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ABSTRACT 

Rational Design of (Reduced) Graphene Oxide Materials and Their Applications 

Amira Alazmi 

The Graphene term has become synonymous with layered carbon sheets having thicknesses 

ranging from the monolayer to stacks of about ten layers. For bulk volume production, 

graphite chemical exfoliation is the preferred solution. For this reason, much interest has 

congregated around different processes to oxidize and peel off graphite to obtain graphene 

oxide (GO) and its counterpart, reduced GO (rGO). The community at-large has quickly 

adopted those processes and has been intensively using the resulting (r)GO as active 

materials for a myriad of applications. Yet, partially given the absence of comparative 

studies in synthesis methodologies, a lack of understanding persists on how to best tailor 

these carbon materials for a given application. In this dissertation, the effect of using 

different chemical oxidation-reduction strategies for graphite, namely the impact on the 

structure and chemistry of GOs and rGOs is systematically discussed. Added to this, it is 

demonstrated that the drying step of the powdered materials cannot be neglected. Its 

influence is demonstrated in studies such as the optimization of capacitance of rGOs touted 

as electrochemical energy storage materials (Chapter 4). It is concluded that, in order to 

maximize the performance of GO and rGO materials for any particular application, there 

must be a judicious choice of their synthesis steps. Obvious as it may be for anyone 

working in Chemistry, this point has been surprisingly overlooked for too long by the vast 

majority of those working with these carbon materials. 
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CHAPTER 1 

1.1 Introduction 

Single-layer graphene (SLG) is a planar sheet of sp2-bonded carbon atoms arranged 

in a hexagonal “honeycomb”-like lattice1-4. Since its isolation by Novoselov et al. in 20045, 

this nanomaterial has been receiving tremendous attention from academics and 

industrialists alike.6-8 As a result of its unique structure, graphene exhibits a series of 

important chemical and physical properties. Much research has been conducted to clarify 

its high mechanical strength (Young’s modulus of ∼1 TPa)9, 10, unsurpassed thermal 

(∼5000 Wm‐1K‐1)11-14 and electrical (mobility of charge carriers at 200000 cm2 V‐1 s‐1)15 

conductivities, to name a few. Furthermore, a SLG is a zero band-gap (i.e. akin to a semi-

metal) and highly transparent (it exhibits an optical transmittance of  97.7%) material.16  

These outstanding properties make this an extremely versatile carbon material with 

potential for several practical applications such as photovoltaics, catalysis, drug delivery,17 

magnetic resonance imaging18, lithium batteries, supercapacitors, fuel cells, gas sorption, 

separation, storage, and sensing19-32. Moreover, graphene has the potential to act as a rich 

platform for surface chemistry as the theoretical surface area of a SLG is 2675 m2/g. 33 This 

is important as chemical treatment can widen even more its applications. 

Figure 1.1 captures this conjunction of properties and applications while also 

highlighting the role of graphene (or sections of it) as the bulding block for most carbon 

nanostructures. 
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Figure 1. 1. Graphene underlines all graphitic carbon nanostructures and there have been 

numerous applications proposed for its use.34 

Despite the above, the challenge of a cost-effective mass production method of 

application-specific graphene flakes remains quite present. In regards to production, there 

are two fundamentally different methods to prepare graphene sheets with just one or few-

layers across: 1) “bottom-up” and 2) “top-down”  35, 36.  

In the bottom-up method, single-layers of graphene can be grown, on a stepwise 

manner, from individual carbon atoms. This approach has been extensively investigated as 

it is an excellent means to provide large areal or patterned graphene, for instance. For 

applications such as touch panels displays, flexible electronics and electro-responsive 

devices, this type of graphene is the most commonly used. 37 The growth is achieved 

through carbonization processes (i.e. decomposition of carbon-containing gases, liquids or 

solids) and is achieved via techniques such as chemical vapor deposition (CVD)38, 39,40, 41, 
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pyrolysis42, 43, and thermal decomposition of SiC wafera under ultra-high vacuum 

conditions44, 45.  

The top-down approaches are, typically, based on the exfoliation of mineral or 

synthetic graphite, either through physical or chemical means. 37 Amongst others, these 

include electrochemical synthesis from graphite intercalation compounds46, 47 or direct 

liquid phase exfoliation48, wet chemical49 and solution-based chemical reduction of 

graphene oxide (GO)50, 51. While these methods may appear less expensive and easier to 

control (at least for the production of few-layer graphene), an ubiquitous  key challenge is 

to overcome the strong cohesive energy of the π-stacked carbon layers (5.9 kJmol-1)52, 53. 

The graphene material produced via the top-down method is usually composed of stacks 

of three to ten (or more) monolayers distributed in irregularly structured flakes51. While 

not SLG, such products still fit the needs of the majority of applications in the energy 

sector, for instance. 10, 54 Another drawback of the top-down methods is the limited area of 

the sheets obtained. In fact, it is difficult to yield graphene flakes with areal sizes larger 

than tens of µm2.  

All the aforementioned approaches have been studied in detail and are described in 

several authorative review articles. 7, 19, 55  

In this dissertation, the focus will be on scalable top-down graphene production 

methods as volume demanding industrial applications are considered in the fields of CO2 

capture, energy storage and biomedicine. The demand for energy of an ever-increasing 

number of electrically-driven technology and the environmental impact of Humanity’s 

activities in the planet are two of the main challenges facing modern Societies56. At present, 

chemical oxidation of graphite to graphite/ene oxide (GO) followed by its reduction to 
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reduced GO (rGO) is seen as a promising path due to the relative simplicity of the method 

(requiring a fumehood instead of a deposition reactor) and mass production potential 

(Figure 1. 2) 57-61. Most commonly, GO is synthesized by processing graphite with 

concentrated sulfuric acid, nitric acid and potassium permanganate in what is called the 

Hummers’ method62. Over the years, a number of adaptations to this process have been 

proposed (e.g. Improved Hummers method)63. It is important to note that although the GO 

materials derived from diverse methods share some chemical properties (derived from 

oxygen-containing surface groups grafted onto the lattice carbon atoms), their structures 

can be diverse (e.g. interlayer distance)64. Graphene flakes can be obtained by further 

processing of the GO to eliminate the majority of the grafted organic moieties and 

restructure the carbon lattice. 65 Again, methods to carry out this “reduction” step are varied 

and include the use of chemicals such as hydrazine66 or sodium borohydride.67 Thermal 

and hydrothermal treatments are two other popular routes 68, 69. The latter is also commonly 

used to decorate graphene flakes with a range of nanoparticles, sometimes in tandem with 

the reduction of the parent GO.70-74 These composite materials have been proposed for 

applications in catalysis75-77, energy storage/conversion78, 79 29, optics80 and drug delivery.81  

 

 

Figure 1. 2. Schematics of graphite exfoliation using oxidation and reductions steps.  



24 
 

In this dissertation, it was not envisaged to develop new methods of GO or rGO 

synthesis. Instead, the focus was on tailoring the product by making use of the tool-box 

that the different reported methods represent and see how they could best fit three of the 

most popular applications for these materials, namely as CO2 sorbents, supercapacitor 

electrodes and contrast agent in biomedical imaging.  

CO2 uptake: Fossil fuels are double-edged swords. On the one hand, they are 

adaptable energy supplies with oil and natural gas supplying some 88 percent of our current 

energy needs82, 83. The popularity of fossil fuels as a major source of energy for industries 

and people alike has good reasons. First, they are accessible in different physical forms 

(gas, liquid or solid) and distributed around the globe. Second, a myriad of technological 

advances has been made, achieved over more than a century and allowing for their usage 

at various scales. Third, owing to their high energy density and portability, they make 

excellent fuels for transportation (added to the fact that the oxygen required for combustion 

is omnipresent in the planet’s atmosphere) 82. On the other hand, the increasingly alarming 

climate change problems have, in no small part, arisen due to prominent amounts of carbon 

dioxide (CO2) being emmitted from unregulated consumption of fossil fuels84. Burning 

each gram of carbon in carbonaceous fuels releases more than 3.5 g of CO2, the 

accumulation of which is now approaching one teraton in the atmosphere85. To limit the 

consequential global mean temperature increase by 2.0–2.4 ⁰C, the worldwide CO2 

emission should be reduced 50–80% by 2050 versus that of 200086, 87. Long-term solutions 

to address these issues are based on the development of sustainable alternatives for 

satisfying ever-growing energy demand and the development of CO2 reduction techniques. 

