characteristic bands that are found 

in all the graphene-based hydrogels occurred around 1340, 1590 and 2800 cm-1 correspond to the D, G 

and 2D bands, respectively. The D-band provides information on the disorder or defect behaviour due to 

sp3 hybridized carbon formation[192]. On the other hand, the G and 2D bands are related to layer thickness 

and doping. In addition, the broadened 2D band around 2700 cm-1 that appeared in the spectra is seen as 

a distinct band of graphene induced by a two-phonon resonant scattering process. The intensity D and G 

bands are not greatly affected upon comparing to the control sample, rGH. The slight shifting of the G and 

2D bands may be attributed to the successful functionalization which has been previously reported due to 

(b) 

(d) (c) 

(a) 
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the existence of N of the alkylamine [193]. The ID/IG ratio can provide insight into the degree of disorder in 

sp2 and the presence of defects, impurities, or chirality introduced during functionalization processes [194]. 

The ID/IG ratio of the control sample, rGH and functionalized rGH, remained almost similar indicating that 

the immersion/agitation method does not introduce structural defect within the graphene. It is posited that 

the functionalization only can occur with the remaining carboxylic groups and epoxy groups which is in 

smaller quantity due to the hydrothermal treatment.  

To further probe the surface functionalization of alkylamine on the reduced graphene sheets, TGA analysis 

is carried out. Based on Fig. 4.4(b), rGH displayed better thermal stability due to the removal of most 

oxygen-containing groups during the hydrothermal route. In the case of rGH-OA, rGH-DA and rGH-DDA, 

steady weight loss occurred from 100 – 300oC which is ascribed to the decomposition of labile oxygen-

containing groups [63]. The significant weight loss that occurred from 300 – 500oC is posited from the 

pyrolysis of functionalized amines groups from graphene sheets [195]. The difference in weight loss 

between the control sample, rGH and the alkylamine functionalized graphene hydrogels enables the rough 

assessment of the alkylamines graft rate. Hence, the percentage of alkylamine grafted on the reduced 

graphene surface is 10.97%, 13.45%, 22.84% for OA, DA and DDA, respectively. The higher degradation 

percentage of longer chain alkylamine can be attributed to the fragmentation of free alkylamine that was 

physically adsorbed on the surface of the reduced graphene hydrogels [196]. Hence, it can be posited that 

the functionalization rate of the alkylamine is related to the chain length of the alkyl contents in the 

alkylamine. Contrary to previous reports that showed short alkyl chain length possessed higher thermal 

stability than longer alkyl chain length, we found that the immersion/agitation method yielded lower 

thermally stable material. We posit that the longer chain length results in greater hydrophobic interaction 

that decreases the interaction between alkylamine and rGH.  Hence, as a result, lower thermal stability is 

obtained from the free alkylamines from the physisorption during the immersion/agitation. Besides, the 

longer alkyl chain length resulted in carbocation and carbon radicals becoming more stable which ease the 

decomposition process [197]. 

XRD is further carried out to study the changes in phase and structure of the alkylamine functionalized 

reduced graphene hydrogel. Based on Fig. 4.4(c), well-resolved diffraction peaks at 23.9o of the rGH 

corresponds to the (0 0 2) plane while the small diffraction peak at 43.1o is attributed to the (1 0 2) plane of 
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the reduced graphene structure [198,199]. The diffraction patterns were processed using X’Pert High Score 

software to access the distance between the graphene layers, known as d-spacing and the FWHM. The 

Scherrer’s equation was applied to the width of the (0 0 2) diffraction peaks for the evaluation of the 

crystallite size. The structural parameters obtained from the XRD spectra are summarized in Table 4.2.  

Table 4.2. Structural parameters obtained from the XRD spectra 

Sample (001) (102) 

2ϴ FWHM (deg) d-spacing (nm) 2ϴ FWHM (deg) d-spacing(nm) 

rGH 23.85 0.968 0.3728 43.14 1.920 0.2095 

rGH-OA 22.81 2.016 0.3895 43.10 2.304 0.2098 

rGH-DA 22.06 1.440 0.4025 43.35 2.304 0.2072 

rGH-DDA 21.81 2.688 0.4071 43.10 2.688 0.2100 

 

The gradual shifting of the (0 0 2) peak and decreased interlayer distance with the increase of alkylamine 

chain length can be attributed to the expansion in the interlayer separation caused by the alkyl-groups and 

the intercalation of amine groups between the graphene layers [200]. The XRD findings also corroborated 

the findings by Stankovich et al. on the modification of GO paper using various chain length of alkylamine 

suggesting that the intercalation of amines occurred via chemisorption and physisorption [201]. The 

increased intensity of the (102) peak can be attributed to the crystallization of the grafted amines in the rGO 

which has been previously reported [202]. Hence, the results obtained indicate that the surface 

functionalization of alkylamine can be achieved using the immersion/agitation method.  

The BET surface area and BJH pore size analysis of the samples were further investigated by N2 

adsorption-desorption to obtain a better understanding of their porous features. Fig. 4.4(d) depicts the 

isotherm with type IV shape with H3 hysteresis loop suggesting that the hydrogels have a mesoporous 

structure with non-rigid aggregates pore structure which is slit-shaped and panel-shaped [203]. Based on 

the pore size distribution in Fig. S4, the pore diameters of the samples lie in the range of 2–100 nm, and 

the main pore size is about 1.6 – 4.0 nm which is in the mesoporous range. The BET surface and BJH pore 

size and volume of the hydrogels are summarized in Table S1. The obtained specific surface area (SSA) 

is 27.288, 47.374, 47.791 and 41.996 m2/g for rGH, rGH-OA, rGH-DA, and rGH-DDA, respectively. The 

increase in the surface area is posited to be attributed to the physically adsorbed alkylamine into the pores 

of the rGHs. Besides, the amine groups may have acted as spacers which led to the increase in their inter-
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layer spacing. To prove that physisorption may occur, the length of the alkylamines were estimated using 

computational software. The 2D chemical structure of the alkylamines was first constructed using 

ChemDrawProfessional 16.0 software, and the optimized geometries were transferred into Chem3D. The 

distance measurement of the alkylamines was set between the N atom and C atom alkyl chain end group, 

followed by structure minimization using the MM2 tool to obtain the estimated molecular length of the 

alkylamines. From Table 3, the average length of the OA, DA and DDA were 0.97 nm, 1.03 nm and 1.40 

nm, respectively after molecular dynamics simulations. Their obtained molecular length is significantly 

smaller as compared to the pore size of the graphene hydrogels, hence enabling physisorption to also 

occur. The lower values of the specific surface area (SSA) obtained for rGH as compared to previous report 

findings can be attributed to the freeze-drying techniques [204]. However, the drawback was mitigated upon 

the functionalization of the alkylamine using the simple immersion/agitation method which has successfully 

improved the specific surface area and pore volume. This finding further substantiated the XRD results 

which showed that intercalation of the amines has occurred. The rGH-DA possessed the largest pore 

volume, which is a positive aspect for usage as an adsorbent which enables the uptake of more pollutants 

in their pores. 

Table 4.3. Molecular distance of the alkylamine obtained from the computational method 

Molecular distance  Min(nm) Max(nm) Average(nm) S.D 

OA 

 

0.8888 1.0566 0.9731 0.389 

DA 

 

0.5964 1.3223 1.0265 1.274 
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DDA 

 

1.2488 1.6003 1.3979 0.779 

 

 

Cyclic voltammetry (CV) study was further to access the electrocatalytic activities of the prepared graphene-

based material and to further confirm the successful surface functionalization. Previously, it was reported 

that the presence of N could enhance the attraction of ions in graphene layers, hence providing improved 

current densities [200]. Fig 4.5. depicts the voltammogram of 5 mM of (K3Fe(CN)6] using graphene modified 

glassy carbon electrode (GCE) to investigate the electrochemical properties of functionalized graphene 

material [205]. The CV performed using (K3Fe(CN)6] as the electrochemical probe depicted the cyclic 

voltammogram with an almost reversible one-electron transfer on the electrode surface[206]. The reaction 

is considered electrochemically reversible if the heterogeneous electron transfer is rapid upon compared 

to the mass transfer, diffusion or migration flux of the reactants and products of the electrode reaction [207]. 

The Randles-Sevcik equation can be used to describe the peak current. 

𝑖𝑝 = 2.69𝑥105𝑛3/2𝐴𝐷1/2𝑣1/2𝐶     (2.6) 

where 𝑛 is the number of moles of electron transfer in the reaction (Equiv/mole), 𝐴 is the electrode surface 

area (cm2), 𝑣 is the scan rate (V/s), 𝐷 is the analyte’s diffusion coefficient (cm2/s) and 𝐶 is the analyte’s 

concentration (mol/cm). The improvement of the oxidation peak current (Ipa) for rGH/GCE over GO/GCE 

can be attributed to the electron transfer inhibitory effect of GO. The reduction of the GO to rGO improved 

the specific surface area of the GCE and hence improving the sensitivity towards (K3Fe(CN)6][208]. The 

improvement in the voltammetric response with the amine-functionalized graphene is due to the different 

charge transport properties and transfer dynamic [83]. These findings further showed the successful 

functionalization of the alkylamine which introduced the nitrogen functionality that resulted in higher 

electrocatalytic activity and conductivity[209]. The greatest enhancement is obtained for rGH-DDA, followed 

by rGH-OA and rGH-DA. The findings indicate that that the affinity to functionalize on the surface of the 

rGH does not depend on the chain length of the alkylamine. Additionally, the slight shift of the anodic peak 
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toward a more negative potential can be attributed to the enhanced selectivity of the functionalized 

graphene [84]. It is critical to understand that various experimental variables such as temperature, pH, salt 

concentration, modifier concentration, and type of electrolyte may also affect the modified electrode's 

performance.  

 

 

Fig. 4.5. Cyclic voltammogram of 5 mM potassium ferricyanide (K3Fe(CN)6] using graphene modified glassy 

carbon electrode (GCE) in the potential range of -1.0V to 1.0V at a scan rate of 100 mV/s 

Adsorption properties of the alkylamine surface-functionalized graphene-based hydrogels 

 

Fig. 4.6. The adsorption capacity of MB and BPA using the modified hydrogels 
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Attributed to the high porosity and large surface area, the functionalized rGHs were considered as ideal 

adsorbent for dyes, and organic compounds from water. Inspired by previous studies on the adsorption 

capabilities of graphene-based hydrogels, two model pollutants; MB and BPA were used to access the 

adsorption capability of the functionalized rGHs using the immersion/agitation method. From Fig. 4.6., the 

adsorption capability of both MB and BPA followed the following trend: 

rGH-DA > rGH-OA > rGH > rGH-DDA 

The adsorption capacity of rGH-DA increased to 40.2 % and 53.9% for BPA and MB, respectively, upon 

comparing to rGH. The enhanced adsorption rate of the pollutants after surface functionalization with OA 

and DA can be attributed to several factors even though the pore radius obtained from BJH are smaller 

than rGH. The major contributing factor would be the larger specific surface area which allowed for 

additional interactions with the adsorbate. Moreover, contributing factors including electrostatic interaction 

between the negatively charged oxygen/nitrogen functional groups, π-π interactions between the 

pollutants and the aromatic rings of the graphene-based materials and hydrogen bonding. However, the 

lower adsorption capacity of the sterically hindered, rGH-DDA compared to rGH can be attributed to the 

capping effect that may have hindered the π-π interactions with the pollutants which is a significant mode 

of interaction [210]. The lower adsorption capacity for rGH-DDA maybe also due to the crowding of the 

long alkyl chain which limits the access of the adsorbate with the active sites to interact via π-π interactions 

and electrostatic interactions resulting in sluggish reaction [211].  Further, to predict the adsorption rate 

from MB and BPA, two kinetic models were applied, namely the pseudo-first-order (PFO) and pseudo-

second-order (PSO) model. PFO corresponds to a diffusion-controlled process involving solid-liquid phase 

adsorption; inclined towards physisorption. The PFO kinetic models for the adsorption of BPA and MB are 

illustrated in Fig. 4.7(a) and (b), respectively.  
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Fig. 4.7. Pseudo-(a,b) first-order and (c,d) second-order kinetic models for the adsorption of (a) BPA and 

(b) MB 

On the other hand, the PSO assumes that adsorption reaction occurring at the liquid/solid interface controls 

the process, inclined towards chemisorption [212]. The linearized form of the model employed to describe 

the adsorption are as follows: 

The pseudo-first-order model: 

ln(𝑄𝑒 − 𝑄𝑡) =  −𝑘1𝑡 + ln(𝑄𝑒)       

 

The pseudo-second-order model: 

t

Qt

= (
1

Qe

) t + 
1

Qe
2k2 

 

where Qe and Qt are the pollutant amount (mg/g) adsorbed by the hydrogels at equilibrium and the amount 

adsorbed at a certain time, t respectively. k1 (h-1) or k2 (g/mg.h) is the adsorption rate constant. A straight 

d c 

b a 
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line is obtained by the fitting of experimental data of t/qt versus t as shown in Fig. 4.7(c) and 10(d) which 

enables the determination of qe and k2. All the parameters (K1 & K2) and the correlation coefficient (R2) 

obtained from the pseudo-models are shown in Table S3 and S4 for the adsorption of MB and BPA, 

respectively. The adsorption kinetic data for both MB and BPA can be accurately described by the PSO 

model for all the hydrogel samples as they showed better regression coefficient (R2), closer to unity; hence 

conforming to the chemisorption process in which the adsorption occurred through the binding reaction by 

sharing of electrons or covalent interactions. Interestingly, the rGH-DA showed the lowest adsorption rate 

(K2). On the other hand, the adsorption rate for MB increases as the alkyl chain length of the alkylamine is 

increased.  

To elucidate the regeneration properties of the hydrogels, desorption was carried out using ethanol, HCl 

and deionised water as the desorption agents for the BPA and MB, respectively. The process is conducted 

by immersing and agitating the used hydrogels for 12 h after one cycle of adsorption is carried out. As 

depicted in Fig. 8(a) and (b), the hydrogels maintained high adsorption capacity of above 85% and 75% for 

MB and BPA, respectively after 3 cycles indicating that the hydrogels prepared using the simple 

immersion/agitation method can be a promising candidate for functionalized adsorbent in wastewater 

treatment.  

 

Fig. 4.8. Regeneration percentage after 3 cycles for the hydrogels after the adsorption of (a) BPA and (b) 

MB 

Previously it was found that the interaction with organic pollutants with graphene-based materials often 

occurred via π- π interactions, electrostatic interactions, van der Waals, and hydrogen bonding[147,213]. 

(a) (b) 
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In the case of the alkylamine-functionalized rGH, the larger specific surface area allows for more 

interactions with the pollutant, MB and BPA.  FTIR studies are further used to access the interaction 

between the modified hydrogels and the pollutants as depicted in Fig. S5.1(a) and Fig. S5.2(b) Upon 

comparing to the FTIR spectra from Fig. 4.2., for MB, new strong peaks appearing at 1140 and 854 cm-1 

highly suggest that the presence of bending band of N-H and C-N from the MB amide band functional 

group. Besides that, the appearance of the broad hydroxyl (OH) peak around 3300 cm-1 after MB adsorption 

highly suggests that hydrogen bonding did participate as one of the mechanisms of interaction; but is 

posited to be the least likely mode of interaction. Moreover, a significant increase in the intensity of C=O 

(COOH) showed that this functional group participated in the adsorption of MB. While for the BPA, the 

appearance of hydroxyl peak after BPA adsorption also indicate that hydrogen bonding did participate in 

BPA adsorption. The new peaks around 400-1800 cm-1 with significant intensity can be ascribed to the 

large amount of BPA adsorbed on the surface of the hydrogels [214]. However, π-π interaction is believed 

to be the main mechanism of interaction for both pollutants due to the aromatic structure of the pollutants 

and the graphene-based hydrogels.  

In terms of adsorption performance of the as-prepared alkylamine surface-functionalized hydrogel with 

previously reported adsorbents for MB and BPA, the functionalized hydrogel exhibited good adsorption 

capabilities. Table 4.4 represents the adsorption capacity of some adsorbents towards MB and BPA. The 

differences in their adsorption capacity can be attributed to various factors including the functionalities, 

textural properties and experimental conditions. The results showed that the adsorption capacity of 

functionalized rGH prepared using the facile immersion/agitation method were comparable to that of 

previously reported adsorbents and can be a promising future for the remediation of noxious pollutants 

such as MB and BPA.  
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Table 4.4. Adsorption capacities of MB and BPA onto variously reported adsorbents 

Adsorbate Adsorbent Adsorption 

capacity (mg/g) 

Regeneration 

(%) 

Reference 

BPA Thermally reduced graphene 

oxide 

96.20 - [215] 

Bagasse- β-cyclodextrin polymer 121.00 88.0 [216] 

MWCNTs-Fe3O4−MnO2 132.90 94.9 – 103.4 [217] 

Zero-valent Fe nanoparticles 

/chitosan 

65.16 65.0 [218] 

Si/Fe3O4/N1-(3-

trimethoxisilylpropyl) 

diethylenetriamine  

182.66 > 95.0% [219] 

N-doped polydopamine carbon 1351.00 90.0 [220] 

rGH-DA 228.00 >75.0% This work 

MB Bagasse- β-cyclodextrin polymer 963.00 86.0 [216] 

Alginate/reduced graphene oxide 23.80 82.0 [121] 

Ag/TPP/rGH 130.37 ~90.0 [64] 

Alginate/SiO2 139.31 - [221] 

Graphene nanoplatelets 225.00 - [222] 

Cellulose/GO 480.77 93.0 [223] 

rGH-DA 482.00 >85.0 This work 

 

4.4. Conclusion 

In summary, we report on a simple and economical approach in the preparation of functionalized alkylamine 

rGHs using the immersion/agitation method. The FTIR, BET, XRD, XPS and CV results indicated 

successful functionalization of alkylamine on the rGHs. The functionalization of the alkylamines occurred 

via ring-opening with the epoxy groups and amidation at the carboxylic groups. The adsorption studies 

showed that the specific surface area affects the adsorption capacity for the MB and BPA for short-chain 
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alkylamine (OA and DA) functionalized rGHs. The functionalization of the longer alkyl chain of the 

alkylamine (DDA) on rGH limits the π–π interactions with the MB/BPA, reducing their adsorption capability. 