Meanwhile, carbon dioxide capture and storage (CCS) could help mitigate climate change 
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and prevent the increase in atmospheric CO2 concentrations88. Therefore, implementing 

CCS technologies on fossil-fueled power plants, one primary source of CO2 emissions, is 

critical89. CO2 capture technologies are categorized into three different strategies: 1) pre-

combustion technology (CO2 extraction from fossil fuels before combustion, e.g. following 

gasification of solid fuel); 2) oxy-fuel technology (perform the combustion under oxygen 

instead of air to produce flue gas with easily separable CO2); and 3) post-combustion 

technology (CO2 extraction after normal combustion of the fossil fuels) (Figure 1.3)88, 90, 

91. Among the various CCS technologies available, the post-combustion technology 

(strategy 3) is the most used in power plants since it can be retrofitted to existing facilities 

without major modifications of the plants92. Hence, much effort on developing various 

physical and chemical methods for post-combustion CO2 capture has been expended. Of 

the different post-combustion methods, physical adsorption in a porous material is 

considered as an energetically efficient and technically feasible method, where the gas 

sorption capacity is mainly ruled by a large accessible surface area and pore structure93. A 

range of porous materials, such as zeolites94, 95, metal-organic frameworks (MOFs)96, 97 and 

carbon-based adsorbents98-100, have been comprehensively studied for this purpose. 

Overall, different materials have shown promise but which one is more appropriate may 

be dependent on the environment and conditions used. For instance, while zeolites and 

MOFs have impressive uptake capacities, they suffer from thermal instability given that 

their structure can be significantly affected by high temperatures101. Here, microporous 

carbons can offer a viable alternative. They are more stable at high temperature and can be 

produced in different ways, some of which are not costly (e.g. biomass carbonization 
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followed by activation). Carbons can also have controlled pore structures and their surfaces 

can be impregnated with functional groups with tailored affinity for CO2
102, 103.  

 

Figure 1. 3. Technical options for CO2 capture from coal-power plants104. 

 

Supercapacitors: The investigation of new, environmentally friendly, low-cost and 

high-performance energy storage systems has increased rapidly in response to the projected 

needs of modern society and emerging ecological concerns wherein the replacement of 

fossil fuels by renewable sources of energy is the ultimate goal 105. Amongst the energy 

storage systems available, supercapacitors have attracted noticeable attention owing to 

their high power density, fast charging rate, long cycle life and low maintenance cost106-

109. Supercapacitors store significantly higher amount of energy than a conventional 

capacitor, although they have a similar cell construction (a high porous electrode replaces 

the metal electrodes of the classical constructs)110. They also complement other power 
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sources such as batteries and fuel cells, due to their longer cycle life and faster 

charging/discharging rates at high power densities109. Supercapacitors can be categorized 

into two types: firstly, electrochemical double-layer capacitors (EDLCs) which store 

energy using the adsorption of both anions and cations; secondly, pseudo-capacitors that 

store energy through fast surface redox reactions111. Particularly relevant for carbon 

materials, the EDLCs derive their performance from an electrical double-layer effect 112, 

113, which relates to pure electrostatic charges accumulated at the electrode/electrolyte 

interface (Figure 1.4a). Hence, it is strongly dependent on the surface area of the electrode’s 

material that is accessible to the electrolyte ions112, 113. In general, a porous carbon-based 

material is the preferred choice to construct these electrodes and substances such as 

activated carbon114, 115, carbon nanotubes116-118, carbide-derived carbons119, mesoporous 

carbon120, and xerogels121 have been investigated. More recently, processed graphene 

flakes have also been explored. 122 Overall, it has been demonstrated that a number of key 

factors are crucial to optimize the performance of carbon-based EDLCs: the specific 

surface area, electrical conductivity and pore size distribution123.  In contrast to EDLCs, 

pseudo-capacitors store energy through fast and reversible Faradaic processes which take 

place due to electro-active species on the electrode’s surface (Figure 1.4b)113. Attending to 

their quick and reversible Faradaic reactions, the most commonly explored electro-active 

species are of three types: 1) materials having oxygen- and nitrogen-containing surface 

functional groups113; 2) transition metal oxides (e.g. RuO2 and MnOx) and hydroxides (e.g., 

Ni(OH)2)124, 125; and, 3) electrically conducting polymers112, 115, 126. Pseudo-capacitors can 

provide much higher total capacitance than EDLCs. However, practical applications are 

limited by the relatively poor electrical conductivity of the main electro-active species as 
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this leads to lower power density (by impairing fast electron transport) and by the lack of 

structural stability during the redox process123. In this dissertation, the EDLCs will be 

explored as it is attempted to produce carbon-based materials with high electrical 

conductivity, large specific surface area and a suitable pore size distribution.  

 

Figure 1. 4.  Schematic diagram of (a) an electric double-layer capacitor (EDLCs) and (b) 

a pseudocapacitor. 127 

 

Biomedical imaging: GO and its derivatives exhibit low toxicity and excellent 

water solubility hence, efforts have been devoted to explore their use in the biomedical 

field. Possible applications include biosensing, drug delivery, cancer therapies and cell 

imaging (Figure 1. 5) 128-133. With regards to the latter, magnetic resonance imaging (MRI) 

is possibly the most powerful and broadly used imaging diagnostic technology available. 

It is non-invasive, achieves high spatial resolution and is excellent to image organs and soft 

tissues. 134, 135 However, its poor detection sensitivity limits the spectrum of applications, 

particularly in imaging pathologies. For this reason, strategies have been designed which 

make use of bio-compatible substances that, when injected into the patient, can greatly 
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increase the local contrast of certain tissues or sections of organs. 136 These so-called 

contrast agents have different mechanisms of action and can be specified according to the 

effect pretended. Key factors include: a) their magnetic properties (must be paramagnetic 

or super-paramagnetic); b) type of image enhancement (e.g. tissue-specific, for 

extracellular fluid, etc.); c) effect on the image. There are essentially two types of MRI 

contrast agents classified according to their influence on the relaxation behavior of protons: 

1) reduction of longitudinal relaxation time (T1) - which causes bright contrast in the MR 

image; 2) reduction of transverse relaxation time (T2) - which causes dark contrast137, 138. 

A contrast agent is expected to enhance the detection sensitivity and, ideally, be active in 

several different imaging modalities. Optimizing these two variables is crucial to reduce 

the dosage of the agent 139, 140. While gadolinium (Gd3+) based molecules 141, 142 continue 

to be the benchmark, magnetic nanoparticles (MNPs) are one family of materials that have 

also been widely employed as MRI contrast agents. Features such as large surface area to 

volume ratio, potential to circulate in bio-fluids for long periods and the possibility to 

control their response with an external magnetic field make MNPs interesting systems to 

assist in biomedical applications. 143-145,146, 147. Presently, ferrite-based MNPs are used as 

contrast agents for T2-weighted MRI. Whilst effective, investigations continue to improve 

this system with recent research paths indicating the value of graphene-based materials. In 

2011, Chen et al18 showed that, when compared to free ferrite-based MNPs, hybrids made 

up of GO and MNPs effectively showed improved T2-weighted contrast. In another report, 

Kanakia et al.148 claimed that graphene nanoplatelets intercalated with manganese ions 

(Mn2+) and functionalized with dextran display a relaxivity value which roughly 30 times 

greater than the relaxivity value achieved by the clinical Gd3+ and Mn2+ based MRI contrast 
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agents148. Considering the fact that GO can be functionalized with several bioactive 

molecules 149, 150 and that it can be synthesized in large scale 151, the enhancements reported 

make this a noteworthy topic that warrants further study. For that reason, and culminating 

the work of this dissertation, the GO / rGO materials herewith produced were used to make 

composites with cobalt ferrite and evaluate their activity as a T2 contrast agent for MRI. 