The adsorption capacity is the highest for rGH-DA on MB and BPA at 482 and 228 mg/g, respectively. The 

understanding of the relevant adsorption conditions such as pH, initial concentration and temperature are 

indeed important parameters for a more comprehensive grasp of the adsorption mechanism and isotherm. 

Often, the multitude of pollutants present in real condition may interfere with the adsorption process. 

However, we posit that the adsorption test on MB and BPA using the alkylamine-functionalized rGH under 

ambient conditions without external manipulations should provide a rough assessment of their performance 

in actual wastewater conditions. In terms of technical operation, the interesting 3D structure of the 

alkylamine functionalized rGHs not only resolved the post-separation problems but also addressed the 

inherent problem of regeneration. Importantly, this present study offers an alternative functionalization 

method using the facile immersion/agitation treatment to prepare functionalized rGHs with promising 

potential that can be used in large scale industrial-scale application for wastewater treatment.  
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CHAPTER 5 
 

SYNTHESIS OF SILVER NANOPARTICLES /PORPHYRIN/REDUCED GRAPHENE OXIDE 

HYDROGEL AS DYE ADSORBENT FOR WASTEWATER TREATMENT 

 

Abstract 

Facile and versatile strategies for the preparation of reduced graphene oxide hydrogel (rGH) are of great 

interest due to its various applications in pollution adsorption, catalysis, gas sensors and tissue 

engineering. In this study, the preparation of a novel self-assembled reduced graphene oxide hydrogel 

modified with silver nanoparticles (AgNPs) and various porphyrin complex using the green hydrothermal 

approach is reported. The AgNPs were successfully decorated on the reduced graphene sheets via 

electrostatic interactions. On the other hand, the interaction of porphyrin complex is via chemical and/or 

physical bonding to the Ag/rGH sheets via esterification and π-π interactions. Based on 

thermogravimetric analysis and BET analysis, the intercalation of porphyrin complex improved the 

thermal stability and specific surface area (SSA) of the modified hydrogels. Further characterizations of 

the modified hydrogel are accomplished using Raman spectroscopy, X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), Fourier transform infrared spectrometer (FT-IR), scanning electron 

microscope-energy dispersive spectroscopy (SEM/EDS), and UV-Vis spectrophotometry. The 

adsorption capacity of the modified hydrogels increased with the integration of AgNPs and porphyrin 

complexes due to the increase of the number of adsorption sites. The Ag/TPP/rGH exhibits the highest 

adsorption capacity (130.37 mg/g) towards the cationic dye, methylene blue (MB) which is attributed to 

the additional binding sites from the available unoccupied aromatic structures of the TPP.  All prepared 

hydrogels kinetic reaction conformed to the pseudo-second order model with good stability for removing 

MB with efficiency above 90%.  

Keywords: Reduced graphene oxide hydrogels; silver nanoparticles; porphyrin; hydrothermal 
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5.1 Introduction  

The study into the removal of dye from wastewater has garnered wide attention due to the harmful effects 

to our environment. Presently, the removal methods can be divided to either chemical, physical or biological 

methods in which each method possesses its specific advantages and disadvantages[224]. However, the 

adsorption method has its superiority of simplicity, high efficiency and low cost. The process of adsorption 

involves the accumulation of the pollutants in the framework of the adsorbent. Most adsorbents are 

developed to have the ability to be reused without affecting its adsorption capability. Provided that 

adsorbents play a vital role in the removal of pollutant from wastewater, an investigation into a reusable 

novel-based adsorbent having high adsorption capability and regenerative properties is needed. Up to now, 

many kinds of adsorbent have been applied for dye removal studies such as activated carbon (AC)[225–

227], biochar (BC) [228,229], graphene (G)[230–232], clays[233–235], etc. Among them, graphene-based 

adsorbents have shown high performance for dye wastewater removal.  

Graphene is a closely packed conjugated and hexagonally sp2 hybridized carbon allotrope that exists in a 

honeycomb crystal lattice[97]. The study on this material is ubiquitous and has gained prominence among 

researchers in the past years since its discovery in 2010. The interesting properties that it possesses such 

as large specific surface area, high thermal and electrical conductivity, and good mechanical strength has 

potential to be an integral aspect in various applications[236–238]. The unique sp2 hybridization facilitates 

the delocalization of electrons which is a sort after property in various field[239]. On the other hand, the 

development of three-dimensional network structure composed of graphene, also known as graphene-

based hydrogel has shown to be an excellent accessory over traditional polymer hydrogel in pollution 

adsorption[147,178], catalysis[240,241], gas sensors[242,243] and tissue engineering[244].The graphene-

based hydrogel provides a template that enables it to blend with small molecules or macromolecules in the 

synthesis of multi-functional hydrogels that improves its salient properties[245]. Up to now, various 

preparation routes of novel graphene-based hydrogels with improved functionality and sensitivity using a 

simple process are explored for their usage in desired applications. The sol-gel technique is a commonly 

used method in the preparation of graphene-based hydrogel as the route involve using aqueous dispersion 

of graphene oxide (GO) as the starting material and the gelation is either induced from the reduction of GO, 

addition of linkers or increasing the concentration of GO. Up to date, the most favorable approach taken to 
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fabricate 3D graphene-based hydrogels is via the hydrothermal treatment[114,246,247] due to its 

advantages of simplicity, convenience, low cost and less harmful discharge of only carbon dioxide, CO2 

[31]. In order to improve the salient properties of the  graphene-based hydrogels, various molecules have 

been incorporated through physical and chemical cross-linking, which includes polymers[248,249], 

biomacromolecules (DNA or protein)[250], and metal nanoparticles[251].  

The high surface area of GO makes it an ideal substrate for dispersion of metal nanoparticles (MNPs)[252]. 

In addition, the abundant functional groups on the surfaces of GO can be used as anchoring sites for MNPs 

which is possible in the development of a functionalized hydrogel matrix during hydrothermal treatment. 

Graphene sheets have shown to be an effective support template for the silver nanoparticles (AgNPs) which 

were widely reported for water-treatment[66,253] and anti-bacterial applications[254,255]. Previously, it 

was reported that transition metal doped graphene-based hydrogel can be achieved via the simple 

hydrothermal route[251]. In terms of dye adsorption capability, the AgNPs have shown promising results 

which is attributed to their high surface area, and high reactive sites. As compared to other noble catalyst 

such as gold (Au), platinum (Pt) and palladium (Pd), the low cost and ease of preparation of AgNPs are 

among the attributing factors for its’ extensive usage. The smaller AgNPs loaded on graphene sheets have 

shown to be effective in increasing the adsorption capacity of various dyes molecules which drive the 

interactions between adsorbent and adsorbate[256]. In addition, the graphene sheets enable the systematic 

control over the size and morphology of the AgNPs and hence facilitating the interaction with the adsorbate. 

Moreover, the strong interaction involving electrostatic interaction between the graphene and AgNPs 

enable the easy recovery process which addresses the inherent problem with MNPs based adsorbent which 

have recovery issues. AgNPs alone as an adsorbent may leech into the environment, hence causing 

secondary pollution which is not desirable.  

Porphyrins are a class of macrocycles made up of four pyrrole units linked via methine bridges which have 

been widely used as the building blocks to synthesize porous materials such as metal–organic frameworks 

(MOFs), covalent organic frameworks (COFs) and conjugated meso- and microporous polymers (CMPs). 

These macrocyclic molecules have excellent optical, electronic and catalytic properties; thus, the effective 

integration of porphyrins into AgNPs/rGH sheets may elicit synergistic effects in catalytic applications. 

Previously, it was reported by Dasler et al., [257] that graphene sheets can be covalently coupled in a 
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perpendicular orientation via the only one σ-bond to the porphyrin using the one-pot reductive diazotation 

approach. To our best knowledge, there has been no reported usage of porphyrins-based composite in the 

preparation of hydrogel for water-treatment purposes. The inclusion of porphyrin on a graphene-based 

hydrogel matrix has not been previously reported using the hydrothermal method. Hence, we intend to 

better understand the interaction of the porphyrins on graphene-based hydrogels and understand their 

capability in cationic dye adsorptions. In this work, we posit that the porphyrin complex is intercalated into 

the AgNPs/rGH sheets via π–π stacking interactions and covalent bonding following the hydrothermal 

reduction of GO sheets which provide additional binding sites for better adsorption capabilities of dye 

molecules. This approach aims to improve the performance of the graphene-based nanocomposite which 

is worth exploring, and important for future works and other practical applications of better adsorbent in 

wastewater treatment.  

5.2. Materials and Methods  

5.2.1 Materials 

Graphene oxide dispersion in water (0.1-2.0 %) was kindly supplied by Nippon Shokubai Co., Ltd (AX-1-

FM-W-151). Silver nitrate (AgNO3), methylene blue (MB), tetrahydrofuran (THF), N,N-dimethylformamide 

(DMF), hydrochloric acid (HCl), propionic acid and ethanol (C2H5OH) were obtained from Wako Pure 

Chemical Industries Ltd, Japan. Pyrrole, benzaldehyde, 4-methyoxybenzaldehyde, 4-

butyloxybenzaldehyde were purchased from Sigma Aldrich. Deionized water (18.25 MΩ.cm) was obtained 

from a Milli- Direct 16 (Millipore Q, USA) for the entire experiment. Unless specified otherwise, all the 

reagents and materials were used without further purification.   

 5.2.2 Synthesis of porphyrin complexes 

The free base porphyrins, tetraphenylporphyrin (TPP) was synthesized using the Alder-Longo method[258]. 

The other free base porphyrins which include tetrakis(4-methoxyphenyl) phenylporphyrin (TOMPP), and 

tetrakis(4 butyloxyphenyl) phenylporphyrin (TOBPP) were synthesized using the modified Alder-Longo 

method[259–261]. The step involved heating the aldehyde in propionic acid followed by adding the same 

amount of pyrrole and refluxed under continuous stirring. After 2 hours, ethanol was added, and the solution 

was kept in the refrigerator overnight. The purple crystals obtained was then purified and dried under 
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ambient temperature. The synthesized products; TPP and TOMPP were in range 9 to 36% yield. However, 

long chain derivative porphyrins, TOBPP produced lower yield than 10%, due to the steric hindrance and 

the donating group on the para-position of alkyl long chain derivative. Fig. S5.1 depicts the general scheme 

for the synthesis of the porphyrin complexes while Fig. S5.2 depicts the molecular structure of the porphyrin 

complexes. 

5.2.3 Synthesis of AgNPs/porphyrin/rGH 

30 mL of GO solution was initially ultrasonicated in deionized water to a concentration of 2.0 mg/mL for 1 

hours in order to exfoliate the GO layers and also to transform the carboxylic acid groups into carboxylate 

ions. Next, 35 mg (0.01 M) of AgNO3 was then added to the aqueous dispersion of GO. 50 mg of TPP was 

dispersed in 5 mL of THF which gave a light red suspension with a concentration of 10 mg/mL. The 

porphyrin suspension was mixed with graphene suspension and sonicated for 20 minutes. The solution 

mixture was then transferred into a modified 80 mL Teflon lined autoclave bottle. The hydrothermal 

reduction was carried out in a Scientific Autoclave (NCC-1701) at 130oC for 8 hours. After the autoclave 

naturally cooled to room temperature, the resulting hydrogel was dialyzed in distilled water. The experiment 

was repeated with different porphyrin complexes; which are TOMPP and TOBPP.  

5.2.4 Characterizations 

The surface morphology and structure of the prepared composite were examined using scanning electron 

microscopy (SEM) using a JEOL 6000 microscope fitted with energy dispersive X-ray analyzer (EDX) 

operated at 15kV accelerating voltage.  ATR- Fourier transform infrared spectroscopy were carried out 

using a PerkinElmer Spectrum GX in the range of 4000 cm-1 to 500 cm-1. Thermogravimetric analysis (TGA) 

was performed to analyze the weight ratios using EXSTAR TG/DTA7000 under N2 atmosphere from room 

temperature to 550oC at a rate of 10oC/min. The crystalline structure was recorded on a Rigaku X-ray 

diffractometer with Cu K-α radiation at 40kV and 15 mA with a scan rate of 10o/min. Raman spectroscopy 

were performed using an JASCO NRS-5100 Laser Raman Spectrometer with an excitation wavelength of 

532 nm and 2.5 mW laser power beam. X-ray photoelectron spectroscopy (XPS) of the modified hydrogels 

was performed on Axis Nova (XPS) Surface Analyzer with a monochromatized Al Kα X-ray source. The 

survey spectra were recorded with high-resolution spectra of 80.0 eV. The fitting of the spectra of the 
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deconvolution peaks of C 1s, O 1s, N 1s and Ag 3d were using Casa XPS software[182]. The N2 adsorption-

desorption were carried out using a Surface Area and Pore Size Analyzer Quantachrome Instruments. The 

surface area and pore size distribution of the rGH samples were calculated using the Barrete-Joynere-

Halenda (BJH) method. The adsorption spectrum was measured by UV-vis spectrophotometer (Genesys 

10s, Thermo Fisher Scientific) using wavelength ranging from 200 – 400 nm. The hydrogel was sonicated 

in DMF to a concentration of 0.1 mg/mL before UV measurements. 

5.2.5 Adsorption experiments 

Analytical grade dye, MB was used as the model pollutant and the adsorption behaviour of the as prepared 

hydrogel is prepared. MB was first dissolved in deionized water to prepare a solution with an initial 

concentration of 1 g/L. Subsequently, dilution was carried out to the desired concentration. The as-prepared 

hydrogel cylinder was placed in a solution containing MB (150 mL, 20 mg/L) and the mixture was agitated 

for 24 hours under normal light condition until adsorption equilibrium is achieved at room temperature. The 

GH was then removed at different time interval, and the residue dye solution were analysed. The adsorption 

capacity (Qe) were calculated with the following equation: 

𝑄𝑒 =
(𝐶0 − 𝐶𝑒)𝑉 

𝑚
       

where C0 represents the initial concentration (mg/g), Ce represents the equilibrium concentration (mg/g), V 

is the volume of the solution and w is the mass of the adsorbents (mg).  

 

5.3. Results and Discussion 

Almost cylindrical shaped reduced graphene hydrogels were formed as depicted in Fig. 5.1 after 

hydrothermal treatment for 8 h at 130oC. The cylindrical shape is consistent with many studies reported in 

which was posited to be due to the strong π−π and hydrogen bonding above a critical concentration of the 

starting GO suspension. From the naked eye view, the decoration of AgNPs on the surface is apparent for 

samples (b)-(e) due to the presence of shiny-like coating on the surface of the cylinder hydrogel. The water 

content of the samples was evaluated using the following equation: 
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Water content =  
MW − MD 

MW

 × 100 %       

where Mw represents the mass of the as-produced rGH and Md denotes the mass after freeze-drying. Based 

on Table 1, although the same volume and the same concentration of GO dispersion were used to prepare 

each sample, the volume of the hydrogel produced were 0.94 cm3, 1.85 cm3, 1.81 cm3, 2.41 cm3, and 1.94 

cm3 for rGH, Ag/rGH, Ag/TPP/rGH, Ag/TOMPP/rGH and Ag/TOBPP/rGH, respectively.  Fig. 5.2. illustrates 

the SEM images of horizontally cut cross sections of the modified graphene-based hydrogels. Based on 

Fig. 5.2(a), the morphology of the rGH clearly depicts randomly oriented 3D framework while the wrinkles 

that can be seen are attributed to the deviation from the sp2 planar character expected for graphene 

monolayer. The surface of the reduced graphene after freeze dry becomes hydrophobic[53,79]. The 

agglomeration of sheets is possible from the increased hydrophobic interactions between individual sheets 

due to the hydrothermal reduction. 

Table 5.1. Diameter and water content of the modified graphene hydrogel 

 

Based on Fig. 5.2(b-e), the partial overlapping and coalescing of graphene nanosheets were 

accompanied with the successful decoration of the AgNPs randomly oriented on the framework. From 

Table 2, the elemental composition analysis from EDS confirms the presence of AgNPs that may interact 

electrostatically in which they coordinate with carboxylic groups with possibility of linking to the graphene 

sheets. When the carboxylic groups are saturated, the electrostatic repulsion between other carboxylic 

groups are reduced, leaving the system to interact through the π-π bond.  