 

 

Figure 1. 5. Graphene and graphene oxide biomedical applications.152 

Following the above, the way that the work in this dissertation is organized is as 

follows: Chapter 2 presents a comparative study to describe how using common oxidation-

reduction methodologies for rGO synthesis affects the final product’s oxidation degree, 

structure and chemical signature. Next, in Chapter 3, the GOs produced in Chapter 2 are 

evaluated in regards to their surface chemistry and texture to understand their potential use 

as platforms for CO2 uptake. In Chapter 4, the synthesis strategy is extended to include the 

drying step and how this may impact the properties and electrochemical response of the 

rGO as a supercapacitor electrode material. In the last chapter of results, again the effect 

of using different starting GOs is evaluated but now from a perspective of a hybrid material 
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(i.e. mixed with cobalt ferrite MNPs) intended to be used as a T2 contrast agent for MRI 

diagnostics. For better readability, an outline of the dissertation is schematically presented 

in Figure 1.6.  
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Figure 1. 6. Schematic illustration of the work done in this dissertation.
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1.2 Characterization and methods 

In this dissertation, several analytical tools were employed to shade the light of the 

structure, chemistry and properties of the materials studied. The equipment and conditions 

used are described below.  

The powder X-ray diffraction (XRD) analysis was performed on a diffractometer 

(Bruker D8 Advance) with Cu Kα radiation (λ = 1.5418 Å).  

The morphology and size of the carbonaceous flakes and metal oxide nanoparticles 

were examined using transmission electron microscopy (TEM) (FEI Tecnai BioTwin, 120 

kV).  

SEM micrographs were collected from the powder sample on Quanta FEG SEM 

(Thermo Fisher Scientific) at 5 kV. While EDS spectra was acquired using EDS Genesis 

detector (EDAX Inc).  

X-ray photoelectron spectroscopy (XPS) studies were carried out in a Kratos Axis 

Ultra DLD spectrometer equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 

eV) operating at 150 W, a multi-channel plate and delay line detector under a vacuum of 

~10-9 mbar. The survey and high-resolution XPS spectra were collected at fixed analyzer 

pass energies of 160 eV and 20 eV, respectively. Samples were mounted in floating mode 

in order to avoid differential charging. Binding energies were referenced to the sp2 

hybridized (C=C) carbon for the C 1s peak set at 284.4 eV.  
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The Fourier transform infrared (FTIR) spectral analysis was carried out on a 

Thermo Scientific spectrometer (Nicolet iS10) and performed in transmission mode using 

KBr pellets.  

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments 

were performed using a Praying Mantis module equipped with a dome sealed reaction 

chamber (KBr window), allowing a controlled in situ environment. The in situ DRIFTS 

experiments were measured using a Thermo Nicolet 6700 series spectrometer equipped 

with a quantum mercuric cadmium telluride (MCT-A) detector operating at liquid nitrogen 

temperature. Each IR spectrum was the average of 32 spectra recorded in the 4000-650 cm-

1 spectral range with a resolution of 4 cm-1. KBr powder was used to collect the background 

spectrum. The sample was mixed with KBr (1 wt%) for sample spectrum collection. 

Raman spectra were obtained with a WITec Alpha300RA spectrometer using an 

excitation wavelength of 488 nm.  

Thermogravimetric analysis (TGA) data was recorded on a Netzsch TG209-F1 

instrument at a heating rate of 10 °C min−1 in N2. Thermogravimetric analysis with mass 

spectrometry (TGA-MS) was carried out in a Netzsch TG209-F1 coupled to a QMS 403 C 

Aëolos using a He flow with a heating rate of 10 °C min-1.  

N2 adsorption-desorption measurements were conducted at 77 K with a 

Micromeritics ASAP 2420 instrument. Prior to the analysis, the samples were degassed 

under vacuum at 80 °C for at least 12 h. The specific surface area was calculated using the 

Brunauer–Emmett–Teller (BET) method.  The pore size distribution analysis in the 

mesopore range was performed using the Barrett-Joyner-Halenda. (BJH)  formulism 
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applied to the isotherm adsorption branch, and the full micro-meso pore size distribution 

was calculated using the DFT model assuming slit pores using the Microactive Interactive 

data analysis software. Nitrogen (N2) and carbon dioxide (CO2) adsorption isotherms were 

recorded at 273 K and 298 K, in up to 1 bar of absolute pressure, with a Micromeritics 

TriStar II 3020 surface area and porosity analyzer (Micromeritics Instrument Corporation, 

US). Each isotherm was recorded at least twice and the average used for analysis. 

Immediately previous to the data acquisition, the materials were degassed under vacuum 

at 80 °C for 12 h. For the zeolite 13X and the SWCNT (Chapter 3), these were degassed 

under vacuum for 12 h at 100 °C and 250 °C, respectively. The textural analysis data for 

all samples was obtained from N2 adsorption-desorption isotherms recorded at 77 K and 

using an ASAP2420 volumetric adsorption analyzer (Micromeritics Instrument 

Corporation, US). The specific surface area was calculated by means of the Brunauer-

Emmett-Teller (BET) approach, typically in the 0.05-0.3 relative pressure range, and 

adjusted to lower relative pressure range for microporous samples (P/P0 <0.1) until the best 

correlation coefficient with positive C constant values was obtained. The pore size 

distribution (PSD) was assessed by means of the Barrett–Joyner–Halenda (BJH) model 

(adsorption isotherm) and non-local density functional theory (NLDFT), here assuming 

slit-pore shapes. The micropores volume was calculated using the t-plot method and 

considering a carbon black statistical thickness model. Finally, the adsorption selectivity 

(S) of CO2 over N2 was obtained according to the simplified ideal adsorbed solution theory 

(IAST)153.  

For the electrochemical characterization, the working electrodes were prepared by 

mixing ~2 mg of the selected material with 15 µl of Nafion (Sigma-Aldrich, 5 wt.%), 500 



36 
 

µl of deionized water (MilliQ, 18.2 Mcm) and 500 µl of ethanol (Sigma-Aldrich, >99.8). 

The mixture was ultrasonicated for 30 min to form a homogenous slurry. The slurry was 

drop-cast onto the glassy carbon electrode (3 mm diameter) and dried under an 

incandescent bulb lamp for ~10 min. All electrochemical experiments were carried out in 

1 M H2SO4 at room temperature using a three-electrodes system, in which a Pt wire and a 

standard calomel electrode (SCE) were used as the counter and reference electrodes, 

respectively. Cyclic voltammetry (CV), at scan rates of 100 mV s-1, and galvanostatic 

charge-discharge runs were carried out using a BioLogic VMP3 electrochemical 

workstation. The specific capacitance was calculated from the CV and discharging curves 

according to the following equation:  

𝐶𝑠𝑝 = (𝐼 × ∆𝑡)/(∆𝑉 × 𝑚)                                                                                                                                    

(1) 

 

Where Csp (F g-1) is the specific capacitance of the electrode, I (A) is the discharging 

current, ∆t (s) is the discharging time, ∆V (V) is the potential and m (g) is the mass of the 

rGO. 

The magnetic properties of the composites were characterized using a superconducting 

quantum interference device (SQUID)-vibrating sample magnetometer (VSM) system 

(Quantum Design USA), equipped with a highly sensitive (10-8 emu) sensor. The 

magnetization measurements were carried out on powder samples using straw holders by 

varying the magnetic field +/-3 T. 
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For the magnetic resonance imaging (MRI) studies, different concentrations of the 

composites were dispersed in 2% agarose (w/v) gels, while a blank gel used as a reference. 

The T2 relaxivity of water protons in the presence of the as-synthesized composites was 

measured using a Bruker 500SWB spectrometer integrating a superwide bore 11.7 T 

magnet resonating at 500 MHz. The relaxivity r2 is the slope of the line fitted to the 1/T2 

concentrations (C) plot, which is related to T2 through eq. (1): 

1

𝑇2
 =  

1

𝑇2
° + 𝑟2𝐶                                                                                            (1) 

, where C is the contrast agent concentration, T2 is the observed relaxation time in the 

presence of the cobalt ferrite nanostructures, and 𝑇2
° is the relaxation time in the absence of 

contrast agent. From eq. (1), T2 is revealed as a concentration-dependent term. However, 

r2 is a concentration-independent term. In fact, a contrast agent with a large r2 value can 

shorten T2 significantly with a smaller concentration increment. The relaxivity values (r2) 

of the water protons were calculated using eq. (1). 
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CHAPTER 2 

Comparative study of Synthesis and Reduction Methods for Graphene Oxide 

Amira Alazmi et al., Polyhedron 2016, 116, 153-161 

2.1 Introduction  

Much work has been carried out on the synthesis of rGO. One of the most popular 

chemical methods to obtain rGO is to first oxidize graphite flakes in aqueous medium and 

subsequently reduce them. For both steps, a myriad of approaches have been reported with 

the most common being oxidation via the classical Hummer’s method (or an adaptation of 

this) 151, 154, 155 followed by a reduction step resorting to heat 65, 156 or chemical reactions 60. 

Although it has been recognised that the use of different oxidation-reduction routes has a 

considerable effect on the final rGO properties 155, comparative studies on this issue have 

been lacking. This is particularly important if one is to understand by which means each 

approach influences the final structure and chemistry of the rGO flakes and to which extent 

can we control/tailor this. On the other hand, different reduction methods will have an 

important effect on the surface’s chemical structure of rGO. For instance, as regards 

energy-related applications, several studies in the literature have delved on the 

supercapacitance performance of rGO-based electrodes synthesized either by the classical 

Hummers’ method 157 or an adaption of this 151. Still, these authors do not justify their rGO 

synthesis approach or analyze systematically what is the best oxidation-reduction synthesis 

strategy for such applications. As it will be shown in this dissertation, this is critical. In this 

dissertation, we describe how using common methodologies for rGO synthesis affects the 

final product’s oxidation degree, structure and chemical signature. 
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2.2 Materials and methods 

2.2.1 Synthesis of graphene oxide 

Graphite (G) powder (Sigma-Aldrich, particle-size <45 μm or Alfa Aesar, <50 μm) 

was first oxidized using one of two commonly used chemical processes: the Hummers’ 

method 158 or the so-called Improved-Hummers’ method 151 (with additional KMnO4). 

Note that the two G powders are equivalent as they have similar particle size and XRD 

patterns (Figure 2. 1). For the classical Hummers’ synthesis, 3 g of graphite powder 

(Sigma-Aldrich) and 1.5 g of NaNO3 (Fisher Scientific, 99%) were mixed with 75 mL of 

concentrated H2SO4 (Sigma Aldrich, 99%). The reaction was cooled to <5 °C in an ice bath 

and stirred for 2 h. 9 g of KMnO4 (Acros, 99%) was added in small portions, to maintain 

the reaction temperate below 20 °C, and constantly stirred for another hour. Then, the 

suspension was warmed to room temperature, by removing the cooling bath, at which time 

deionized water (100 mL) was slowly added (caution: the reaction is highly exothermic 

and evolution of gas was noticed). An oil bath was used to keep the reaction temperature 

constant at 90 °C. Subsequently, 300 mL of deionized water was added and the mixture 

was continuously stirred for another hour and a half. An extra 1 L of deionized water was 

poured into the mixture followed by the slow addition of 30 mL H2O2 (Sigma Aldrich, 

30%). This action turned the colour of the mixture from dark brown to yellow and was 

accompanied by the release of heat. After cooling to room temperature, the product was 

diluted with deionized water to a total volume of 2 L. Finally, the suspension was 

repeatedly washed with water and centrifuged (Hettich U320, 9000 rpm, 10 min) until the 

pH was nearly neutral. At this point, the suspension was vacuum dried in the centrifuge 

tubes (60 °C, 12 hours) and the resulting powder collected. 
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For the Improved-Hummers’ synthesis, 3 g of graphite powder (Alfa Aesar) was 

added to a mixture of 360 mL H2SO4 (Sigma Aldrich, 99%) and 40 mL H3PO4 (Sigma 

Aldrich, 85 wt.%). This was followed by the slow addition of 18 g of KMnO4 (Acros, 

99%), taking care that the reaction temperature was maintained at <20 °C. Then, the 

resulting suspension was heated, in an oil bath, to 50 °C and stirred for 12 hours. The colour 

of the mixture turned from black to mud-brown. The reaction was allowed to cool to room 

temperature and treated with 400 mL of cold deionised water plus 3 mL of H2O2 (Sigma 

Aldrich, 30%). The product was washed and dried using the same procedures described 

above. The GO products prepared by the classical and improved Hummers’ methods are 

hereafter designated as HGO and IGO, respectively. 

 

Figure 2. 1. XRD patterns of the graphite powders used as starting materials (Sigma-

Aldrich, particle size <45μm or Alfa Aesar, <50μm). 
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2.2.2 Thermal reduction 

A sample of HGO or IGO, typically in the order of 400 mg, was thermally reduced 

for 2 hours in a horizontal tube furnace under N2 atmosphere at 900 °C (heating rate of 5 

°C min-1). The thermally reduced GO is hereafter designated as rHGO/N2 or rIGO/N2 65. 

2.2.3. Chemical reduction 

The chemically-induced reduction of HGO (or IGO) was carried out by loading 100 

mg of the GO powder into a 500 mL round-bottom flask and then disperse it in 100 mL of 

deionised water. This yielded a brown slurry that, upon stirring for 12 hours, became clear. 

1 mL of a hydrazine hydrate solution (NH2NH2.H2O, Sigma Aldrich, 25%) was then added 

and the mixture heated in an oil bath at 100 °C. A water-cooled condenser was fitted to the 

flask and the reaction allowed to proceed for 24 h, after which a black solid had 

precipitated. The chemically reduced GO is hereafter designated as rHGO/hydrazine or 

rIGO/hydrazine 159. 

2.2.4. Hydrothermal reduction 

100 mg of HGO (or IGO) powder was dispersed in 40 mL of deionized water and 

stirred for 24 hours to form an aqueous dispersion. Then, the mixture was transferred to a 

50 mL Teflon-lined autoclave and kept in an oven at 180 °C for 24 hours. The product was 

collected, washed several times with deionized water and dried at 50 °C for 24 hours. The 

hydrothermally reduced GO is hereafter designated as rHGO/hydrothermal or 

rIGO/hydrothermal 160. 
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2.3. Results and discussion 

2.3.1. Sample Tree 

The two methods selected for the oxidation step, just as for the subsequent 

reductions, are the most common procedures referred to by other teams. The first oxidation 

method is the Hummers’ method (KMnO4, NaNO3, H2SO4), which is the most common 

approach used for producing GO. The second method is the Improved-Hummers’ method 

(KMnO4, 9:1 H2SO4/ H3PO4). In this regard, Tour et al. have demonstrated that preparing 

GO in 9:1 H2SO4/ H3PO4 while excluding NaNO3 clearly improves the efficiency of the 

oxidation process and subsequently the quality of the produced GO151. Overall, the 

amounts used and conditions employed were also in order with those commonly described 

in the literature 158 151 160 159 65. The final rGO products are correlated with the parent 

graphite powder as schematised in Figure 2. 2.  

 

Figure 2. 2. Sample tree diagram of the graphite-derived materials studied.  
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2.3.2. Structural Analysis 

The morphologies of aggregates and individual flakes derived from the parent 

graphite and its oxidized counterparts are shown in Figure 2. 3. One noticeable difference 

in the aggregates is the tendency of graphite to show compact stacks with well-defined 

jagged edges. Contrastingly, the oxidized materials show wrinkled agglomerates where the 

layered arrangement is more visible due to the expansion of the basal plane stacks. 