 

 

Sample 

Water content 

(%) 

Volume 

(cm3) 

Density 

(mg/cm3) 
 

rGH 98.6 0.94 23.8 

Ag/rGH 98.9 1.85 13.3 

Ag/TPP/rGH 99.1 1.81 11.7 

Ag/TOMPP/rGH 98.7 2.41 11.9 

Ag/TOBPP/rGH 99.2 1.94 9.43 
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Fig. 5.1. Photo images of the graphene-based hydrogels: (a) rGH, (b) Ag/rGH (c) Ag/TPP/rGH (d) 

Ag/TOMPP/rGH (e) Ag/TOBPP/rGH 

The porphyrin complex deposited on graphene sheets leads to a distinct thickness which is posited to 

be interacting via strong π−π and hydrophobic interaction which also preserved the structure of the 

graphene[262]. Hence, this finding may suggest that the strong coalescent of the single layer graphene 

sheets is driven from the addition of porphyrin complexes which is known to be an electron rich organic 

molecules bearing  bulky aromatic substituents[263].   

The Raman spectroscopy enables the study on the geometric structure of the reduced graphene 

hydrogel samples. In short, the evaluation of disorder of the sp2 hybridized structure is possible using 

this technique. Fig. 5.3(a) depicts the Raman spectra of the modified hydrogel samples.  The three 

characteristics bands of graphene-based materials in Raman spectra includes the G band (~1580 cm-1) 

attributed from in-plane vibration due to the first order scattering of the E2g phonons of the sp2 hybridized 

carbon atom, D band (~1350 cm-1) which is due to the breathing mode of k-point phonos of A1g symmetry 

of the defects involving the sp3 hybridized carbon bonds such as hydroxyl and/or epoxide bonds, and 

the 2D bands of single layer graphene sheets located at ~2690 cm-1. In comparison to rGH, the Raman 

spectrum of Ag/rGH indicated that the D and G band shifted to 1342 cm-1 and 1593 cm-1, respectively. 

The almost unchanged ID/IG ratio suggests that the AgNPs does not introduce defect on the rGH surface 

but merely decorate the surface of the graphene sheet. 

(a) (b) (c) (d) (e) 
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Fig. 5.2. SEM images of images of interior microstructure of reduced graphene hydrogels: (a) rGH, (b) 

Ag/rGH (c) Ag/TPP/rGH (d) Ag/TOMPP/rGH (e) Ag/TOBPP/rGH 

Furthermore, the new Raman peak appearing at 1102 cm-1 also indicated that AgNPs were anchored on 

the graphene sheets via chemical interaction[264].  On the other hand, the ID/IG ratio of the porphyrin 

modified hydrogels are 1.08, 1.04 and 1.10 for TPP, TOMPP and TOBPP, respectively. After 

functionalization process, the D peak gets slightly stronger and broader due to the higher level of disorder 

in the samples containing TPP and TOBPP. The findings indicate that the size of the sp2 domain decreases 

as the rGO sheet is broken into fragments during the incorporation of porphyrins and the conversion of sp2 

to sp3 basal carbon atoms due to covalent binding of the porphyrin added[257]. Moreover, new 

spectroscopic features at about (820, 997, 1079, 1479, 1526 cm−1) can be detected and ascribed to the 

free base porphyrins.  The slight changes in the D-band intensity in the spectra after the incorporation of 

porphyrins indicated a successful covalent functionalization.  

a b 

c d 

e 
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Fig. 5.3. (a) Raman spectra (b) TGA thermogram (c) ATR-FTIR spectra (d) XRD spectra of the modified 

hydrogels. 

Thermogravimetric analysis (TGA) was further used to access the thermal stability of the modified 

graphene hydrogels. Based on Fig. 5.3(b), the thermal decomposition of the samples takes place in two 

primary decomposition stages. The first fraction of steady mass loss below 150  oC is attributed to the 

evaporation of absorbed water. The significant mass loss above 150oC  is resulted from the pyrolysis of 

labile oxygen containing functional groups especially the hydroxyl and epoxy groups on the rGH[61,63]. 

The decoration of AgNPs on the graphene sheets did not adversely affect the graphene sheets’ 

robustness as almost similar degradation curve could be observed. However, with the presence of 

porphyrin, they showed higher thermal stability with a lower mass loss at 12.3%, 11.2% and 12.8 % for 

Ag/TPP/rGH, Ag/TOMPP/rGH and Ag/TOBPP/rGH, respectively below 550oC as compared to rGH and 

Ag/rGH. The TGA analysis behavior of the three porphyrins is relatively similar. The second degradation 

fraction is mainly due to the decomposition of porphyrin. The results indicate that porphyrin complex is 

intercalated in the graphene sheets which increases its’ thermal stability. This is supported by the 

d 

b a 

c 
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presence of small amount of N as shown in the XPS elemental analysis. Hence, this result suggests the 

improved thermal stability of the prepared reduced graphene sample with the presence of porphyrin 

complex.  

FTIR provides an overview of the functional groups present in the hydrogel samples. Fig. S5.3 and Table 

S5.1 shows the absorption spectra at various wavenumber of the porphyrins. The free base porphyrin 

complexes exhibited the characteristic peak of N-H stretching and N-H bending vibration in range from 

3310-3320 cm-1, and 965-967 cm-1, respectively. The signal peak of C-H stretching (long chain) and C-

N stretching in porphyrin ring were showed in the range from 2830-2940 cm-1 and 1210-1250 cm-1, 

respectively. When the number of carbon atom in long chain were increased, the frequency of both 

signals is found to be slightly decreased due to the electronic effect of long chain substituent. However, 

the signal peak including C=C stretching in phenyl and C-H bending in porphyrin of all synthesized 

porphyrin complexes displayed a small peak shift in IR spectra upon comparing to TPP. On the other 

hand, Fig. 5.3(c) depicts the ATR-FTIR spectra of rGH, Ag/rGH, Ag/TPP/rGH, Ag/TOMPP/rGH and 

Ag/TOBPP/rGH samples. The spectrum of rGH with following peaks: 1,044 cm-1 corresponding to C-O 

stretching vibration mode related to the presence of the alkoxy group, 1,261 cm-1 attributed to C-O from 

the epoxy group, 1,380 cm-1 attributed to carboxylic O-H deformation formation, 1,653 cm-1 associated 

with the presence of C = C bond, and 1,699 cm-1 assigned to C = O stretching vibration mode in carboxyl 

group. For the spectrum of the Ag/rGH, most of the absorption bands are weakened leaving mainly the 

absorption at 1703 cm−1(C=O), 1577 cm−1(C–OH bending vibrations) and 1049 cm−1(C–OH bending 

vibrations). The peak at 1653 cm−1 in the rGH shifted to a lower frequency at 1577 cm−1 in the Ag/rGH. 

The FTIR results demonstrate that Ag+ contributes to the further reduction of GO to reduced graphene 

and strong interaction may exist between silver nanoparticles and the remaining surface hydroxyl groups. 

The increase in the intensity of the carbonyl and the peak at about 1500 - 1600 cm-1 confirmed the 

restoration of the sp2 carbon network while the peak at around 1700 cm-1 corresponds to vibrations of 

carbonyl groups. The bands in the region 2700-2900 cm-1, maybe attributed to the C-H stretching 

vibrations of the aromatic rings of the porphyrin, further confirming its existence on graphene sheet. 

Moreover, the disappearance of the peak at 1380 cm-1 also clearly indicates that the porphyrin molecules 
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are covalently bonded to the reduced graphene sheets via carboxylic acid linkage. These changes 

clearly indicate a strong interaction between Ag/rGH and the porphyrin complex. 

XRD study was further carried out to evaluate the crystalline structures of the prepared modified 

hydrogels. The XRD patterns of the samples are depicted in Fig. 5.3(d). The XRD spectra of GO which 

is not shown show a sharp peak at around 10.24 o and 19.77 o. After reduction of GO, the (0 0 2) peak 

of GO gradually disappears and well-resolved diffraction peaks observed at 2θ are 23.74o, 24.60o and 

23.82o. As for the Ag/rGH, the fingerprint diffraction pattern of Ag observed at 38.1° confirms the 

formation of high purity crystalline Ag in the composites. Besides that, prominent patterns at 38.1°, 

44.31°, 64.51°, and 77.51° which are assigned to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) crystallographic 

planes of face-centered cubic AgNPs, respectively. The inclusion of the porphyrin complex leads to a 

significant decrease in the intensity of the reduced graphene oxide peak located in the 23o -24o range 

possibly due to the interaction with the porphyrin complexes which leads to the structural changes of the 

graphene sheets. However, the prominent patterns assigned to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) 

crystallographic planes of face-centered cubic AgNPs remains. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4.  XPS (a) wide (b) Ag 3d (c) N 1s and (d) UV-vis spectra of the modified graphene hydrogels 

a b 

c d 
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XPS characterization was carried out to quantify the chemical nature of the functional groups present in 

the prepared modified graphene-based hydrogels. Fig. 5.4(a) depicts the wide scan XPS spectra of the 

hydrogels. The obvious peaks at around 280-295 eV and 525-540 eV are attributed to the C1s and O1s, 

respectively in which contributed to the graphene. The atomic ratio of carbon to oxygen (C/O) was then 

obtained from the respective area under the C1s and O1s peak. The C/O ratio of Ag/rGH sample 

decreased to 1.63 from 2.39 (rGH) which showed that the electrostatic interaction of the Ag ions with the 

carboxylate groups of the graphene sheets hinders the reducing process. However, the inclusion of 

porphyrin complexes in the starting material somewhat improves the reducing capability during 

hydrothermal process. The C/O ratio obtained are 1.68, 2.01 and 2.14 for the TPP, TOMPP and TOBPP, 

respectively. Based on Fig. 5.4(b), the Ag 3d5/2 component which occurred at 368.3 eV is characteristic 

of metallic Ag (0) oxidation state. The findings indicated that AgNPs are decorated on the surface of the 

modified hydrogels. However, both Ag 3d3/2 and Ag 3d5/2 shifted slightly towards higher energy level, 

suggesting the interaction between graphene and AgNPs leads to a decrease in the electron density of 

Ag atoms, probably due to the conjugation between the d-orbit of Ag atom and π-bond of 

graphene[265].The results showed that the content of AgNPs could be controlled by introducing 

porphyrins as it can be seen that the strong intensity of the Ag 3d5/2 of the hydrogels containing TPP, 

TOMPP and TOBPP samples. On the other hand, the successful interaction of the porphyrin complexes 

with the graphene sheets can be proven from the N1s spectra of the XPS in Fig. 5.4(c) in which from the 

presence of N1s peak attributed from the N-H bending and stretching of the porphyrins complex. The 

interaction is posited via the π-π interactions which preserved the structure of the porphyrin complexes. 

Based on Fig. S5.4., characteristics bands of the free base porphyrins consisted of a strong absorption 

band (Soret band) at 417-422 nm and four weak adsorptions band (Q band) around 500-700 nm due to 

the π⟶π* electronic transitions which is recorded in dichloromethane at room temperature. This finding 

is in agreement with previous studies on the absorption behavior of free-base porphyrin of TPP[266,267]. 

The intense Soret band assigned to the S0⟶S2 transition is found in a shorter wavelength while the Q 

bands assigned to the S0⟶S1 transitions, appear in longer-wavelength[260]. The Soret band and Q 

band of the para-substituted porphyrin, TOMPP and TOBPP exhibited a slight red shifting when 

compared with TPP. The absorption data and molar extinction coefficient (ε) of all synthesized porphyrins 
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are summarized in Table. S5.2. Typically, the optical absorption spectra of GO (not shown) will produce 

two peaks; one around 230 nm which is due to π−π* transitions of the aromatic carbon bond and a small 

shoulder peak around 300 nm attributed to the n−π* of the carbonyl bonds[268]. Based on Fig. 5.4(c)., 

the UV−visible spectra of rGH showed a characteristic peak at 267.5 nm assigned to the π−π* transition 

that designates that the conjugation remains stored and the majority of oxygen moieties are eliminated 

from the GO after hydrothermal treatment. As for the Ag/rGH, weak or almost close to no plasmonic 

band which is expected to be observed for AgNPs at around 420 nm. However, this can be explained by 

the low concentration of AgNO3 that lead to the formation of fewer nanoparticles on the surface of the 

graphene sheets[269]. However, the red-shifting for the π−π* transition for the Ag/rGH sample is 

possible due to the presence of the small amount of AgNPs on the sheet. Based on Fig. S5.4, the 

characteristics band of the free base porphyrins consisted of a strong absorption band (Soret band) at 

417-422 nm and four weak adsorptions band (Q band) around 500-700 nm due to the π⟶π* electronic 

transitions. Hence, for the Ag/TPP/rGH, Ag/TOMPP/rGH and Ag/TOBPP/rGH, slight blue-shifting to 267 

nm of the π−π* transition band can be observed and the typical absorption band attributed to porphyrins 

complex which have red-shifted can be seen at 424.5 nm, 429.5 nm and 429.5 nm. The overlapping 

bands of the Q band and AgNPs plasmonic band leads to a single peak around the region. 

Although DLS techniques do not represent the real particle size of graphene-based materials, this 

technique allows for rough assumption in the measurement of translational diffusion constant of spherical 

particles[270,271]. In this study, the graphene-based hydrogel suspension in DMF is assumed to be in 

spherical shape. The average hydrodynamic diameter (AHD) of the hydrogel samples is measured using 

DLS and depicted in Fig. 5.5 
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Fig. 5.5. The average hydrodynamic diameter (AHD) of the modified graphene-based hydrogels 

The diameter obtained is 308.4, 881.9, 6131.6, 1505.0, 2600.4 nm for rGH, Ag/rGH, Ag/TPP/rGH, 

Ag/TOMPP/rGH and Ag/TOBPP/rGH, respectively. The increase in the diameter of Ag/rGH as compared 

to rGH suggesting interactions between rGH and AgNPs. Based on Fig. S5.5., the size distribution of 

the graphene sheets is narrow and concentrated around 100-500 nm range. However, Ag/rGH solution 

exhibits two different particle size distributions, which showed that some AgNPs were coated on carrier 

surface and the remaining part remained in the form of discrete particles at microparticles level 

(<100nm). In For the case of porphyrins in the hydrogel system, they significantly increase the AHD. 

Moreover, similar size distribution could be seen for sample Ag/TPP/rGH, and Ag/TOMPP/rGH which 

showed two distinct particle size distributions similar to Ag/rGH. However, as for Ag/TOBPP/rGH, only 

one particle size distribution could be seen which is concentrated around 1000 nm. The underlying 

reason is that the AgNPs may have fully bounded to the graphene/TOBPP sheets. 

The zeta potential measurements on the modified graphene-based hydrogels is carried out to access 

the dispersion stability of the modified hydrogel. Zeta potential is the charge that is present at the 

interface between a solid surface and the liquid phase which is an important parameter. The double layer 

around the colloid affects the electrostatic interaction between the graphene sheets. The obtained 

average zeta potentials are 0.57 mV, 0.71 mV, -0.04 mV, -0.69 mV and -0.84 mV for rGH, Ag/rGH, 
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Ag/TPP/rGH, Ag/TOMPP/rGH and Ag/TOBPP/rGH, respectively. It was previously reported that Zeta 

potential experiments showed rGH to be positively charged in DMF[272]. It can be seen that the zeta 

potential increased after the decoration of AgNPs on the surface of the graphene which can be attributed 

to the viscosity of the suspension in DMF which leads to the increase in electrophoretic mobility[273]. 

The zeta potential showed a negative charge with the presence of porphyrin complex and interestingly, 

more negative value is obtained as the chain length is increased from TPP to TOBPP. The significant 

increase in the negative zeta potential value can be attributed to the cage effect in DMF caused by 

negatively charged porphyrin complexes with the chain length 

 

Fig. 5.6. N2 adsorption-desorption isotherm of the modified hydrogels 

In order to elucidate the surface areas and microstructure of the hydrogels, low-temperature N2 

adsorption-desorption isotherm were carried out. Fig. 5.6.  shows the N2 adsorption-desorption isotherm 

of the freeze-dried hydrogels in which the curves can be characterized by the Type 2 isotherm with 

hysteresis loops reflecting that micropores or mesopores exist in the hydrogels. This finding conforms to 

the formation of a mesoporous structure that has connected or non-connected ink-bottle pores or 

cavities. Table 2 depicts the BET SSAs of rGH, Ag/rGH, Ag/TPP/rGH, Ag/TOMPP/rGH and 

Ag/TOBPP/rGH were measured at 27.288, 163.721, 68.328, 100.782 and 138.441 m2/g respectively. 

The significant increase in the surface area but decrease the pore size  with the decoration of AgNPs 
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can be attributed to the thermal reduction of the functional groups attached to the graphene 

sheets[274]. The low specific surface area obtained as compared to previous studies of graphene-based 

hydrogels is mainly due to the freeze-drying procedure which leads to the restacking of individual 

hydrophobic graphene sheets due to strong π-π interaction with the porphyrin complex [182,204]. 