Specifically for the IGO product, charging was often observed during SEM imaging which 

points to an electrically insulating character. While the initial graphite aggregates were in 

average <50 µm (as per commercial vendors), after the oxidation step these were broken 

into smaller particles. At the discrete flake level, the corrugated morphology of both HGO 

and IGO products is confirmed. In addition, it is relatively easy to find large areas with 

high TEM transparency.  
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Figure 2. 3. (a) Representative SEM image of the initial material, graphite flakes; (b) TEM 

micrograph of a graphite flake; (c) Representative SEM image of the oxidized graphite 

using the classical Hummer’s method; (d) TEM image of individual flakes from the 

material in (e). 
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Upon reduction, all products exhibit similar morphology, both at the aggregate and 

individual flake levels (Figures 2. 4 and 2. 5). The layered arrangement is retained and 

clearly visible in the SEM for the HGO- and IGO-derived sets of reduced graphene. 

Aggregates were generally of smaller dimensions (<10 µm) than their oxidised 

counterparts. Further to this, the individual flakes were invariably transparent to the 

electron beam in medium resolution TEM. This suggests that the dispersed rGO flakes 

were significantly thinner than those of the initial and the oxidised graphite. Overall, the 

oxidation-reduction methodology used influences little in how the final rGO flakes and 

aggregates look like under the electron microscope (EM) at low/medium magnification. 

Still, given the profuse use of this technique by the community, it is important to document 

these results.   
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Figure 2. 4. (a) Representative SEM image of the thermally reduced HGO (in N2 

atmosphere); (b) TEM micrograph of an individual flake from the material in (a); (c) 
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Representative SEM image of the chemically reduced HGO (in hydrazine); (d) TEM 

micrograph of an individual flake from the material in (e). 
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Figure 2. 5. (a) Representative SEM image of the thermally reduced IGO (in N2 

atmosphere); (b) TEM micrograph of an individual flake from the material in (a); (c) 

Representative SEM image of the chemically reduced IGO (in hydrazine); (d) TEM 

micrograph of an individual flake of the product in (c); (e) Representative SEM image of 

the hydrothermally reduced IGO; (f) TEM micrograph of an individual flake from the 

material in (e). 

XRD is a popular characterisation technique to quickly identify the structural 

arrangement, oxidation degree and phase purity of graphite and GO/rGO materials 161. In 

contrast to the above EM analysis, the set of spectra shown in Figure 2. 6 illustrates well 

how the final products are structurally different from the initial graphite material. The 

interlayer spacing (d) of the graphite basal planes was calculated from the (002) reflection 

of graphite, or equivalent in the case of the GOs and rGOs products (Table 2. 1). The initial 

graphite powder shows the characteristic (002) reflection at 2θ = 26.7°, which equates to 

3.3 Å. In the case of HGO, the intensity of the equivalent peak was drastically reduced with 

the dominant reflection located now at 2θ = 11.5°. As per previous studies 162, 163, this is 

identified as the expanded GO basal planes. Similarly, the spectrum of the IGO product 

contains this peak but shifted to an even lower angle (2θ = 10.2°), logically implying a 

larger interlayer spacing than the HGO analogue. This observation is corroborated by 

previous studies60, 69 as the IGO products are expected to contain a higher proportion of 

intercalated water molecules between the oxidised basal planes. Of note is the entire 

absence of the reflection at 2θ = 26.7° which points to the complete oxidation of the initial 

graphite.  
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Figure 2. 6. Powder XRD patterns for the graphite and graphite-derived materials studied. 

The broken lines are guides for the eyes and relate to the (002) peaks for the initial G 

(26.7°), HGO (11.5°) and IGO (10.2°). All intensities were normalised with reference to 

the G (002), or equivalent, peak. 

As expected, and subsequent to the reduction step, all rGO products exhibited XRD 

spectra nearer to the one of the initial graphite. Whilst the peak at lower angles invariably 

disappeared, reverting back to 2θ values close to 26°, the shape of the dominant reflection 

is a matter deserving closer attention. Accordingly, the (002) peak of each rGO is 

considerably broader than that of the initial graphite. In fact, the full width at half maximum 

(FWHM) of this peak is claimed to reflect out-of-plane structural disorder 164. Taken 

together, the (002) peak FWHM for rIGOs products is generally larger than for the 

analogous rHGOs. Further to this, in some cases the presence of a second reflection is 
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visible, either as a shoulder (e.g. rHGO/hydrazine) or a peak (e.g. rHGO/hydrothermal). 

The larger FWHM can be assigned to a smaller grain size and/or higher density of defects 

together with increased lattice strain. On the other hand, the second peak is commonly 

related to incomplete reduction processes of GOs and remainders of oxygen-containing 

functional groups and intercalated H2O molecules165, 166. These observations suggest that 

the rIGO products have smaller grains with a higher density of structural defects when 

compared to the rHGO analogues.  

Table 2. 1. Peak position and basal plane interlayer spacing for G, the two GOs and the sets 

of rGOs products. 

 

To confirm structural differences in the various oxidised and reduced products, 

Raman spectroscopy was used. It is known that Raman spectroscopy can provide important 

insight into the specific type and relation of C-C bonds, being therefore a critical analytical 

tool for Nanocarbons such as graphene. As shown in Figure 2. 7, the initial graphite exhibits 

two characteristic peaks at 1567 cm-1 (G band) and 2693 cm-1 (2D band). These are 

common in Nanocarbons and are assigned, respectively, to the E2g-vibration mode of sp2 

carbon domains and the second order of the D band 167. Another characteristic peak, not 
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visible in the initial graphite, is located at ~1355 cm-1 (D band) and relates to the structural 

defects and partially disordered structures of the sp2 domains 168. For the present work, 

structural defects are, in a first stage, introduced by the attachment of functional groups 

such as hydroxyl, epoxy on the carbon skeleton 169 and, later on, by the presence of 

vacancies, interlayer bonds or lattice corrugations containing a large number of sp3 carbon. 

Table 2. 2 summarizes the peak positions, peak intensity (I) ratios and calculated crystallite 

size (La) for all the materials studied. In regards to the HGO and IGO products, both the D 

and G bands were present. The HGO spectrum also included the 2D band. With the graphite 

oxidation, the G band shifts to higher frequencies as seen for the HGO and IGO Raman 

spectra. The blue shift of the G band occurs as a result of the activation and merging of the 

Raman-inactive D′ band with the G band, caused by the defects 170. The intensity ratio of 

the D to the G peaks (ID/IG) is smaller for HGO than for IGO. For GOs, the ID/IG values 

can work as a proxy to infer their degree of oxidation 171. Remarkably, the 2D band is 

visible in HGO but not for IGO which further adds to the argument of more extensive 

oxidation taking place during the IGO synthesis method. Put together, the Raman results 

for the GOs matches the information extracted from the XRD characterisation.  



52 
 

 

Figure 2. 7. Raman spectra for all the materials studied. The broken lines are guides for the 

eyes and refer to the graphite G and 2D bands along with the HGO D band (1351 cm-1). 

All intensities were normalised with reference to the D or G bands, whichever was more 

prominent. 
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Table 2. 2. Raman spectra peak positions, ID/IG (intensity ratio of D and G peaks) and La 

values of the G, GOs and rGOs materials. 

 

After reduction, the position of the peaks for the sets of rHGO and rIGO products 

is mostly retained, with the rIGOs consistently showing comparatively higher 

wavenumbers for the D and G bands. The 2D band is observed exclusively in the set of 

rHGO products. This is a logical outcome from its presence in the parent HGO and 

indicates a higher degree of graphitisation, particularly in the rHGO/N2 case169, 172. In both 

sets, the slight increase in the ID/IG ratios could be attributed to the persistency of structural 

defects despite the removal of oxygen-containing functional groups. These results confirm 

the view that, irrespective of the reduction method used, it is not possible to entirely 

rearrange the carbon lattice. Still, the rHGO/N2 approach appears to be the most effective 

way of doing this. Finally, we estimated the crystallite size for the different materials 

studied. The La is defined as the average size of the graphitic crystallite. It can vary between 

0.2 and 1x104 nm 173 and can be calculated using the ID/IG ratio and the following relation 

174: 

La (nm) = (2.4 x 10 -10) λlaser
4 (ID/IG)-1                       (1) 
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Where λlaser is the wavelength of the laser source (i.e. 488 nm). Together, the La trend is 

(rGO/N2) < (rGO/ hydrothermal) ~ (rGO/hydrazine) ~ IGO < HGO < G. This corroborates 

that the IGO method leads to more extensive oxidation and the thermal reduction in inert 

atmosphere is the most effective to eliminate functional groups and rearrange the carbon 

lattice. 

The thermal stability of the initial graphite, HGO and IGO materials was measured 

in inert atmosphere (Figure 2. 8a). As expected, there was no detectable mass loss for the 

graphite, in the range of 25-900 °C. By contrast, significant mass losses of 12% and 18% 

were observed up to 100 °C for HGO and IGO, respectively. Knowing the hydrophilic 

nature of GO, the elimination of adsorbed water molecules explains this result. A more 

dramatic mass loss was observed in the range of 100–300 °C, with the losses measured at 

240 °C being 16% and 29% for HGO and IGO, respectively. These are commonly 

associated with the thermally-induced decomposition of oxygen-containing functional 

groups 175-177 and subsequent release of steam and gases such as CO and CO2. To confirm 

this assumption, TGA-MS was carried out for the HGO sample. As shown in Figure 2. 9, 

the mass loss step between 180 °C and 280 °C is related to the molecular mass peaks of 

18, 28 and 44. Hence, CO and CO2 are the main decomposition products (likely originating 

from hydroxyl and epoxy functional groups) together a minor release of H2O. Overall, 

these mid temperature range results indicate that the IGO sample has a higher concentration 

of oxygen-containing functional groups than HGO 135, 178-180. In the high temperature region 

(>300 °C), the mass losses in both GOs were continuous reaching up to 66% for the IGO 

at 900 °C. This behaviour is expected as the materials start to undergo carbonization. In 

particular, the higher rate of decomposition for the HGO from 500 °C onwards could be 
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due to the catalytic activity of NaNO3 remainders (not present in IGO). In regards to the 

rGOs, the TGA profiles generally showed smaller mass losses at 900 °C, with the 

maximum identified for the rIGO/hydrazine. Interestingly, the stability trend for the HGO 

and IGO derived products was consistent with the reduction method employed following 

hydrazine<hydrothermal<N2. Moreover, the rIGOs were comparatively less stable that 

their rHGOs counterparts (Figure 2. 8b).  

 

Figure 2. 8. (a) TGA curves (under N2 flow) for the initial graphite (black), HGO (blue) 

and IGO (red) materials; (b) TGA curves (under N2 flow) for the entire set of rGOs. The 

thermal stability of the materials in (b) is clearly higher than the GOs in (a), being most 

noticeable for the thermally (N2) reduced products. 
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Figure 2. 9. TGA-MS curve of HGO (blue), showing the decomposition products with m/z 

18 (water), 28 (carbon monoxide) and 44 (carbon dioxide). 

The above structural analysis compared the outcomes of different oxidation-

reduction methodologies and identified significant differences in the final products 

obtained. In particular, the oxidation degree of the GOs and the subsequent effectiveness 

in reconstructing the graphitic lattice displayed noticeable variations. Although the 

oxidation reactions are different, one point that may help explaining the larger oxidation 

degree of IGO and, subsequently, its more defect prone reduced counterparts, is the total 

time of graphite exposure to the oxidiser. Overall, the IGO method required 12 hours for 

the oxidising step while the equivalent in the HGO procedure was achieved in little more 

than 4 hours. As for the reduction step, in both sets, the thermal treatment in inert 

atmosphere is more effective in rearranging the carbon lattice not least due to the 

temperatures involved which are typical of carbonization processes.  
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2.3.3. Chemical Analysis 

To further understand the sets of materials studied, in particular the types of 

functional groups present in the GOs and rGOs, FTIR spectra were acquired for all samples 

in the range of 500–4000 cm-1 (Figure 2.10). Expectedly, the initial graphite spectrum did 

not show the fingerprint of relevant bands. This contrasts greatly with the oxidised products 

as both the spectra for HGO and IGO exhibit several strong characteristic peaks. The first 

to consider is the broad peak between 3200 cm-1 and 3700 cm-1 which is regularly attributed 

to the presence of hydroxyl groups. The predominance of this peak is massive in the IGO 

spectrum strengthening the view of a higher content of intercalated water and more 

extensive oxidation. At 1723 cm-1 and 1690 cm-1 the peaks can be assigned to the stretching 

vibration of C=O, included either in carboxyl or carbonyl moieties. More peaks can be 

identified in the region of 1400-1000 cm-1, including O–H deformations in C–OH groups 

(at 1387 cm-1), C–OH stretching vibration (at 1224 cm-1) and C–O stretching vibrations in 

C–O–C epoxides (at 1062 cm-1) 181. Here, the IGO peaks are less defined possibly due to 

the higher density of defects and associated larger number of different groups attached. 

After the reduction step, all the characteristic absorption bands of oxygen-containing 

groups (e.g. O–H, C=O and C–O) are substantially weakened and, in the case of the 

thermally treated samples, almost eliminated. Of note, we did not detect C-N related bands 

subsequent to the hydrazine reduction step. Likewise, the hydrothermal treatment seems to 

result in similar spectra below 2000 cm-1 with broad peaks at 1569 cm-1 and 1224 cm-1. 

Taken together, the FTIR identified similar functional groups present in the different GOs 

and rGOs. With this it is confirmed that the chemical identity of the bulk materials appears 

to be identical. To assert that the surface chemistry follows this same trend - and how this 
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may affect, for instance, the electrochemical behaviour of the materials - it was necessary 

to perform a more localised study with X-ray photoelectron spectroscopy (this was the 

topic of a follow-up study182). 

 

Figure 2. 10. FTIR spectra for all the materials studied. The broken lines are guides for the 

eyes and refer to the main bands observed in the graphite, GOs and rGOs. The initial 

graphite did not show relevant bands. 
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2.4. Conclusions 

In this comparative study, GOs with different degree of oxidation were synthesized, 

followed by their reduction using a selection of methods. The effectiveness of the oxidation 

step ultimately limits the extension of lattice reconstruction, irrespective of the reduction 

approach used. For this reason, the rIGO materials are less structurally ordered than the 

rHGO ones. Within each set of rGOs, the thermal reduction under inert atmosphere leads 

to a more graphitised material. It remains to be investigated whether this is a beneficial 

outcome when optimising applications dependent on graphene-based materials. As for the 

chemical fingerprint of the GO and rGO bulk materials, while differences are observed at 

the oxidised stage, these are generally smoothed out upon reduction. As demonstrated, it 

is important to approach the synthesis of rGO flakes in a rational way, and through this, 

appreciate their diversity. In particular, the structure of rGOs is highly dependent on the 

oxidation-reduction strategy selected which, and as it will be shown, influence greatly their 

performance for some of the most popular applications proposed in the literature (e.g. 

supercapacitors). Following this line, the next Chapters employ and compare the (r)GOs in 

a set of selected applications. To start and in order to examine the impact of the graphite 

oxidation method. The HGO and IGO materials will be applied for CO2 capture application 

in Chapter 3.  
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CHAPTER 3 

The Impact of Surface Chemistry and Texture on the CO2 Uptake Capacity of 

Graphene Oxide 

Amira Alazmi et al., Inorganica Chimica Acta 2018, 482, 470-477 

3.1 Introduction 

The process of carbon dioxide capture and storage (CCS) is seen as a critical strategy 

to mitigate the so-called greenhouse effect and the planetary climate changes associated 

with it. To prevent further increases in the concentration of atmospheric carbon dioxide 

(CO2),88 it has been suggested that CCS technology should be implemented in all fossil-

fuel power plants, the primary source of CO2 emissions.89 CCS approaches can be divided 

in three categories: 1) pre-combustion technology, where the CO2 extraction from fossil 

fuels occurs before their combustion; 2) oxy-fuel technology, where the combustion 

process is performed under oxygen instead of air; 3) post-combustion technology, where 

the CO2 extraction is carried out after the fossil fuel combustion.88, 90, 91 Among these, the 

latter is possibly the most widespread since it can be retrofitted to existing power plants 

without major infrastructure modifications.92 In these circumstances, the development of 

physical and chemical post-combustion methods has been considerable over the last few 

years and, today, CO2 capture by physical adsorption is regarded to be both energetically 

efficient and technically feasible.  