 

Table 5.2. BET surface area, BJH pore size and volume of the freeze-dried graphene-based hydrogels 

based on desorption process 

Sample BET Surface 

area (m2/g) 

Pore size 

(nm) 

Pore volume 

(cm3/g) 

rGH 27.288 1.981 0.069 

Ag/rGH 163.721 1.741 0.237 

Ag/TPP/rGH 68.328 1.977 0.128 

Ag/TOMPP/rGH 100.782 1.973 0.213 

Ag/TOBPP/rGH 138.441 1.975 0.354 

 

The dye adsorption capacity of the as-prepared graphene-based hydrogels was investigated by direct 

adsorption in aqueous MB solutions under normal light condition. The in-situ adsorption of the ‘wet’ 

hydrogel could demonstrate real adsorption process instead of freeze-dried samples[275].The 

absorbance wavelength of MB occurred around 664 nm recorded at various time-interval and the final 

concentration of the residue dye MB after immersion is obtained from the standard curve plotted which 

is depicted in Fig. S5.6. The standard curve was obtained by plotting the maximum absorbance obtained for 

the MB samples at various concentrations. The coefficient correlation (R2) obtained at 0.99704 by plotting the 

absorbance versus the prepared concentration was satisfactory. The primary adsorption kinetic curves of 

the prepared hydrogels are shown in Fig. 5.7(a) in which the hydrogels demonstrated steady adsorption 

until reaches equilibrium after 24 h for the MB.  

The adsorption capacity obtained are 75.67, 100.76, 130.37, 103.24 and 125.76 mg/g for rGH, Ag/rGH, 

Ag/TPP/rGH, Ag/TOMPP/rGH and Ag/TOBPP/rGH, respectively. The decoration of AgNPs onto the rGH 
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has shown to improve the adsorption capacity by 33.2% which can be attributed to increase in its specific 

surface area and smaller pore size as shown in the BET results. The AgNPs increases the number active 

sites on the surface of the rGH which increases the uptake of MB[256]. On the other hand, the inclusion 

of porphyrin complexes on the Ag/rGH improved the adsorption capacity by 130.27%, 36.43% and 

66.20% for Ag/TPP/rGH, Ag/TOMPP/rGH and Ag/TOBPP/rGH, respectively when compared to rGH 

alone. The availability of additional binding sites for MB due to the ‘free’ aromatic structures exhibited by 

TPP may be the possible reason why it possessed the highest adsorption capacity. The shifting of the 

S-band of the porphyrin complexes as obtained from the UV-vis may confirm the π-π interaction of the 

Ag/rGH and the porphyrin complexes.  

The primary adsorption kinetic experiments of the as-prepared composite hydrogels from 0 to 2000 min 

are shown in Fig. 5.7(a). It can be seen that the adsorption of the MB increases rapidly in initial adsorption 

times (about 600 min) before reaching equilibrium. The time-dependent study of the MB adsorption 

demonstrates the improved performance of AgNPs and porphyrins modified rGH as compared to rGH 

itself. This is compounded to the fact that the incorporation of AgNPs and porphyrin onto the porous rGH 

create more active sites for the MB interaction, hence increasing the sorption capacity and making the 

sorption process to occur much faster.  Besides, the larger specific surface area and pore volume of the 

modified hydrogels contributed to the excellent adsorption capacity as compared to control sample, rGH. 

It is interesting to note that there is no correlation between the adsorption capability to the surface area 

of the hydrogels to its’ the textural properties. Hence, we posit that the adsorption behaviour of MB on 

the hydrogels is affected by the combination of both.  Even though Ag/rGH possessed the highest 

specific surface area, however, the pore structure is one factor that affects the mass diffusion in the 

adsorbent resulting in low adsorption capacity as compared to the porphyrin complexes modified 

graphene hydrogels. However, the high specific surface area affects adsorption selectivity in which they 

provide multiple adsorption driving forces between the adsorbent and adsorbates[276]. From BET 

results, it can be seen that the integration of the porphyrin complexes significantly improved the specific 

surface area (SSA) of the hydrogels.  

In adsorption experiment, the kinetic studies provide important insight on the mechanism involved 

especially involving the adsorption rate and adsorption equilibrium time. The adsorption kinetics of the 
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hydrogels for MB adsorption are presented in Fig. 5.7(b-c). The adsorption kinetics of the MB adsorption 

on the hydrogels were investigated using two classical kinetic models namely pseudo first-order 

(PFO)and pseudo second-order (PSO) kinetic model. The PFO corresponds to a diffusion-controlled 

process involving solid-liquid phase adsorption while the latter assumes the process is controlled by 

adsorption reaction at a liquid-solid interface in the adsorbent. The linearized form of the model employed 

to describe the adsorption are as follows: 

The pseudo first-order model: 

ln(𝑄𝑒 −  𝑄𝑡) =  −𝑘1𝑡 + ln(𝑄𝑒)       

 

The pseudo second-order model: 

 

t

Qt

= (
1

Qe

) t + 
1

Qe
2k2 

       

where Qe and Qt are the MB amount (mg/g) adsorbed on the adsorbent at equilibrium, t represents the 

time, and k1 (h-1) or k2 (g/mg.h) is the adsorption rate constant. All the parameters (K1 & K2) and the 

correlation coefficient (R2) obtained from the kinetic models are summarized in Table S6. According to 

our findings, the adsorption kinetic data of MB on the hydrogels can be accurately fitted to the PSO 

model for all the hydrogel samples as they showed better regression coefficient conforming to the 

chemisorption process. Thus, these results revealed that the diffusion is not rate control process but a 

controlled adsorption through the binding reaction by sharing of electrons or covalent interactions. In 

addition, the calculated adsorption capacity values are closer to the experimental values for the PSO 

model upon comparing to the PFO model.  

a b 
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Fig. 5.7. (a) Time-dependent study (b) pseudo-first-order (c) pseudo-second-order kinetic studies for 

the adsorption of MB at 298 K.  

To determine the reusability of the modified hydrogels, consecutive adsorption and desorption was carried 

out for three cycles using the same hydrogel under the same adsorption conditions. After MB adsorption 

for every cycle, the hydrogel was removed and shaken in a solution of 0.5 M HCl for 5 hours. Subsequently, 

the hydrogel is rinsed and washed with deionized water. The adsorption capability remained high after three 

cycles. As depicted in Fig. 5.8(a), the adsorption-desorption cycles maintain above 90% of the original MB 

adsorption capacity. Hence, the as-prepared hydrogels possessed stable adsorption behavior towards 

cationic dye, MB. 

a b 

c 
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Fig. 5.8. (a) Reusability studies (3 cycles) of the hydrogels on the adsorption of MB, (b) Effect of initial 

MB concentration for adsorption of Ag/TPP/rGH under dark and light condition 

Provided that Ag/TPP/rGH showed the best performance towards MB adsorption, we further carried out 

MB adsorption at different initial dye concentration (20, 50 ,80, and 100 mg/L) under light avoidance and 

normal light condition to elucidate the photocatalytic behavior of the decorated AgNPs and free base 

porphyrins on the reduced graphene sheets. From Fig. 8(b), it can be seen that the unit adsorption 

increased as the concentration increased from 20 mg/L to 100 mg/L due to the increase in mass transfer 

driving force resulting in higher MB adsorption for both dark and light condition[277]. It is important to note 

that under both conditions, the MB uptake does not significantly change which can be attributed to the weak 

intensity of the fluorescent light irradiation under normal light condition which does not induce 

photodegradation process involving the transfer of electron to the conduction band for the MB degradation. 

The possible aggregation of the free base porphyrins on the reduced graphene sheets may also be the 

possible reason which inhibit its photocatalytic efficiency and hence limiting the recombination of photo-

induced electron hole pair for the degradation of MB to occur[278]. 

It is also worth to compare the prepared hydrogel-based adsorbent with some other reported adsorbents 

prepared for MB adsorption. Table 3 represents the adsorption capacity for some adsorbents. The results 

showed that the Ag/TPP/rGH hydrogel matrix prepared using the facile hydrothermal has high adsorption 

capacity towards MB and may have ample of potential for the removal of other dye compounds. The 

differences on the adsorption capacity can be attributed to the experimental condition and the synthesized 

a b 
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end-product such as functional groups present, and textural properties (pore size and volume) of the matrix 

system.  

Table 5.3. Adsorption capacity of various hydrogels towards MB. 

Adsorbent Cationic organic dye Adsorption capacity 

(mg/g) 

References 

Graphene/Ag3PO4 MB 83.75 [224] 

GO/chitosan 

rGO/chitosan 

MB 

MB 

3.50 

3.44 

[275] 

Starch/humic acid 

hydrogel 

MB 110 [279] 

N,N-

dimethylacrylamide 

and 2-hydroxyethyl 

methacrylate 

copolymer (p (HEMA-

co-DMAa)) 

MB 80.27 [155] 

RGO/PEI/Ag MB ~33.00 [280] 

Alginate/SiO2 MB 139.31 [221] 

Ag/TPP/rGH MB 130.37 This work 

 

Real wastewater samples containing dye molecules, numerous organic and inorganic compounds often 

possess high electrolyte concentration which often result in complex adsorption mechanism and various 

interactions with the adsorbent. The presence of salts such as K+, Na+, Ca2+ etc often lead to changes in 

ionic strength which in turn control the positive charge on the adsorbent surface, making the adsorbent 

susceptible to certain kind of adsorbate. The increase in the positive charge on the adsorbent surface can 
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drive electrostatic attraction between the adsorbent-adsorbate. Previous study has shown that graphene-

based adsorbent exhibited a better adsorption selectivity towards dye as compared to heavy metal ions in 

their simultaneous adsorption process. In the presence of higher concentration of cationic dye, the 

adsorption of heavy metal becomes weaker[281]. For real-wastewater applications, it is posited that the 

presence of ample free aromatic structure in Ag/TPP/rGH enables the interaction with dye molecules via 

π–π interactions, alongside other interactions such as electrostatic interactions and hydrogen bonding. In 

addition, the three-dimensional hydrogel structure of Ag/TPP/rGH addresses the current challenges in 

practical wastewater applications which includes aggregation and low regeneration properties.  

5.4. Conclusion 

In this work, we had successfully prepared and characterized a modified graphene-based hydrogel using 

AgNPs and porphyrin complexes. The decoration of AgNPs and the inclusion of free base porphyrin on the 

surface of the graphene hydrogel can be confirmed from the various characterization conducted. There 

were no significant changes to the thermal stability as shown in the TG studies with the decoration of AgNPs 

but improved with the inclusion of free base porphyrins. The interaction of the AgNPs with the negatively 

charged functional groups of the graphene sheets is posited to be via electrostatic interactions which is 

confirmed by FTIR with the disappearing oh the carboxylic O-H band. The presence of the porphyrin brings 

significant structural changes which was proven by XRD with the decrease in the (0 0 2) peak of the 

graphene sheets indicating successful interaction with the graphene sheets using the hydrothermal 

treatment. The Raman spectra suggested that the features of the reduced graphene sheets were affected 

with the inclusion of TPP and TOBPP. The strong π-π interactions of the porphyrin complexes especially 

Ag/TPP/rGH has shown the best performance for the adsorption of cationic dye, MB. The adsorption 

capacity of Ag/TPP/rGH reached 130.37 mg/g as compared to the control sample, rGH which is posited to 

be from the presence of additional binding sites for the MB due to its availability of unoccupied aromatic 

structures. The kinetic reaction of all hydrogels conformed to the pseudo second order kinetic model with a 

good stability of up to 90%. Thus, the present investigation provides further insight into the application of a 

novel graphene-based hydrogels which uses AgNPs and porphyrin complexes as dye adsorbent which is 

efficient, economical and environmentally friendly for the treatment of dye wastewater. 
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CHAPTER 6 

 

CU2O/TIO2 DECORATED ON CELLULOSE NANOFIBER/REDUCED GRAPHENE HYDROGEL FOR 

ENHANCED PHOTOCATALYTIC ACTIVITY AND ITS ANTIBACTERIAL APPLICATIONS 

 

Abstract 

Photocatalysis has gained attention as a viable wastewater remediation technique. However, the 

difficulty of recovering powder-based photocatalyst has often become a major limitation for their on-site 

practical application. Herein, we report on the successful in-situ preparation of a novel three-dimensional 

(3D) photocatalyst consisting of Cu2O/TiO2 loaded on a cellulose nanofiber (CNF)/reduced graphene 

hydrogel (rGH) via facile low-temperature hydrothermal treatment and freeze-drying. The 3D hydrogel 

not only provides a template for the anchoring of Cu2O and TiO2 but also provides an efficient electron 

transport pathway for enhanced photocatalytic activity. The results showed that the Cu2O and TiO2 were 

uniformly loaded onto the aerogel framework resulting in the composites with large surface area, hence 

exposing more actives sites. As compared to bare CNF/rGH, Cu2O/CNF/rGH and TiO2/CNF/rGH, the 

Cu2O/TiO2/CNF/rGH showed improved photocatalytic activity under UV-irradiation for Methyl orange 

(MO) degradation. MO degradation pathway is proposed based on GC-MS analysis. The enhanced 

photoactivity can be attributed to the charge transfer and electron-hole separation from the synergistic 

effect of Cu2O/TiO2 anchored on CNF/rGH. In terms of their anti-bacterial activity towards 

Staphylococcus aureus and Escherichia coli, the synergistic effect of the Cu2O/TiO2 anchored on the 

CNF/rGH framework showed excellent activity towards the bacteria. 

Keywords: photocatalysis; graphene hydrogel; hydrothermal; cellulose nanofiber; wastewater 

treatment 
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6.1 Introduction 

To date, concerted efforts are being made to develop novel nanomaterials for advanced oxidation 

processes (AOP) to address the issue of water security. In comparison to conventional water treatment 

technologies such as adsorption, precipitation and filtration, AOP combined with these conventional 

methods are garnering pace to address water pollution in a greener perspective. The most common water 

pollutants are organic dyes and pigments, often discharged in wastewater which posed environmental 

concerns. Contaminant degradation applying the photocatalytic process is still developing. Photocatalysis 

is a technology that is not only environmentally friendly but also leads to no secondary pollution especially 

in the efficient degradation of a variety of pollutants in aqueous conditions. The degradation of pollutants is 

attributed to the generation of reactive oxygen species (ROS). Carbon-based materials such as graphene, 

activated carbon, carbon nanotubes (CNT), fullerenes etc have shown promising results due to their ability 

to combine with different heterojunctions materials for increased photo efficiency [282–284]. Specifically, 

graphene and its derivatives have been a versatile tool in the design of multi-functional materials.  

The design of a novel photocatalyst that is facile, highly efficient and possessing good stability remains a 

significant challenge. Recently, three-dimensional (3D) graphene macrostructure such as hydrogel is 

exploited as a new class of photocatalytic material attributed to their photo-assisted applications in 

wastewater treatments. The template provided by the graphene-based hydrogel enables the blending of 

additives or modifiers to further improve the functionalities and salient properties that are beneficial in 

pollution control applications[285,286]. In addition, the template enables the orientation of photoactive 

materials to prepare a hybrid 3D macrostructure. In short, to better improve photocatalytic performance, a 

material with high surface-to-volume ratios is highly sort after. The utilization of natural biomass such as 

cellulose, a polysaccharide in water-treatment technologies has also gained more attention due to its 

biodegradability, biocompatibility, high sorption capacity, relatively high thermal stability and non-toxicity 

properties [287,288]. Their abundant hydroxyl groups enable the functionalization process to occur, 

opening endless opportunities for the design of various functional materials. Previously, it has been reported 

that cellulose fibres assisted in the dispersion of metal oxide nanoparticles and control the nucleate 

precipitation [289]. The disadvantage of utilizing porous cellulose is that it may sacrifice the photocatalytic 

activity to a certain extent owing to their non-conductive matrix [290]. Double network (DN) hydrogel has 
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been a forefront in the preparation of hydrogel with excellent properties such as high mechanical strength 

and surface area due to the interpenetrating and cross-linked polymer networks [291–293]. DN hydrogels 

consisting of CNF/graphene have shown rather interesting results based on previous literature. The 

preparation of homogenous dispersion of GO and CNF can be easily achieved via ultrasonication which 

drives the interaction between the oxygen-functional containing groups of the GO and the hydroxyl groups 

in cellulose via hydrogen bonding. Previously, it was found that the reduced GO are surrounded by dense 

conformal nanocellulose network which drives the improvement in their water-transport properties [294]. 

Hence it is expected that the combination of graphene-cellulose hydrogel will bring immense improvement 

to their salient properties.  

Metal oxide-based nanoparticles have received ample attention in their use for textile and dye remediation 

due to their optical properties and biocompatibility [295–304]. Titania, TiO2 is the most commonly used 

photocatalytic material which has been used due to its stability, low cost and non-toxicity. The photocatalytic 

performance of TiO2 is supported with ample studies focusing on their efficiency in degrading various kinds 

of pollutants [305–308]. However, the setback from TiO2 in practical application is their high bandgap energy 

(Eg=3.2 eV) which only allows absorption of light in the UV range. Additionally, the rapid recombination of 

photogenerated electron-hole pairs leads to low quantum efficiency. To overcome the limitations, 

researchers have coupled a variety of semiconductors, metals, and non-metals with TiO2. The strategy of 

coupling not only allowed for the absorption in the visible light range but also reduce charge carrier 

recombination due to Schottky barrier formation at the interface. The introduction of a co-catalyst among 

the simplest ways to enhance solar-to-chemical energy conversion of their large bandgap [309]. The 

incorporation of Cu2O has been able to address the limitation by using TiO2 as the photoactive material 

alone. Cuprous oxide (Cu2O) has been known as visible light-responsive photocatalysts with a bandgap of 

2.0-2.3 eV[310]. As a p-type semiconductor with a narrow bandgap, making it competitive with other UV 

light response catalysts such as TiO2 and ZnO. The synthesis of various shapes and sizes of Cu2O have 

been reported elsewhere. Unfortunately, the large surface area and high surface energy of Cu2O posed 

aggregation problems similar to TiO2. In wastewater purification, Cu2O photocatalyst has demonstrated 

high efficiency, non-toxicity and stability. In addition to that Cu2O also possess good antibacterial properties 

which is an added value. To address the notion, significant effort has been expended in the design and 
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preparation of 3D support material to prevent catalyst aggregation; hence improving their photocatalytic 

efficiency in practical applications. The preparation of TiO2/rGO, Cu2O/rGO and Cu2O/TiO2/rGO based 

composite were previously reported for their effective usage in photocatalytic degradation of pollutants. 