Materials such as zeolites94, 95, metal–organic frameworks (MOFs)96, 97 and some 

carbon allotropes98-100 are characterized by their high surface area and regular pore 

structure93, two properties that favor gas uptake. In Industry, microporous carbons, most 

commonly in the activated form, are one of the workhorse materials for physical gas 
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adsorption. Besides having minimal production costs, they are structurally stable in a wide 

range of temperatures and can be functionalized with diverse types of chemical groups. 

This allows one to tailor their selectivity towards specific gases such as CO2
102, 103. 

Analogously, for nanostructured carbon materials, it has been found that the presence of 

functional groups containing oxygen favors CO2 uptake183. In graphene, polar groups can 

enhance the gas adsorption capacity by activating exposed edges and terraces, thereby 

introducing additional binding sites184. Interestingly, a high density of functional and polar 

groups in basal planes and edges is an inherent characteristic of graphene oxide (GO). 

Common moieties grafted to GO include carbonyl and epoxy groups. These are slightly 

basic thus a beneficial acid–base interaction between CO2 and this material would be 

expected185. For these reasons, the porous and functionalized layered structure of GO 

constitutes a logical candidate for next-generation CO2 adsorbents186. Whilst the work on 

this topic is still limited187, 188, there is a prevalence in the literature of GO powders 

prepared using the classical Hummer’s method. Overall, claims of their CO2 uptake 

capacity have been markedly disappointing (<1 mmol g-1)101, 183, 189, 190. Possible 

explanations are the limited accessible surface area (commonly <100 m2 g-1, cf. Table 3. 

1) and reduced porosity (due to restacking of graphene sheets after exfoliation)186.  

Table 3. 1.Comparison of the surface area and CO2 adsorption capacity of various GO 

materials reported in the literature and our results. 
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In Chapter 2, it was demonstrated that the structure and surface chemistry of GO 

(and, ultimately, its reduced counterpart) are highly dependent on the oxidation conditions 

the initial graphite is subjected to191, 192. In this follow-up study, we describe how the 

synthesis and drying strategy of GO materials also affects their CO2 adsorption capacity 

and selectivity. For reference, the GO results are compared with those of two benchmark 

materials, the commercial zeolite 13X and a certified reference of single-walled carbon 

nanotubes (SWCNT). 

3.2 Experimental 

The zeolite 13X was purchased from STREM chemicals (CAS Number: 63231-69-

6) while the certified SWCNT (SRM2483) was procured from the National Institute of 

Standards and Technology (NIST), US. The GO materials were synthesized from natural 

graphite powder using either the classical Hummer’s method102 (hereafter, HGO) or an 

improved Hummer’s method151 (hereafter, IGO). The detailed GO synthesis procedures 

are presented in Chapter 2 191. Typically, GO was prepared from natural graphite powder 



63 
 

using an improved Hummer’s method151. In brief, 3 g of graphite powder (Sigma-Aldrich, 

particle-size <150 μm or Alfa Aesar, <50 μm) was added to a mixture of 360 mL H2SO4 

(Sigma-Aldrich, 99%) and 40 mL H3PO4 (Sigma-Aldrich, 85 wt.%). This was followed by 

the slow addition of 18 g of KMnO4 (Acros, 99%), taking care that the reaction temperature 

was maintained at <20 °C. Then, the resulting suspension was heated, in an oil bath, to 50 

°C and stirred for 12 hours. The colour of the mixture turned from black to mud-brown. 

The reaction was allowed to cool to room temperature and treated with 400 mL of cold 

deionised water plus 3 mL of H2O2 (Sigma Aldrich, 30%). Finally, the suspension was 

repeatedly washed with water and centrifuged (Hettich U320, 9000 rpm, 10 min) until the 

pH was nearly neutral. At this point, the suspension was vacuum dried in the centrifuge 

tubes (60 °C, 12 hours) and the resulting powder collected. Several drying approaches were 

tested namely vacuum, freeze and supercritical193. The detailed comparison of the effect of 

the drying method on (r)GOs will be shown in Chapter 4. The results hereafter refer to the 

vacuum-dried GO powders as these yielded the best uptake capacities. 

3.3 Results and discussions  

 3.3.1 Characterization of the benchmark and GO materials 

The literature of carbon materials is very rich in studies dealing with gas uptake194. 

However, the diversity of experimental protocols and data interpretation models proposed 

is such that it is often challenging to reliably compare the results of different reports. One 

way to lessen this issue is to use commercially available materials that, due to their 

structural and chemical constancy, may act as standards or benchmarks. For this reason, 

we initiated the present study by evaluating two materials that are accessible to the 

community and of relevance to the analysis of CO2 uptake by nanostructured carbon 
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materials. The first, zeolite 13X, is a well-known molecular sieve with outstanding 

capability to adsorb CO2
195, 196. The second, is a metrology-grade, certified reference 

material (for chemical analysis) of single-walled carbon nanotubes197. In fact, the latter is 

one of the few standards available for nanocarbons198. The surface textural characteristics 

of these benchmark materials were analyzed, with the respective isotherms (in N2 at 77 K) 

and calculated pore size distributions shown in Figure 3. 1. Further details such as the 

specific surface area and micropore volume are given in Table 3. 2.  

 

Figure 3. 1. (a) and (b) N2 adsorption–desorption isotherms for the zeolite 13X and the 

certified SWCNT, respectively; (c) and (d) Pore-size distributions (using N2 and calculated 
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by NLDFT with a cylindrical pores geometry model) for the zeolite 13X and the certified 

SWCNT, respectively. 

 

Based on the classification of porous materials issued by the International Union of 

Pure and Applied Chemistry (IUPAC), the zeolite 13X exhibits a typical type I isotherm 

(Figure 3. 1a). Its surface area is 790 m2 g-1; of these, 96% are estimated to originate from 

micropores. As concerns the pore sizes, the NLDFT model points to a very narrow 

distribution centered at 0.7 nm (Figure 3. 1c). These observations match the product 

technical specifications provided by the vendor, thereby validating our measurements199. 

In regards to the standard SRM2483, the certificate of analysis provided by the NIST does 

not include surface textural data. Our analysis showed that the SWCNT soot displays a 

type IV isotherm with a H4 hysteresis loop at P/P0 > 0.5 (Figure 3. 1b). From Table 3. 1, 

the surface area (790 m2 g-1) is equal to that of the zeolite 13X but only 10% of it 

corresponds to micropores. The modelled PSD (Figure 3. 1d) follows an asymmetric 

bimodal distribution wherein the first region, centered at 2 nm, is a well-defined peak and 

the second region, from 3 nm onwards, is composed by a multitude of peaks up to 50 nm. 

These observations are in line with what is expected for SWCNT samples200, making the 

SRM2483 a good candidate for future validation of CO2 capture by nanocarbons. 
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Table 3. 2. Specific surface area and pore structure of the zeolite 13X, SWCNT and GO 

materials studied. 