Nyugen et al., prepared a Cu2O quantum dot/rGO/TiO2 using the hydrothermal method exhibiting excellent 

photocatalytic efficiency for several dye compounds degradation [311]. Yang et al., prepared 

TiO2/graphene/Cu2O/ using chemical vapour deposition, followed by electrochemical deposition of Cu2O 

on TiO2 nanotubes for the photoelectrocatalytic oxidation of bisphenol A (BPA) [312]. However, previous 

studies did not emphasize the preservation of the 3D macrostructure which is paramount in the easy 

recovery of the catalyst. 

In this work, we take advantage of high surface-to-volume ratios of the graphene-based hydrogel as the 

electron-conducting material to orientate the TiO2 and Cu2O using hydrothermal treatment. The graphene 

sheets with high surface area to volume would prevent photoactive materials from aggregating, thereby 

promoting electron transfer and improving photocatalytic activity. The incorporation of CNF in the graphene 

network is posited to improve the synergistic properties of the graphene hydrogel which seems to be a 

plausible route. Using a one-pot synthesis route, the in-situ formation of the Cu2O/TiO2/CNF/rGH can be 

realized for the remediation of textile dyes effluent using the synergistic adsorption and photocatalysis effect 

alongside their excellent disinfection properties towards microorganisms. This work is expected to extend 

the scope of green synthesis of functional 3D graphene materials for photocatalysis applications. 

6.2 Materials and Methods 

6.2.1 Materials 

Commercial ST-01 TiO2 powder with anatase crystal structure was purchased from Ishihara Sangyo, Japan 

(surface area: 300 m2/g with particle size: 7 nm). GO (AX-1-FM-W-151) was obtained in-kind from Nippon 

Shokubai Co., Ltd delivered in water dispersion form (0.1-2.0 %). Commercial cellulose nanofiber (CNF) 

(BiNFi-s WFo-10005) was purchased from Sugino Machine Limited, Japan. Copper sulfate pentahydrate 

(CuSO4. 5H2O), D (+)-Glucose (C6H12O6), sodium hydroxide (NaOH) and methyl orange (MO) were 

obtained from Wako Pure Chemical Industries Ltd, Japan and used as received.  
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6.2.2 Preparation of Cu2O spheres 

The Cu2O were synthesized according to the previously reported method with slight modifications [313]. 

Briefly, 2.5 g of CuSO4 was first dissolved in deionised water and 1 g/mL of NaOH was added into the 

copper precursor solution under vigorous stirring at 70oC. 20 mL of glucose solution is then added drop by 

drop into the suspension and the heating is continued for 30 minutes which yielded an apparent maroon 

colour suspension. The reduction and particle growth process were assisted under continuous magnetic 

stirring. The Cu2O were collected via centrifugation at 4500 rpm for 15 mins and washed thoroughly with 

deionised water and absolute ethanol. The resultant maroon coloured Cu2O was then dried at 70oC in the 

oven for 24 h to ensure removal of moisture content. 

6.2.3 Preparation of Cu2O/TiO2/CNF/rGH 

As reported in our previous studies, 4 g of GO was dissolved in 30 mL deionised water and sonicated for 

1.5 hours to exfoliate the GO sheets [18,19,181]. Separately, 5 g of the commercial CNF is weighed and 

dissolved in 20 mg/mL NaOH solution under stirring at 5oC; followed by 30 minutes of sonication. 10 mL of 

the CNF suspension is then added to the GO suspension and sonicated for another 30 minutes. Typically, 

43.0 mg and 24.0 mg of the as-obtained Cu2O and commercial TiO2 powder were added into the 

suspension, stirred vigorously alongside the CNF/GO suspension until a homogenous suspension is 

obtained. The hydrothermal reaction is conducted at 132oC for 8 h. The obtained hydrogel is then dialyzed 

in deionised water for 24 h. Next, the hydrogel is freeze-dried at -50oC for 24 h to obtain the Cu2O 

/TiO2/CNF/rGH. As a reference, Cu2O/CNF/rGH and TiO2/CNF/rGH were prepared using a similar protocol 

but without the addition of TiO2, and Cu2O, respectively. Graphene hydrogel was prepared likewise in the 

absence of both TiO2, and Cu2O in only GO suspension. The freeze-dried hydrogels were kept for 

characterization studies as described below. 

6.2.4 Characterization 

The morphology of the freeze-dried hydrogels was accessed on a JCM-6000 Versatile Benchtop Scanning 

Electron Microscope, JEOL Ltd, Japan fitted with an energy dispersive X-ray analyzer (EDX). Raman 

spectroscopy was performed using a JASCO NRS-5100 Laser Raman Spectrometer with an excitation 

wavelength of 532 nm and a 4.7 mW laser power beam. The X-ray diffraction (XRD) patterns were obtained 
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on a benchtop (MiniFlex 600, Rigaku, Japan) diffractometer with Cu K-α radiation at 40kV and 15 mA, 

analyzed by X’Pert Highscore Plus software. The FTIR spectrum was acquired using a Nicolet iS5 

spectrophotometer (ThermoFisher Scientific, Japan) from 4000 cm-1 to 500 cm-1. Thermogravimetric 

analysis (TGA) was performed on an EXSTAR TG/DTA7000 to analyse the residual weight loss of the 

samples under N2 atmosphere from 25oC to 550oC at a rate of 2oC/min. The chemical binding states of the 

hydrogels were obtained on an X-ray photoelectron spectrometer Axis Nova Surface Analyzer with a 

monochromatized Al Kα X-ray source and pass energy of 80 eV. The fitting of the deconvoluted peaks was 

carried out using Casa XPS software15. The ultraviolet-visible light diffuse reflectance spectroscopy (UV-

DRS) spectra were obtained on a Shimadzu UV-2600 spectrometer equipped with a diffuse reflectance 

attachment. The photoluminescence (PL) spectroscopy was measured on an FP-8500 spectrofluorometer 

(JASCO Corporation, Japan). The surface area and pore size distribution were accessed using a Surface 

Area and Pore Size Analyzer (Nova 4200e, Quantachrome Instruments). The intermediates and reaction 

products of the MO photodegradation were analysed on a benchtop Shimadzu GC-MSQP2010 SE. The 

measurement conditions were as follows, 30 ℃ to 250 ℃ (10 ℃/ min), 5 min in hold at 250 ℃, and the 

vaporization chamber is set to 280 ℃. The pathway of MO degradation is proposed based on GC-MS 

findings and previously published articles. 

6.2.5 Adsorption and photocatalytic degradation of methyl orange 

The photocatalytic degradation of methyl orange (MO) was accomplished via a vertical radiation method. 

The photocatalytic activity of the hydrogel was accessed using a light source of Xe lamp (200W), Eye Cure 

Light Spot: UP200G. The photocatalytic evaluations were conducted at room temperature. In this 

experiment, the as-prepared freeze-dried hydrogel was added to 50 mL, 20 mg/L of MO dye solution and 

shaken in dark condition for 180 min to obtain the adsorption-desorption equilibrium. After several intervals, 

1 ml of the solution is extracted and centrifuged. The photodegradation ability was determined by measuring 

the residue concentration on a Genesys 50 UV-Vis spectrophotometer, Thermo Fisher Scientific based on 

the absorption maximum of 465 nm. The photocatalytic degradation efficiency was calculated using the 

following equation: 

Degradation efficiency(%) =  
𝐶0 − 𝐶

𝐶0
 ×  100%    (1) 
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where C0 is the initial concentration of MO and C is the concentration at time, t. To access the regeneration 

and reusability of the photocatalyst, the photocatalyst was retrieved and washed with ethanol and distilled 

water, freeze-dried before being used for the next cycle.  

6.2.6 Antibacterial activity assessment 

The antibacterial activity of the hybrid 3D hydrogel was tested against Staphylococcus aureus ATCC 6538P 

and Escherichia coli 0517:H7, respectively. A single bacteria colony was grown aerobically in 10 mL of 

Luria Bertani (LB) broth and incubated overnight at 37 °C. Then, 200 µL of the culture was added into 20 

mL of fresh LB broth and incubated at 37 °C until OD600 reached 0.5. Subsequently, 1 ml of the culture is 

harvested via centrifugation at 13,000 rpm for 1 minute. To remove any residual growth medium 

constituents, the cells pellet was washed four times and diluted to 1:50 using phosphate-buffer saline (PBS; 

50 mM sodium phosphate [pH 7.5]-150 mM NaCl). The as-prepared freeze-dried hydrogels were immersed 

in PBS containing 106 CFU/mL cells in a sterilised conical flask and incubated for 2 hours at room 

temperature under shaking at 200 rpm. A series of 10-fold cell dilutions were carried out to be drop-casted 

onto LB agar plates. The spot test method is used to access the cell growth inhibition and the quantification 

of the bacterial colonies was carried out using ImageJ software. After overnight incubation at 37 oC, the 

culture plates were then photographed. To ensure the reliability of the software, manual counting was also 

conducted. The test was repeated three times and each time three culture plates were used to seed each 

concentration of bacteria. 

6.3 Results and Discussion 

 

Fig. 6.1. Digital image of the freeze-dried hydrogel. (a) rGH, (b) CNF/rGH, (c) Cu2O/ CNF/rGH, (d) 

TiO2/CNF/rGH. (e) Cu2O/TiO2/CNF/rGH 

(a) (b) (c) (d) (e) 
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Fig. 6.2. SEM images of (a) Cu2O, (b) commercial TiO2, (c) rGH, (d) CNF/rGH, (e) Cu2O/ CNF/rGH, (f) 

TiO2/CNF/rGH. (g) Cu2O/TiO2/CNF/rGH. EDX mapping of Cu2O/TiO2/CNF/rGH for the element (h) Ti and 

(i) Cu 

The preparation of the aerogels was achieved via the hydrothermal and freeze-drying process and their 

digital photographs of the freeze-dried hydrogels are illustrated in Fig. 6.1. The CNF incorporated double-

network graphene hydrogel expanded in volume due to the increase in the crosslink density in the hydrogel 

network. The double network structure enables the successful anchoring of the Cu2O and TiO2 without 

affecting the hydrogel structure. From a naked-eye view, it can be seen that the surface freeze-dried rGH 

appears to be flaky upon comparing to the cellulose incorporated hydrogels. SEM measurements were 

taken to access the morphology of the nanocomposites. The formation of Cu2O microsphere has been 

previously reported using glucose as the reducing agent [135,314]. Based on Fig. 6.2a, the formation of 

Cu2O spheres is apparent with an average diameter of 1232 nm. EDX results in Fig. S6.1 further support 

the formation of Cu2O which indicated the presence of only copper and oxygen elements; with almost pure 

Cu2O 
TiO2 

a b c 

d e f 

g h 

i 

i 
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Cu2O with no Cu or CuO impurities. Based on Fig. 6.2b, the morphology of the commercial anatase TiO2 

showed the typical behaviour of agglomeration. The particle size ranges from 900 nm to 1300 nm with an 

average diameter of 1100 nm. Fig. 6.2c showed the typical morphology of rGH of a randomly oriented 3D 

framework consisting of thin large flakes with wrinkles after hydrothermal treatment and freeze-drying. The 

increased hydrophobic interactions between individual sheets led to the agglomeration of reduced 

graphene sheets. In the case of CNF/rGH, the surface appears to be compacted possible from the 

protective layer of CNF on the graphene sheet as shown in Fig. 6.2d. The TiO2 and Cu2O appeared to be 

uniformly distributed on the three-dimensional CNF/graphene network which effectively prevents the 

accumulation of the graphene lamellae as illustrated in Fig. 6.2e - f, respectively. As for 

Cu2O/TiO2/CNF/rGH, the distribution of the photoactive materials on the graphene sheets can be further 

confirmed from the EDX mapping analysis of titanium and copper elements as depicted in Fig 2(g-i). The 

findings corroborated the notion that the TiO2 and Cu2O were successfully anchored on the CNF/graphene 

sheets using the low-temperature hydrothermal treatment. There is also no significant changes in the 

particle size of Cu2O/TiO2 after orientation on the  CNF/rGH template.  

To identify the successful anchoring of the photocatalyst on the CNF/rGH template, XRD measurements 

were carried out to probe their crystallographic structure as depicted in Fig. 6.3(a). The diffraction peaks for 

the spherical Cu2O matched well with the Cu2O standard data (JCPDS:05-0667). The Scherrer’s equation 

was applied in the estimation of the crystalline size which is represented as 

𝐷 =  
𝐾 𝜆

𝛽ℎ𝑘𝑙 cos 𝜃
   (2) 

where D is the size of crystalline domains; λ is the X-ray wavelength with the value of 1.5418 Å; βhkl is the 

broadening of occurring at half maximum intensity (FWHM) in radians and θ is the Bragg angle.    
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Fig. 6.3. (a) XRD and (b) Raman spectra of Cu2O, TiO2, CNF/rGH, Cu2O/CNF/rGH, TiO2/CNF/rGH and 

Cu2O/TiO2/CNF/rGH. 

The crystallite size of the synthesized Cu2O is calculated from the (111) and was found to be 6.5 nm. The 

high crystallinity of the obtained Cu2O obtained indicated the successful green preparation of Cu2O using 

glucose as the reducing agent. The commercially obtained TiO2 showed peaks ascribed to the (101), (004), 

(200), (211), (002), (301) and (215) plane which corresponds to the anatase phase possessing an average 

crystallite size of 8 nm [315]. In our previous study, the commercial CNF, a cellulose type 1 structure 

exhibited diffraction peaks around 2θ = 16.5o, 23.5o, and 35.0o corresponding to (110), (200) and (040) 

planes [316]. The diffraction pattern of rGH showed a well-resolved peak at around 24.1o and 43.1o ascribed 

to the (002) and (102) crystal structure. The inclusion of CNF onto the rGH also showed a typical diffraction 

pattern form of rGH provided that the higher graphitic content in comparison to CNF. However, it is also 

possible that the (110) peak of the cellulose overlapped with the (002) of the graphene.  Besides, the weak 

broad peak around 16.8 o can be derived from the CNF. As for Cu2O/CNF/rGH and TiO2/CNF/rGH, the 

peaks attributed to Cu2O and TiO2 were still observable indicating no changes in their crystalline structures. 

However, it is can be observed that the peak associated with the CNF/rGH around 2θ =23o was significantly 

weakened from the inclusion of TiO2. The probable reason can be due to the obstruction by the TiO2 (101) 

(a) (b

) 
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peak and the destruction of regular graphene stacks [317]. The reduction in peak intensity for some TiO2 

crystal planes after inclusion on the CNF/rGH can be ascribed to the presence of Ti3+ defect during 

hydrothermal treatment [318]. Similar behaviour also can be observed in Cu2O/CNF/rGH, which can be 

attributed to the saturation of the Cu2O nanosphere on the graphene sheet. The diffraction pattern of 

Cu2O/TiO2/CNF/rGH showed the strong intensity and the slight peak shifting of the TiO2 (101) and Cu2O 

(110, 111 and 200) plane supported the notion of successful incorporation of the photoactive materials on 

the CNF/rGH sheet. The broadening of the peaks after the anchoring is in relation to the presence of nano-

sized crystallites and the lattice strains [319]. TiO2 and Cu2O crystal planes remained with reduced intensity 

at a higher diffraction angle (>50 o) which is possible from the overlapping of the two photoactive materials, 

supported by the EDX result. Table 1 summarizes the crystallite size and lattice strain of the samples. The 

crystallite size of the bare Cu2O and TiO2 showed a slight reduction after the anchoring on the CNF/rGH 

template which can be attributed to the loading of the reduced graphene oxide sheets [320]. The anchoring 

of both Cu2O/TiO2 did not yield significant shifting to their Bragg angle which can be ascribed to the 

homogenous contribution on the template [321]. Table 1 summarized the crystallite size and lattice strain 

of the samples.  

Table 1. The crystallite size and lattice strain for the samples 

Sample 2θ (o) hkl FWHM 
(2θ) 

Interplanar d-
spacing, (Å) 

Crystallite 
size, nm 

Lattice 
strain (%) 

TiO2 26.07 101 1.942 3.41240 4.2 ± 0.52 3.660 

Cu2O 37.11 111 1.344 2.42073 6.3 ± 0.37 1.747 

rGH 23.83 002 1.288 3.73142 6.3 ± 0.92 2.663 

CNF/rGH 22.54 200/002 3.264 3.94183 2.5 ± 0.45 7.147 

TiO2/CNF/rGH 25.33 101 2.496 3.51314 3.3 ± 0.87 4.846 

Cu2O/CNF/rGH 36.34 111 1.440 2.46998 5.8 ± 0.72 1.914 

Cu2O/TiO2/CNF/rGH 25.97 101 (TiO2) 1.920 3.42824 4.3 ± 0.33 3.633 

 37.15 111 

(Cu2O) 

1.824 2.45912 4.6 ± 0.97 2.414 
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Fig. 6.3(b). shows the Raman spectra to access the defects on the CNF/rGH from the inclusion of the 

photoactive materials. The as-prepared Cu2O nanospheres showed strong Raman peaks at 208 cm-1, 278 

cm-1, 398 cm-1, 515 cm-1 and 613 cm-1 confirming the successful preparation using glucose as the reducing 

agent. An almost similar Raman pattern for Cu2O peaks has been previously reported [322]. The four 

characteristic Raman active modes at 143 cm-1, 386 cm-1, 507 cm-1  and 630 cm-1 corresponds to the Eg, 

B1g, A1g and Eg symmetry of the commercial TiO2, respectively confirming their anatase structure [323]. The 

Raman spectra of the freeze-dried hydrogels showed two bands around 1340 cm-1(D-band)  and 1590 cm-

1(G-band), common in most graphitic materials.  The D-band is attributed to the sp3 carbon atoms which 

are related to the irregular defects in the graphite layer. On the other hand, the G-band is attributed to the 

in-plane vibration of the sp2 carbon atoms and is a doubly degenerate phonon mode (E2g symmetry) at the 

Brillouin zone centre, corresponding to carbon symmetry and crystallization [324]. The inclusion of CNF in 

the graphene framework shifted the D band from 1340 to 1345 cm-1 and the G-band from 1597 to 1587 cm-

1 which is possible from the introduction of oxygenated functional groups before the hydrothermal treatment. 

For the Cu2O/TiO2/CNF/rGH spectra, the weak peaks appearing below 600 cm-1 is attributed to the active 

modes of both Cu2O and TiO2. Previously it was reported that the peaks around 513 and 627 cm-1 can be 

attributed to the overlapping Raman vibration mode of the crystalline Cu2O and TiO2 [325]. The ID/IG ratio 

roughly estimates the graphene clusters and defects in the disordered carbon framework [326]. The ID/IG 

ratio of CNF/rGH is 1.05, which is higher than rGH alone indicating a higher defect introduced in the 

graphene framework. We speculated that the various oxygenated groups present of the CNF may have 

formed interactions with the side groups of the graphene; possibly via hydrogen bonding which hinders the 

rearrangement of the sp2 aromatic structure. The same behaviour has been previously reported which 

explained that small graphitic domains were formed, which lead to more lattice fringes formation on the 

oxidative exfoliation of graphite and during subsequent GO reduction [327]. The decoration of the individual 

TiO2 and Cu2O on the CNF/rGH slightly reduced the ID/IG ratio. Interestingly, the ID/IG ratio of 

Cu2O/TiO2/CNF/rGH (1.13) was the highest indicating that the coupling effect of Cu2O and TiO2 increases 

the defect due to the strong chemical bonding with the graphene sheets as compared to Cu2O/CNF/rGH 

(1.02) and TiO2/CNF/rGH (1.03). 
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Fig. 6.4. (a) ATR-FTIR and (b) TGA of the freeze-dried hydrogels 

FTIR is used to access the chemical interactions between the photoactive materials and the reduced 

graphene sheets. The FTIR spectrum is depicted in Fig. 6.4(a). The typical spectrum of rGH revealed peaks 

at 1,047 cm-1 corresponding to the C-O stretching vibration mode due to the presence of the alkoxy group, 

1,282 cm-1 corresponding to the C-O stretching vibration mode associated with the epoxy group, 1,611 cm-

1 corresponding to the presence of the C = C bond, and 1,725 cm-1 corresponding to the C = O stretching 

vibration mode associated with the carboxyl group present primarily at the sheet's edges and basal plane. 

The inclusion of CNF into rGH shifted the C=C peaks to 1425 cm-1, and C-O peak to 1008 cm-1. The peak 

occurring around 1008 cm-1 may also be attributed to the C-O-C pyranose ring skeletal vibrations [328]. 

Also, the presence of CNF can be ascertained from the characteristic peaks present at 1572 cm-1 and 879 

cm-1 which is contributed from the C=O of the CNF and the C1-H deformation vibrations, respectively 

[329,330]. Interestingly, the C=O attributed to the reduced graphene could not be observed which is 

possible from the surrounding cellulose network on the graphene sheet. The presence of Cu2O and TiO2 

on the CNF/rGH is confirmed from the shoulder peak attributed to Cu–O and Ti–O–Ti vibrations around 

(a) (b) 
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589 cm-1 and 421 cm-1, respectively [331]. In the case of TiO2/CNF/rGH, the C=C peaks around 1425 cm-1 

may have overlapped with the Ti–O–C vibrations which occurred between 1400 – 1600 cm-1, hence blue 

shifting the peaks to 1369 cm-1 [332]. For the Cu2O/TiO2/CNF/rGH, the slight shifting of the Cu-O and Ti–

O–Ti suggest the successful formation of the Cu2O/TiO2/CNF/rGH. 

The thermal stability of the aerogels was accessed by thermogravimetric (TGA) analysis under N2 

atmosphere and their related thermograms are illustrated in Fig. 6.4(b). rGH was the most thermally stable 

with minimal weight loss residue in the range of 100oC to 600oC, indicating the successful reduction and 

the removal of most oxygenated containing groups via the hydrothermal treatment. Between 200oC to 

300oC, significant weight loss is attributed to the decomposition of labile oxygen-containing functional 

groups. The steady weight loss beyond 300oC can be ascribed to the decomposition of more stable oxygen-

containing groups to carbon monoxide (CO) and carbon dioxide (CO2) [333–335]. As expected, the cellulose 

incorporated into the graphene network exhibited lower thermal stability. The CNF/rGH, Cu2O/CNF/rGH, 

TiO2/CNF/rGH and Cu2O/TiO2/CNF/rGH thermograms exhibited almost similar behaviour with prominent 

weight loss observed between 250oC to 300oC which is from the thermal decomposition of the pyranose 

rings in the cellulose skeleton, and the oxygenated containing groups from the rGH [336]. The improved 

degradation process of the metal oxide incorporated on the CNF/rGH can be ascribed to the barrier effect 

of the TiO2 and Cu2O to the cellulose fibres combustion gas and decomposition products [337]. From the 

total mass loss obtained from the thermogram, we could also roughly ascertain the grafting/anchoring 

density of the Cu2O and TiO2 photocatalyst on the CNF/rGH by evaluating the difference in the residual 

weight loss after 600oC. Hence, the content of Cu2O and TiO2 anchored on the CNF/rGH was found to be 

9.92 wt % and 10.49 wt %, respectively. As expected, the final residue weight loss of Cu2O/TiO2/CNF/rGH 

is the least in comparison to Cu2O/CNF/rGH and TiO2/CNF/rGH which is expected from the increased 

barrier action which retards heat permeation and escape of degradation products [338]. 
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Fig. 6.5. (a) UV-DRS absorption spectra and their respective (b)Tauc plots of the hydrogels. 

The intrinsic absorption edge of the commercial TiO2 is recorded around 330 nm with a bandgap of 3.03 

eV indicating a greater absorption edge at the ultraviolet region and no observed absorption in the visible 

light region above 390 nm. Cu2O showed an absorption edge around 454 nm with a bandgap of 1.49 eV 

indicating the absorption at visible light range as illustrated in Fig. S6.2(a) and (b). UV-DRS was applied to 

further access the optical properties of rGH, CNF/rGH, Cu2O/CNF/rGH, TiO2/CNF/rGH and 

Cu2O/TiO2/CNF/rGH; their respective spectra shown in Fig. 6.5(a). All of the hydrogel samples displayed 

an almost similar light absorption range mostly in the UV region. The absorption of the Cu2O/TiO2/CNF/rGH 

possessed the highest absorbance intensity at the highest wavelength (>500 nm) suggesting the synergistic 

contribution to the TiO2 and Cu2O. Based on Fig. 5(b), the successive Tauc plot depicting the plot of [αhv]2 

as a function of energy photon based on Kubelka-Munk function was constructed to obtain the estimated 

band-gap energies (Eg). The band gaps were 1.49 eV, 1.80 eV, 1.34 eV, 1.41 eV, and 1.18 eV, 

corresponding to rGH, CNF/rGH, Cu2O/CNF/rGH, TiO2/CNF/rGH and Cu2O/TiO2/CNF/rGH, respectively. 

The inclusion of CNF in the rGH framework significantly increases the energy bandgap to 1.80 eV which is 
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attributed to the inherent high band-gap of the cellulose materials [339]. The optical band gap decreased 

for the photoactive decorated samples which can be explained by the charge transfer between the 

photoactive materials and the CNF/rGH resulting in a lower energy transition. The inclusion of the TiO2 and 

Cu2O on the CNF/rGH further reduced the bandgap by 25.6% and 21.7%, respectively attributed to their 

high electron mobility properties in comparison to bare CNF/rGH. For TiO2/CNF/rGH, the reduction of the 

bandgap can be attributed to the formation of Ti-O-C which has been previously reported [340].  As for the 

Cu2O/CNF/rGH, the introduction of Cu2O onto CNF/rGH further enables absorption under visible light. This 

result showed that the interfacial interaction between the presence of both the TiO2/Cu2O with the CNF/rGH 

induced synergistic bandgap narrowing. The bandgap reduction of up to 34.4% indicated effective charge 

transfer and the formation of new energy levels between the two photoactive materials suggesting the 

formation of p-n heterojunction from the close contact of both the TiO2 and Cu2O [341].  

Brunauer-Emmett-Teller (BET) analysis was carried out to access the surface area and textural properties 

of the freeze-dried hydrogels. From Fig. 6.6, the N2 adsorption-desorption isotherm and the pore size 

distribution (PSD) indicated that bare rGH exhibited type III isotherm exhibited a H3 hysteresis loop around 

0.5 Pa and rapid increase in the high relative pressure indicating that the aerogels consist of mesoporous-

like material with slit-like pores. The specific surface area obtained is 42.05 m2/g, 0.58 m2/g, 0.67 m2/g, 9.35 

m2/g and 16.22 m2/g for rGH, CNF/rGH, Cu2O/CNF/rGH, TiO2/CNF/rGH and Cu2O/TiO2/CNF/rGH, 

respectively. Interestingly, the inclusion of CNF into the graphene framework yielded isotherms of type IV 

(IUPAC classification) which illustrated a drop of the adsorbed volume at low relative pressure. Similar 

isotherm patterns were observed for only cellulose materials [342,343]. This finding further corroborated 

the findings of a cellulose network surrounding the graphene framework. In comparison to bare rGH, the 

inclusion of CNF reduced the specific surface area resulting from the coalescence of fibrils by ice formation 

[344] which is supported by the SEM findings in which a densely packed orientation is observed. The partial 

blocking of the mesoporous channel by the cellulose material making them inaccessible, hence creating a 

significant decrease of the cumulated surface area and noticeable difference in the pore size distribution 

[74]. However, the deposition of Cu2O and TiO2 nanoparticles slightly increased the specific surface area 

and pore volume which is ascribed to the filling of the nanoparticles in the CNF/graphene. The 

Cu2O/TiO2/CNF/rGH showed higher specific surface area due to the spacers created by the photoactive 
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materials that increase the nanogaps and suppresses the stacking of CNF/rGH sheets [345]. The PSD of 

the hydrogels were analysed using the DFT method. The half pore size distribution analysis indicated that 

the pore diameter of the rGH was mainly in the range of 1 to 2 nm. As for CNF/rGH, a wider half pore size 

is observed at around 6 nm. There was a steep increase in the isotherm at higher relative pressure for 

TiO2/CNF/rGH and Cu2O/TiO2/CNF/rGH as indicating that the pores were larger.  

 

Fig. 6.6. BET calculated from N2 adsorption-desoprtion isotherm and their corresponding  DFT-pore size 

distrubution of (a) rGH, (b) CNF/rGH, (c) Cu2O/CNF/rGH, (d) TiO2/CNF/rGH and (e) Cu2O/TiO2/CNF/rGH 

XPS is further performed to study the chemical binding states of the samples. The wide spectrum of the 

samples shown in Fig. 6.7(a) depicts the presence of carbon (C), oxygen (O), copper (Cu) and titanium (Ti) 

indicating the successful orientation of the photoactive materials on the CNF/rGH. Fig. 7(b-f) showed that 

C1s split peaks of rGH, CNF/rGH, Cu2O/CNF/rGH, TiO2/CNF/rGH and Cu2O/TiO2/CNF/rGH which can be 

resolved to five types of carbon assigned to C=C (284.3 eV), C-C (285.2 eV), C-O (286.4 eV), C=O (287.6 

eV) and O-C=O (288.9 eV). The high-resolution spectra peaks were analysed using the Voigt function with 

a Shirley background. Attributed to the chemical structure of CNF which contains large polar oxygenated 

groups, the expected increase in the C-C reveals the functionalization of the CNF and graphene sheets 
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after the hydrothermal reaction as shown in Table 6.2. In comparison to CNF/rGH, the atomic percentage 

of C=O in TiO2/CNF/rGH reduced significantly showing that the carboxylic group has the priority to interact 

with the TiO2 during the hydrothermal reaction. We posit that the addition of CNF dispersion in NaOH further 

exfoliate the GO which increases the edge area of the GO causing the content of C=O and COOH to 

increase due to functionalization with the CNF [346]. For Cu2O/TiO2/CNF/rGH, the significant reduction in 

the C=C and increased C-C atomic percentage indicated that the photoactive materials were able to 

orientate to the oxygenated groups which hinder the aromatic sp2 rearrangement during hydrothermal 

treatment. We posit that the orientation of the Cu2O occurred via the esterification (carboxylic linkage) while 

the TiO2 via the epoxide and carbonyl linkages. The significant increase in the carboxylic percentage (O-

C=O) for the Cu2O/TiO2/CNF/rGH may indicate that the electrostatic interaction is hampered. 

Table 6.2. Atomic percentage derived from the deconvolution of the C1s split spectra. 

Sample Concentration of C1s Functional Groups (%) 

 C=C C-C C-O C=O O-C=O π-π* 

rGH 80.40 8.36 5.56     1.59 4.09 0.00 

CNF/rGH 53.47 18.53 13.34 9.12 3.87 1.69 

Cu2O/CNF/rGH 45.80 21.95 17.88 9.44 2.68 2.25 

TiO2/CNF/rGH 49.87 22.09 15.40 6.32 3.50 2.80 

Cu2O/TiO2/CNF/rGH 44.67 22.87 15.86 9.76 4.11 2.74 

 

Fig 6.7(g) depicts the Ti 2p split spectra of commercial TiO2, TiO2/CNF/rGH and Cu2O/TiO2/CNF/rGH 

contributed from the spin orbit-splitting of the Ti 2p3/2 and Ti 2p1/2  which has been previously reported 

elsewhere [347]. The Ti2p core level spectra showed two distinct characteristic peaks at 464.3 and 458.8 

eV attributed to Ti 2p1/2 and Ti 2p3/2, respectively. It can be observed in TiO2 that a set of weaker peaks 

occurring around 461.2 eV can be attributed to the formation of O vacancies and Ti3+ sites in TiO2 lattice 

[348]. However, no changes in the crystallinity of TiO2 after hydrothermal treatment for Cu2O/TiO2/CNF/rGH 

as the spin-orbit splitting energy of 5.6 eV confirms the presence of Ti4+ species. Fig 6.7(h) illustrates the 
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high-resolution XPS spectra of the Cu 2p present in the synthesized Cu2O revealing the binding energy at 

932.3 eV and 952.7 eV corresponding to the Cu 2p3/2 and Cu 2p1/2, respectively. The findings are in good 

agreement with previously published studies for Cu2O [349] The peak for Cu 2p3/2 can be further 

deconvoluted into two peaks, the main peak at 932.4 eV and 934.5 eV which is attributed to the Cu+ of 

Cu2O and Cu2+ of CuO, respectively. The XRD result above further substantiated the formation of Cu2O. 

The presence of Cu2+, also from the presence of satellite peak can be attributed to the mild oxidation of 

Cu2O during the drying process which has been previously reported in a previous study [325]. The shifting 

of the Cu 2p3/2 to 932.9 eV and 935.1 eV for Cu2O/CNF/rGH and Cu2O/TiO2/CNF/rGH can be observed. 

Theoretically, XPS can only detect components within the upper 5 nm thickness of the surface. The surface 

of the Cu2O/TiO2/CNF/rGH may be saturated with the NPS which caused shifting to higher binding energy 

suggesting that the surface of the copper changes its electronic state during the hydrothermal treatment.  
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Fig. 6.7. XPS spectra of the samples (a) wide region, (b-f) C1s split spectra, (g) Ti 2p split spectra and (h) 

Cu 2p split spectra of the samples 
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MO adsorption and photocatalytic degradation 

The photocatalytic efficiency is dependent on the dye molecule's adsorption on the hydrogel and also on 

the photocatalyst's electron transfer. Provided the porous nature of the graphene-based hydrogel, 

adsorption is expected to play a significant role. The adsorption study was conducted in the dark which is 

portrayed in Fig. 8(a).  

Fig. 6.8. (a) Adsorption capacity of MO as a function of time and their adsorption kinetics plots (dots) and 

curve fitted (line) by (b) pseudo-first-order kinetic model and (c) pseudo-second-order kinetic model. 

The relationship between the adsorption behaviour of the photocatalyst and the contact time was studied 

by immersing the freeze-dried hydrogels in 20 mg/L of MO for 3 h under shaking. The adsorption 

performance of CNF/rGH was the best followed by rGH, TiO2/CNF/rGH, Cu2O/CNF/rGH and Cu2O/ 

TiO2/CNF/rGH. It can be seen that CNF/rGH exhibited nearly 2.5 times the adsorption capacity than 

Cu2O/TiO2/CNF/rGH.  This result demonstrated that the synergy between the reduced graphene sheets 

and CNF provided a multitude of interaction sites with the MO. Contrary to their specific surface area 

obtained, it can be seen that physisorption play a minimal role in the adsorption of MO as CNF/rGH 

exhibited the largest surface area. The significant dye-binding ability of the CNF/rGH can be attributed to 

the physicochemical properties of its surface. Therefore, it can be inferred that the presence of ion-

exchanging groups contributed to greater binding affinity than the surface area does. We posit that π-π 

interactions between the CNF/rGH and the aromatic rings of the MO may contribute to their enhanced 
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adsorption capabilities. Interestingly, reduced adsorption capacity with the decoration of TiO2 and Cu2O on 

the CNF/rGH. The possible explanation for this behaviour could be attributed to the orientation of the metal 

oxide nanoparticle which filled the porous structure of the framework hindering the interaction of the anionic 

dye with the CNF/rGH. The decreased specific surface area attributed to the excess incorporation of metal 

oxide nanoparticles has been previously reported which contributes to lower adsorption capability [350]. To 

elucidate the adsorption mechanism, the pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic 

models were applied. The linearized form of the equation can be expressed as: 

The pseudo-first-order (PFO) model: 

ln (𝑄𝑒 − 𝑄𝑡) = ln 𝑄𝑒 −
𝐾1𝑡

2.303
 (3) 

The pseudo-second-order (PSO) model: 

𝑡

𝑄𝑡

=  
1

𝐾2𝑄𝑒
2

+ (
1

𝑄𝑒

) 𝑡 (4) 

Fig. 8(b) and 8(c) further depict the experimental data evaluated from the linearized form of the equations 

and the adsorption parameters are shown in Table 3. The PSO kinetic model showed a better fit in 

comparison to PFO suggesting that chemisorption played a more significant role than physisorption during 

the adsorption process. The adsorption capacity of CNF/rGH reached 25.05 mg/g with the lowest K2 value 

of 0.0003287 min g/mg while Cu2O/TiO2/CNF/rGH exhibiting the lowest adsorption capacity with the highest 

K2 value of 0.0007407 min g/mg. 

Table 6.3. Kinetic parameters obtained from the PFO and PSO kinetic model for the adsorption of MO 

 Pseudo-First Order Pseudo-Second Order 

Sample Qe K1 R2 Qe K2 R2 

rGH 11.66 0.0172034 0.95161 15.07 0.0008027 0.98808 

CNF/rGH 17.68 0.0156834 0.94361 25.05 0.0003287 0.96983 

Cu2O/ CNF/rGH 9.69 0.0155913 0.92692 13.50 0.0006194 0.95452 

TiO2/CNF/rGH 11.90 0.0163513 0.93032 16.44 0.0005016 0.96113 

Cu2O/TiO2/CNF/rGH 8.09 0.0155913 0.92692 11.28 0.0007407 0.95452 
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Further investigation of the photocatalytic performance of the as-prepared photocatalysts was conducted 

using UV irradiation under various conditions. Fig. 9(a) depicts the deterioration curve of the C/C0 along 

with the irradiation time of MO using the various photocatalysts. The C/C0 values after irradiation for 120 

min in the presence of rGH, Cu2O/rGH, TiO2/rGH, Cu2O/TiO2/rGH were found to be 0.47905, 0.23814, 

0.21432, 0.27053 and 0.14379, respectively. The blank test showed the slight self-photodegradation of the 

MO of about 17% after 120 minutes of UV irradiation attributed to the dye self-sensitization. After 120 

minutes of UV irradiation, the removal efficiency of MO by Cu2O/TiO2/CNF/rGH reached up to 85.62%. The 

degradation rate of rGH, rGH/CNF, Cu2O/CNF/rGH, and TiO2/CNF/rGH are 42.09 %, 76.19 %, 78.57% and 

72.95%, respectively. The higher photocatalytic activity of Cu2O/TiO2/CNF/rGH can be attributed to the 

synergistic effect of TiO2 and Cu2O on reduced graphene sheets as the photoactive materials promote the 

MO photocatalytic degradation due to the ease of electron transfer. Besides, the larger surface area of 

Cu2O/TiO2/CNF/rGH also contributed to the ability to capture more incident light and transmit 

photogenerated electrons, hence promoting charge separation. The photocatalytic activity of TiO2/CNF/rGH 

is slightly lower in comparison to CNF/rGH which can be attributed to the highly concentrated CNF/rGO 

sheets which blocked the active sites of the TiO2. The results obtained during MO photodegradation were 

further fit to Langmuir-Hinselwood pseudo-first-order kinetics as shown in Figure 7c. The formula can be 

expressed as follows: 

𝐿𝑛(
𝐶𝑡

𝐶0
) =  −𝐾𝑎𝑝𝑝𝑡 + 𝑏 (5) 

The slope of ln(C/C0) versus irradiation time was used to calculate the pseudo-first-order rate constant, K 

(min-1). C0 and C are the initial and final concentrations of MB, respectively, at a given time, t. The 

degradation kinetic constant, K was calculated to be 0.001598 min-1 for the Cu2O/TiO2/CNF/rGH. 

 



128 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9. (a,b) Deterioration curve (C/C0) for the photodegradation of MO and their first order kinetics using 

various hydrogel-based photocatalysts. (c,d) Photodegradation of MO using Cu2O/TiO2/CNF/rGH under 

various pH and their kinetics. (e,f) Photodegradation under various MO initial concentrations and their 

kinetics.  
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pH plays a pertinent role during the photodegradation of MO. Fig. 6.9 (c,d) depicts the effect of pH on MO 

photodegradation and its degradation kinetics. It can be observed that the photocatalytic degradation 

efficiency of MO decreased with the change of pH to acidic or alkaline. Previously, photocatalytic 

degradation of MO under highly acidic conditions was found to be unfavourable due to the increasing H+ 

and Cl- concentrations that collapse the interface regions, allowing the attractive van der Waals forces to 

overcome charge repulsion. On the other hand, the abundance of negatively charged OH- will result in the 

repulsion between the photocatalyst and MO dye that decreases the absorption on the catalyst surface 

leading to lower photodegradation efficiency. At pH 7.3, the Cu2O/TiO2/CNF/rGH performed best in the 

photodegradation of MO with a kinetic constant of 0.01429 min-1. Fig. 6.9 (e,f)  illustrates the 

photodegradation efficiency of Cu2O/TiO2/CNF/rGH for varying initial MO initial concentration (20, 80 and 

110 mg/L). The results showed that the photodegradation efficiency was 78.6%, 53.1% and 32.2%, 

respectively. The underlying reason behind the decreased photocatalytic activity can be attributed to the 

covering of the active sites on the catalyst surface by the MO which hinders the capturing of light. 

Additionally, at high dye concentrations, the dye molecules may absorb a significant amount of light. Hence, 

the optimal condition for degradation of MO occurred using 20 mg/L. From the linear fit of the data in Fig 9 

(b,d,e), it is clear that the MO photodegradation follows the first-order-kinetic model. The linear regression 

coefficients (R2) were close to unity (0.912-0.995). Fig. S6.3 further showed the FTIR spectrum of the 

freeze-dried Cu2O/TiO2/CNF/rGH before and after the photocatalysis test. The presence of weak to no 

presence of MO functional groups after the photocatalysis process proved that the degradation is mainly 

attributed to photocatalysis instead of adsorption. Interestingly, the peak around ~1400 cm-1 significantly 

weakened in which we posit from the structural change of the cellulose network under UV irradiation.  
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Radical trapping experiment  

 

Fig. 6.10. (a) The effect of different scavengers on the photodegradation of MO carried at optimum 

photocatalytic condition. (b) PL emission spectra of the samples 

 

The identification of the reactive species involved in the photocatalytic degradation of MO by 

Cu2O/TiO2/CNF/rGH was accessed using the radical trapping experiment. The radical capture experiments 

were carried out using various radical scavengers (10 mM) such as potassium iodide (KI), 

ethylenediaminetetraacetic acid disodium salt (EDTA.2Na), ascorbic acid (AA) and silver nitrate (AgNO3) 

acting as the hydroxyl radicals (·OH), holes (h+), superoxide anion (·O2-) and electron (e−) scavengers, 

respectively [351]. The obtained results were depicted in Fig. 6.10. The role of scavenger addition to the 

MO solution could inhibit catalytic efficiency by trapping specific active species. The addition of KI and 

AgNO3 does not cause significant changes in the photocatalytic degradation of MO upon comparing to the 

control sample. The degradation of MO was significantly inhibited from the addition of EDTA.2Na and AA 

to capture h+ and ˙O2−, respectively indicating that holes and superoxide anions played vital roles in the 

photocatalytic activity. h+ is the dominant oxidative species and directly reacts with the adsorbed MO. Our 

findings showed that ˙O2− radicals were generated during the UV irradiation which played a major role in 

MO degradation. AA can react with superoxide radicals in acidic conditions to produce ascorbate free 

(a) (b) 
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radicals (HA·) The recombination of electrons and holes was hindered with the addition of EDTA as a 

scavenger to capture holes [352]. As a result, more electrons migrated to the photocatalyst's surface and 

reacted with O2 to form ̇ O2−, enhancing MO degradation. The photoluminescence (PL) measurements were 

further carried out to access the transfer of electron and charge-carrier trapping as shown in Fig. 6.10 (b). 

Although the intensity obtained are almost similar but the slight improvement showed that the anchoring of 

the photocatalyst led to reduced recombination of photogenerated charge carriers [353].  As expected, the 

inclusion of both the photoactive materials on the CNF/rGH possessed the lowest PL intensity, suggesting 

the formation of the p-n heterojunction. In addition, the CNF/graphene sheet acted as an effective charge 

carrier hindering the direct recombination of electron-hole pairs.  

Proposed mechanism of photodegradation 

The proposed mechanism of the Cu2O/TiO2/CNF/rGH is predicted according to the radical trapping 

experiment. Numerous factors could account for the enhanced photocatalytic activity of the 

Cu2O/TiO2/CNF/rGH from the addition of Cu2O and TiO2 to the CNF/rGO sheets. Cu2O's conduction band 

(CB) and valence band (VB) are theoretically larger than those of TiO2 (3.03 eV). Upon UV irradiation, 

electrons were excited in the valence band to the conduction band, forming electron-hole pairs. Additionally, 

excited electrons could recombine with holes via direct recombination and surface combination, reducing 

their photocatalytic efficiency. P-N heterojunctions can form when p-type Cu2O and n-type TiO2 come into 

close contact. Since the conduction band of Cu2O is more negative than that of TiO2, an inner electric field 

may exist, resulting in electron transfer from Cu2O to TiO2 [354]. Cu2O and TiO2 irradiated with UV light, in 

which charge separation then occurs, will both be excited and generate electron-hole pair which react with 

H2O yielding radicals such as hydroxyl and superoxide radicals that play a role in the mineralization of the 

MO. The photogenerated electrons will be transferred to the TiO2 conduction band and the photogenerated 

holes will move to the valence band of the Cu2O. Besides, the electrons may also be transferred to the 

graphene sheet which interacts with atmospheric oxygen leading to the formation of oxygen superoxide 

radical anions. Owing to the synergistic effect of the graphene sheet, recombination of the hole and electron 

is hindered in TiO2 and Cu2O, further lengthening the charge-carrier lifetime, thus improving the charge 

separation [355,356]. In addition, the CNF/rGH sheet enables better adsorption of the MO due to the π- π 

interactions, which greatly enhanced the photocatalytic reactions. These h+ and ˙O2− degrade the MO into 
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oxidized products. The photocatalytic degradation of MO can hence be represented in the following 

equation as follows: 

MO + hv → MO*          (5) 

(Cu2O/TiO2/CNF/rGH) + hv → Cu2O (h+,e-)  + TiO2 (h+,e-) + CNF/rGH (e-)   (6)  

TiO2 (e-) +  O2  → TiO2 + ˙O2
-         (7) 

Cu2O (e-)  + O2  → Cu2O + ˙O2
-         (8) 

Cu2O (e-) → TiO2 (e-) + CNF/rGH (e-)          (9) 

Cu2O (h+) + H2O/OH - → Cu2O       (10) 

TiO2 (h+) + H2O/OH -→ TiO2        (11) 

MO* + h++ ˙O2
-
 → products + CO2 + H2O      (12) 

 

The intermediate of the degradation of MO by Cu2O/TiO2/CNF/rGH was analysed by GC-MS mass 

spectrometry and the degradation pathway is proposed. Based on Fig. S6.4, the chromatogram depicted 

the formation of several degradation products which is identified from the mass spectrum values and the 

fragmentation pattern. The pattern is corresponding to the low molecular mass aromatic compound after 

the photodegradation process for 120 min. Some intermediates could not be identified due to various 

reasons such as the instability of their derivatives and analytical limitations. The first step in the 

photodegradation involved the splitting of the MO to sodium-4-diazenylbenzenesulfonate (m/z=207) and 4-

(dimethylamino)phenol (m/z=137). The removal of methyl radical from the 4-diazenylbenzenesulfonate 

undergoes cyclization to produce 4-cyclohexanone lactone cation (m/z=190). The C–N bonds in the 

dimethylamino group and between the aromatic ring and the azo bond are easily broken, implying that they 

may be easily broken down during the photodegradation process [357]. The aniline generated a peak at 

m/z 94 in the form of protonated [M + H]+ after desulfonation of the sodium 4-diazenylbenzenesulfonate. 

Further oxidative reactions resulted in ring-opening and formation of short linear aliphatic carboxylic acids, 

inorganic ions, CO2 and H2O [358,359]. The probable degradation pathway is depicted in Fig. 6.11.  
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Fig. 6.11. Proposed degradation pathway for MO using Cu2O/TiO2/CNF/Rgh 

 

Stability and reusability 

The stability and reusability of the Cu2O/TiO2/CNF/rGH are further evaluated under optimized 

photodegradation conditions. The reusability of the composite is an essential aspect for the reduction in the 

operational cost of the photocatalyst. To access the photodegradation behaviour, three consecutive runs 

were performed as shown in Fig.6.12. After each run, the composite is thoroughly washed with deionized 
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water and ethanol, filtered and dried before a fresh MO solution was used in successive runs. The 

photodegradation rate for the four runs were 85.0%, 84.34%, 81.42 %, and 79.5% after 120 min of 

irradiation time indicating that the photocatalyst is mostly stable under UV irradiation. The decreased in the 

photodegradation efficiency can be attributed to the depletion of the composite during the washing process. 

In addition, the decreased efficiency can be ascribed to the partial loss of the Cu2O/TiO2 resulting from the 

strong oxidation condition. However, it is important to note that the easy recovery of the hydrogel sample 

is an added value that reduced the cost and operational procedure. From Table 4, Cu2O/TiO2/CNF/rGH 

exhibited remarkable efficiency in the photodegradation of MO in comparison to previously reported 3D 

based photocatalyst. It is paramount to understand that experimental conditions were varied in each of the 

tests which differently affect the photocatalytic degradation. However, it should provide a general idea of 

this kind of work. The facile preparation method and good reusability of our modified hydrogel are expected 

to perform well in wastewater treatment.  

Table 6.4. Comparison with recently reported photocatalyst for the degradation of MO 

No Photocatalyst Time (min) Dye volume, 

concentration (mg/L) 

Degradation 

(%) 

References 

1 Sb2Se3/β-In2Se3 180 80 mL (10 mg/L) 78.00 [360] 

2 Ag/RP  20 50 mL (50 mg/L) 100.00 [361] 

3 Ag/AgCl 65 50 mL (20 mg/L) 92.20 [362] 

4 Ag/TiO2  120 100 mL (7.5 mg/L) 65.40 [363] 

5 Ag/TiO2/biochar 60 40 mL (20 mg/L) 85.38 [364] 

6 ZnO/GO 120 100 mL (5-25 mg/L) 95.00 [365] 

7 Cu2O/TiO2/CNF/rGH 120 50 mL (20 mg/L) 85.62 This work 
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Fig. 6.12. Repeatability test for photodegradation of MO using Cu2O/TiO2/CNF/rGH 

Antibacterial assessment of Cu2O/TiO2/CNF/rGH 

In wastewater treatment, a material exhibiting antibacterial properties is an added value as contamination 

of water sources is common due to domestic discharge. In real applications, microorganism contamination 

can hinder the photocatalytic efficiency of the catalyst, hence material exhibiting antibacterial properties 

can significantly address the inherent problem. To access the performance of the hydrogels in bacterial 

disinfection, the hydrogels were immersed/agitated in a saline solution containing S. aureus or E. coli under 

dark conditions. Fig. 6.13 illustrates the total viable count and spotting test experiments (inset). It can be 

seen that total inhibition of bacteria is achieved for Cu2O/CNF/rGH, TiO2/CNF/rGH and Cu2O/TiO2/ 

CNF/rGH, indicating the excellent antibacterial properties exhibited by TiO2 and Cu2O which has been 

extensively covered in previous literature [366,367]. Briefly, bacteria inhibition by metal oxides usually 

occurs via releasing metal ions and reactive oxygen species (ROS) generation. The morphology, size, and 

crystal nature of the nanoparticles also play a significant role in the bacterial inhibition process. In general, 

graphene hydrogel-oriented nanoparticles possessing high volume surface area to volume facilitate contact 

with the bacteria to enable easy entry into the bacterial cell wall to cause cell damage [368]. The result 
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obtained showed that Cu2O/TiO2/CNF/rGH possessed excellent antibacterial properties for both Gram-

negative and Gram-positive bacteria alongside Cu2O /CNF/rGH and TiO2/CNF/rGH, which is an added 

value in wastewater treatment. As for the blank sample, rGH and CNF/rGH, the serial dilution at 103 yielded 

well-delineated colonies in an acceptable range. It can be seen that the inclusion of CNF improved the 

antibacterial properties as much as 1-fold in comparison to rGH. The observations were confirmed in a 

repeat trial in which 10 µL of bacterial cultures were used for the spot testing. To conclude the observations, 

the orientation of Cu2O/TiO2 on CNF/rGH possessed favourable antibacterial activity for future application 

in real-time conditions. However, to obtain a more comprehensive antibacterial effect, various factors need 

to be taken into consideration such as the dimension of the particles anchored on the template and the ratio 

of TiO2 to Cu2O on the template.  

 

Fig. 6.13.  Histogram of the total viable count of (a) S. aureus and (b) E. coli. Log CFU/mL for (1) cells only 

(2) rGH, (3) CNF/rGH. (4) Cu2O/CNF/rGH, (5) TiO2/CNF/rGH and (5) Cu2O/TiO2/CNF/rGH. Inset: spotting 

test of bacterial colonies on LB agar under 10-fold cell dilutions. 

6.4 Conclusion 

The Cu2O/TiO2/CNF/rGH was successfully prepared via an in-situ facile one-pot hydrothermal synthesis 

and freeze-drying. The morphology, crystallinity, specific surface area, thermal stability and optical 
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properties were characterized by SEM, XRD, Raman, BET, XPS, FTIR, TGA and UV-DRS. 

Cu2O/TiO2/CNF/rGO exhibited higher photocatalytic activity towards the degradation of MO under UV 

irradiation in comparison to commercial CNF/rGH, Cu2O/CNF/rGH, and TiO2/CNF/rGH. The synergistic 

effect of TiO2, Cu2O, CNF and rGO promoted the photodegradation activity due to the improved electron 

transfer process. The removal efficiency of the Cu2O/TiO2/CNF/rGH was 85.62% of MO within 120 min 

under normal pH. The photocatalyst exhibited high reusability and regeneration percentage even after three 

cycles. The MO photodegradation was shown to be mainly affected by the superoxide radical and hole 

formation. In addition, the Cu2O/TiO2/CNF/rGH exhibited strong antibacterial activity towards S. aureus and 

E. coli. The versatility of the proposed 3D photocatalyst prepared using the facile hydrothermal method 

opens ample avenues for extensive usage in wastewater treatment applications. 
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CHAPTER 7 

CONCLUSION AND RECOMMENDATIONS 

 

7.1 Conclusion  

Without a doubt, 3D graphene hydrogel/aerogel has a promising future due to its unique characteristics and 

features that can provide ample research and development opportunities that are not exclusive only to 

water-remediation applications. In this study, the preparation of 3D graphene hydrogels via the 

hydrothermal treatment is achieved by satisfying three main criteria: the concentration of GO as the starting 

material, hydrothermal time, and hydrothermal temperature. Besides, this study has successfully shown 

that the hydrothermal treatment is a feasible yet simple approach in the functionalization of various 

modifiers such as divalent metal ions, metal/metal oxide nanoparticles, and porphyrins complexes. It was 

found that the interaction between the graphene sheets and the modifiers may be either via covalent or 

non-covalent interactions. Various dimensions of graphene hydrogels can be obtained which can be tuned 

accordingly based on their intended applications. The study into the structural, optical, morphology, 

electrochemical, and electrical properties of the modified graphene hydrogel using a plethora of techniques 

such as XRD, XPS, FTIR, TGA, Raman, SEM, UV-Vis, UV-DRS, and PL instruments has been carried out, 

where it was seen fit. However, it is important to understand that the ‘one-step’ protocol is only applicable 

to modifiers that can withstand the hydrothermal time and temperature (<120 oC). In our study, the 

functionalization of the alkylamine on the reduced graphene hydrogel surface can only be achieved using 

a ‘two-step protocol to preserve the alkylamine from degradation. The functionalization is succeeded using 

the simple immersion and agitation method which improved their functionalities for the adsorption of MB 

and BPA. 

Provided that various reported adsorbent/photocatalyst is powder-based, which significantly does not offer 

the advantage of reusability as they are prone to lose during the remediation process. The development of 

the hybrid 3D graphene hydrogel inherently offers the advantage of simple recovery and reusability; 

significantly reduce the operational cost in real-time application. The adsorption capability of the modified 

3D graphene hydrogel was accessed via adsorption kinetics and isotherm; in which most of them satisfy 
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the pseudo-second-order and Langmuir isotherm. Besides, the regenerative percentage for the modified 

hydrogels often achieved above 85 %.  In the photocatalytic degradation of MO, the hybrid 3D Cu2O/TiO2 

on CNF/rGH showed excellent photodegradation efficiency of up 80% after four successive cycles. The 

successful anchoring of the photoactive materials on the 3D graphene hydrogel via the hydrothermal 

treatment enables for more novel hybrid photocatalyst to be prepared in the future. Our study found that 

the degradation mechanism was mostly initiated by the hole (h+) and superoxide anions. Finally, in terms 

of the antibacterial inactivation on E.coli, the prepared hybrid 3D graphene hydrogel also exhibited excellent 

activity. Results from this study may open up new possibilities in the application of antimicrobial 3D 

graphene structure in various applications. Further studies are needed in the long run to enhance 3D GBMs 

with multi-functionalities with outstanding adsorptive and photocatalysis ability.  

7.2 Recommendation for future studies 

This study may not have covered the broad aspect of synthesis and the applications of modified 3D 

graphene hydrogel in wastewater remediation, but is hoped to provide a general idea to new entrants and 

experienced researchers intending to apply them as the material of interest in wastewater related 

remediation. Hence, the recommendations for future studies to further improve our existing study are as 

follows: 

7.2.1 Pre-synthesis/Characterizations 

(a) In our study, the 3D graphene hydrogel was prepared using low temperature (<132oC) 

hydrothermal temperature due to instrumental limitations. It will be more inclusive to also compare 

the functionalization rate at higher hydrothermal temperatures.  

(b) The morphological evaluation of the modified 3D graphene can also be achieved using TEM-SAED 

and AFM to obtain a more comprehensive evaluation of the the modified graphene sheet.   

7.2.2 Adsorption and photocatalysis  

(a) Molecular dynamic simulations and DFT computational methods can be applied to correlate with 

the experimental results obtained.  
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(b) Most studies have been conducted under laboratory conditions using a synthesis solution 

containing the desired pollutants that do not reflect the full potential of GBMs. Other contaminants 

may be present in natural or man-made bodies of water that may compete with the intended target 

contaminants. Therefore, to evaluate the practicality and performance of the GBMs 

comprehensively, a real-analysis study should be conducted. 

(c) It can be seen that the photocatalytic study only focused on a single dye molecule as the model 

pollutant. Simultaneous remediation of various pollutants could further provide a more 

comprehensive assessment in terms of their performance. 

 

7.2.3 Antibacterial applications 

 

(a)  The long-term toxicity effect of the hybrid 3D graphene on aquatic organisms for use in water-

remediation applications must also be understood. Further tests such as in vivo toxicity tests can 

be conducted to obtain a more comprehensive effect of the hybrid 3D graphene material.  

(b)  In this study, only Gram-negative bacteria, E.coli is applied for the antibacterial evaluation. The 

evaluation of more bacteria models can be conducted as the structure of Gram-negative and Gram-

positive bacteria is significantly different which may give varying results. 

(c) The antibacterial mechanism of action can be studied to determine their action. In the study, we 

only hypothesize the morphology of the graphene sheet possessing a sharp edge that is responsible 

for its antibacterial properties. 

(d) Photocatalytic disinfection test can be further carried to also access the 3D hybrid 

Cu2O/TiO2/CNF/rGH antibacterial properties.  
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APPENDICES 
 
 

 

 

Fig. S2.1. (a) FTIR spectrum and (b) XRD spectra of GO 

 

 

 

 

(a) 

(b) 
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Fig. S3.1. The absorption spectrum and linear concentration curve of (a) RhB and (b) MB under varying 
concentration 

(a) 

(b) 
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Fig. S3.2. UV-vis spectrum of GO suspension in the presence of MgCl2 and CaCl2 

 
 
 
 
 

 

 
 

Fig. S3.3. Digital image of freeze dried (a) rGH, (b) rGH-Mg and (c) rGH-Ca 
 
 
 

 

(a) (b) (c) 
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Fig. S3.4. Pseudo first order (a,b), Pseudo-second order (c,d) and Elovich kinetic model (e,f) of MB and 
RhB adsorption on the hydrogels 

 
Table S3.1. The parameters of the intraparticle diffusion model by the hydrogels 

Sample  Step 1 Step 2 
C (mg/g) K1 R12 K2 R22 

MB 
rGH -34.30 13.98 0.95590 2.70 0.99942 

rGH-Mg -33.84 13.97 0.94378 3.22 0.99932 
rGH-Ca -34.41 13.94 0.95567 3.12 0.99325 

RhB 
rGH 37.06 0.2503 0.74803 1.48175 0.99998 

rGH-Mg 39.69 0.18771 0.68891 1.39418 0.99991 
rGH-Ca 38.90 0.36242 0.81394 1.85871 0.99955 

(a) (b) 

(c) (d) 

(e) (f) 
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Fig. S3.5. Digital image of the dye solution before (a) and after for (b) rGH, (c) rGH-Mg and (d) rGH-Ca in 
the simultaneous adsorption of MB and RhB 

 

 

 
Fig. S4.1. UV-vis spectra of varying concentration of (a) BPA and (b) MB. Inset. Calibration curve of 
absorbance against concentration 

 

(a) (b) (c) (d) 

(b) 

(a) (b) 
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Fig. S4.2. UV-Vis spectrum of GO  

 

 

Fig. S4.3. Digital image of the freeze-dried hydrogel. (a) rGH, (b) rGH-OA, (c) rGH-DA and (d) rGH-DDA 

 

 

Table S4.1. Specific surface area and texture properties of the reduced graphene samples obtained 
using BET and BJH analysis, respectively 

Sample Specific 
surface area 

(m
2
/g) 

Pore radius 
(nm) 

Pore volume  
(cc/g) 

rGH 12.125 1.981 0.069 
rGH-OA 17.693 1.971 0.140 
rGH-DA 20.220 1.717 0.193 

rGH-DDA 16.688 1.968 0.125 
 

(a) (b) (c) (d) 
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Fig S4.4. Pore size distribution of the freeze-dried hydrogels 

 

Table S4.2. Chemical bonding and atomic percentage obtained from the high resolution C1s spectra of 
the hydrogels 

Sample Binding 
energy 

Bond assignment Atomic (%) 

rGH-OA 284.3 C-C/C=C 59.72 
 

285.5 C-N 16.85 
 

286.3 C-O 10.70 

 287.6 C=O 6.83 

 289.1 O-C=O 5.90 

rGH-DA 284.5 C-C/C=C 60.81 

 285.7 C-N 16.92 

 286.5 C-O 11.46 

 287.8 C=O 5.97 

 289.3 O-C=O 4.84 

rGH-DDA 284.6 C-C/C=C 55.85 

 285.8 C-N 23.44 

 286.6 C-O 9.13 

 287.9 C=O 5.52 

 289.4 O-C=O 6.06 

rGH 284.6 C-C/C=C 57.00 

 285.8 C-O 31.55 

 287.9 C=O 6.13 

 289.2 O-C=O 5.32 
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Table S4.3. Fitted kinetic parameters for the BPA adsorption onto the hydrogels 
 

Pseudo-First Order Model Pseudo-Second Order Model 

Sample Qe K1 R
2
 Qe K2 R

2
 

rGH 181.70 0.000818 0.95502 180.18 0.00000714 0.96564 

rGH-OA 184.81 0.000651 0.93341 179.86 0.00000938 0.95981 

rGH-DA 261.54 0.000707 0.89667 546.45 0.00000433 0.90726 

rGH-DDA 130.42 0.000472 0.90842 134.05 0.00001425 0.96645 
 

 

 

 

Table S4.4. Fitted kinetic parameters for the MB adsorption onto the hydrogels 
 

Pseudo-First Order Model Pseudo-Second Order Model 

Sample Qe K1 R2 Qe K2 R2 

rGH 122.87 0.000342 0.948 283.29 0.0000371 0.99283 

rGH-OA 91.80 0.000465 0.93546 381.68 0.0000378 0.99658 

rGH-DA 104.76 0.000327 0.89145 454.55 0.0000395 0.99685 

rGH-DDA 67.32 0.000465 0.93547 280.11 0.0000514 0.99658 
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(a) 

 

(b) 

Fig S4.5. FTIR spectrum of the hydrogel after the adsorption of (a) BPA and (b) MB 

 

  
Fig. S5.1. General scheme for the synthesis of the porphyrin complexes. 
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Fig. S5.2. Structure of (a) TPP (b) TOMPP and (c) TOBPP 
 
 
 

 
 

 
Fig. S5.3. FT-IR spectrum of TPP, TOMPP and TOBPP  

 
 

 
 
 
 
 
 
 
 
 

(b) Tetrakis(4-

methoxyphenyl)phenylporphyrin 

(TOMPP)  

 

 

(a) Tetraphenylporphyrin  
(TPP) 

 

(c) Tetrakis(4-

butyloxyphenyl)phenylporphyrin 

(TOBPP) 
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Table S5.1. FT-IR data of free base porphyrin complexes. 

 

Compounds N-H str. in 
porphyrin 

C-H str. 
in 

phenyl 
and 
long 
chain 

C=C str. 
in 

phenyl 
C-N str. in 
porphyrin 

C-O 
str. in 
long 
chain 

N-H bend in 
porphyrin 

C-H bend in 
porphyrin 

TPP  3310 - 1597, 
1469 1212 - 966 794 

TOMPP  3316 2931, 
2834 

1607, 
1509 1248 1174 966 804 

TOBPP  3320 2931, 
2868 

1607, 
1509 1245 1174 966 802 

 
 
 

 
Fig. S5.4. The UV-Vis absorption spectra of TPP, TOMPP and TOBPP in CH2Cl2 

 
 

Table S5.2. The absorption data molar extinction coefficient (ε) of all compounds 
 

Porphyrin 

Dichloromethanea 

S band (nm) 
Q band (nm), 𝜀(M-1cm-1) 

Q1 Q2 Q3 Q4 

TPP  417 514, 14122 548, 6140 590, 4605 649, 3991 

TOMPP  421 518, 11941 555, 8266 595, 3980 650, 5205 

TOBPP  422 519, 22955 556, 17310 595, 8655 651, 11665 
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Fig. S5.5. Plot of Size distribution in scattering intensity as measured by DLS: (a) rGH, (b) Ag/rGH, (c) 
Ag/TPP/rGH, (d) Ag/TOMPP/rGH and (e) Ag/TOBPP/rGH 
 
 

a 

b 

e 

d 

c 
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Fig. S5.6. UV -Vis spectrum of methylene blue at concentration range from 0.01 mg/L to 20 mg/L at room 
temperature. Inset: Standard curve for the adsorption of MB onto hydrogels 
 
 
 

Table S5.3. Kinetic parameters for the adsorption of MB at 298 K 
 

Sample Pseudo-First Order Model Pseudo-Second Order Model 

 Qe K1 R2 Qe K2 R2 

rGH 73.77 0.0021082 0.95808 92.00 0.00002798 0.97156 

Ag/rGH 100.05 0.0021572 0.95102 122.85 0.00002078 0.96864 

Ag/TPP/rGH 69.57 0.0034545 0.97752 138.89 0.00008422 0.99970 

Ag/TOMPP/rGH 85.83 0.0024412 0.95630 115.47 0.00004052 0.99083 

Ag/TOBPP/rGH 104.32 0.0025563 0.98755 142.45 0.00003252 0.99688 
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Fig S6.1. EDX analysis of the as-prepared Cu2O nanospheres 
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Fig S6.2. (a) UV-DRS absorption spectra and (b) Tauc plots of the TiO2 and Cu2O spheres 

 

Fig S6.3. FTIR spectrum of the Cu2O/TiO2/CNF/rGH before and after the photocatalytic degradation of 

MO 
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Fig S6.4. MS spectrum of MO solution using GC-MS after 2 h of irradiation. 
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