 

Following the study of the two benchmark materials, the surface textural 

characteristics of the vacuum-dried GOs were analyzed. Figure 3. 2a shows that both HGO 

and IGO originated a combination of type I and IV isotherms with a H3 hysteresis loop at 

P/P0 > 0.5. This is indicative of the presence of slit-shaped mesopores201, 202. Additionally, 

some differences are straightforward when observing the low and high relative pressure 

regimes. At low pressure, the amount of N2 adsorbed increases rapidly, hence suggesting 

the existence of micropores in these materials203. This is particularly noticeable for IGO, 

maybe due to a higher density of pores with <2 nm width. At high pressure, the increase in 

N2 uptake is more prominent for HGO, so macropores are likely to dominate in this sample. 

Remarkably, the PSD of the IGO (Figure 3. 2b) indicates a considerable presence of ultra-

micropores (<1 nm) together with micropores in the range of 1-2 nm and a smaller portion 

of 3-5 nm mesopores. The predominance of (ultra-)micropores in the IGO sample is 

confirmed by the t-plot data (Table 3. 1) as these account for ~80% of the total pore volume 

and 93% of the total surface area. By contrast, the HGO plot in Figure 3. 2b shows a wider 

range of pore size distribution. While micropores are present, the dominant sizes are >25 
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nm (macropores). These observations corroborate the previous SEM and XRD results in 

chapter 2 which showed smaller d-spacing and denser graphene (re)stacking in the HGO 

sample (cf. ref 64 or, for quick guidance, Figure 2. 2 and Figure 2. 5). Structural differences 

were also apparent from the SEM images (Figure 2. 2) wherein the morphology of the IGO 

flakes suggests a more consistent separation of the graphitic basal planes. Large variations 

in the (002) interlayer spacing were identified between the pristine graphite, HGO and IGO. 

The lower 2θ value (10.2°) was measured from the powder diffractogram of IGO, 

corresponding to a spacing of 0.86 nm (Figure 2. 5). This points to a higher degree of 

oxidation in the IGO sheets compared to HGO. Besides the contrasting PSD in the two GO 

samples, the differences in surface area and pore volumes were also remarkable (Table 3. 

2). At instances, the values were one order of magnitude apart (e.g., Vmicro= 0.01 cm3 g-1 

for HGO versus Vmicro= 0.11 cm3 g-1 for IGO). On the other hand, when compared to the 

benchmark materials, the specific surface area of the GOs was relatively small, particularly 

for the HGO case. Yet, the IGO has a much more pronounced micropore area than the 

standard SWCNT sample (Table 3. 2). 
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Figure 3. 2. (a) N2 adsorption–desorption isotherms of HGO and IGO, at 77 K; (b) Pore 

size distributions for the HGO and IGO (in N2 and calculated using NLDFT). 

Given the importance of surface chemistry in assisting the sorption of CO2 by 

carbonaceous materials, further analysis on the nature of the functional groups present in 

HGO and IGO was performed. This adds to the data presented in Chapter 2 and Chapter 4 

wrer structural and (electro) chemical analyses performed in different sample batches of 

these materials 191-193. In regards to the types of oxygen-containing functional groups, the 

FTIR spectra of the GOs (Figure 2. 8 in chapter 2) show the presence of vibrational bands 

assigned to carboxy (C-O, 1406 cm-1), epoxy (C-O, 1220 cm-1), and alkoxy (C-O, 1058 

cm-1) groups, possibly situated at the edges of the graphene sheets 181, 191. At 1725 cm-1, the 

peak can be interpreted as the C=O stretching in -COOH groups. The broad -OH stretching 

vibrational band (3200–3700 cm−1) is common to both GOs but its predominance in the 

IGO spectrum (along with the more intense characteristic band of the vibrations of residual 

water at 1622 cm-1) 158 is an indication of higher content of intercalated water and more 

extensive oxidation. A more detailed look at the surface chemistry was provided by the 

XPS analysis. The high resolution C1s spectra are shown in Figure 3. 3. The peak area of 

each component, calculated after deconvolution, is shown in Table 3. 3 Noticeable from 

the peak deconvolutions is the different sp2/sp3 ratios obtained for the HGO (0.54) and IGO 

(0.27). Also, the relative intensity of the C-O peak (epoxy and hydroxyl, 286.8 eV) to the 

sp2 hybridized C (~284.3 eV) peak increases from HGO to IGO. This is further reflected 

in the C/O atomic ratios (as estimated from the survey spectra in Figure 3. 4) which 

decrease from 2.9 (for HGO) to 2.4 (for IGO). Overall, these observations corroborate a 

higher oxidation degree for the IGO. 204 
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Figure 3. 3. High resolution XPS C1s spectra of (a) HGO and (b) IGO. 

Table 3. 3. Relative percentage concentration of spectral components of the deconvoluted 

C1s peaks for HGO and IGO. Note: sp2 relates to C=C and sp3 to C-C, C-H. 

 

 

Figure 3. 4.  XPS survey spectra for HGO and IGO materials. 
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The above characterization confirms this line of thought for surface texture and 

chemistry of GOs. Importantly, it highlights how critical it is to select the correct synthesis 

and drying paths to optimize properties such as the microporosity of these materials. 

 3.3.2 CO2 capture studies 

Generally, it is believed that porous materials with a large population of ~1 nm 

pores show higher CO2 adsorption capacity than those with a predominantly mesoporous 

network.205 Also of note, porous carbons with ultra-micropores (<1 nm) are able to capture 

large amounts of CO2 gas at 1 bar183, 206, 207. In this section, we show how this applies to 

GO materials.  

First, the CO2 adsorption capacities of the two benchmark materials were measured from 

the adsorption isotherms at 298 K (Figure 3. 5a and Figure 3. 5b). When compared to the 

predominantly mesoporous SWCNT, a steeper profile at low pressures for the zeolite 13X 

is expected given its uniform microporosity. Consequently, this material is highly 

performant as a physical adsorbent, attaining 5.8 mmol g-1 at 1 bar. In identical conditions, 

the standard nanotubes sample took up a maximum of 1.1 mmol g-1 of CO2. For guidance, 

activated carbon and pyrolytic carbon materials can achieve, respectively, 1.8 mmol g-1 

and 1.2 mmol g-1 (at 1 bar and 298 K). 208, 209 
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Figure 3. 5. Pure component CO2 adsorption isotherms: (a) and (b) zeolite 13X and 

SWCNT, respectively, measured at 298 K and 1 bar; HGO and the IGO materials measured 

at 1 bar: (c) at 298 K; (d) at 273 K. 

 

Following the above, the CO2 adsorption–desorption isotherms for the GO 

materials were acquired at room temperature (Figure 3. 5c). At atmospheric pressure, the 

IGO (1.40 mmol g-1) exhibits almost double of the uptake capacity of HGO (0.81 mmol g-

1). Further to this, the two isotherms display minor hysteresis meaning that the gas 

adsorption is reversible.  
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The adsorption capacity of the GOs was further evaluated at low temperature (273 

K), as illustrated in Figure 3. 5d. The uptake values at 1 bar were, as expected, higher but 

entirely consistent with those at 298 K. Again, the IGO showed much larger sorption 

capacity than HGO (2.10 mmol g-1 against 0.97 mmol g-1, respectively) and, for both cases, 

the process was reversible. Interestingly, the increase in CO2 adsorption with decreasing 

temperature was more pronounced for the IGO (33% increase) than for the HGO (15%) 

powder. These results suggest that, in addition to the specific surface area, other key factors 

are responsible for the CO2 adsorption performance (discussed further on). 

Considering the reversibility observed at room and low temperatures, it is plausible to infer 

that the uptake of CO2 by the GOs takes place via physisorption. To confirm this, the IGO 

was subjected to a flow of CO2 and DRIFT spectroscopy was performed (Figure 3. 6). The 

in situ IR spectrum obtained (in red, Figure 3. 6) overlapped almost entirely with that of 

the non-exposed IGO (in black). The additional bands observed, marked in Figure 3. 6 with 

a star, originate from the gaseous CO2 flowing through the chamber: the ν3 (asymmetric 

stretching) band at 2346 cm−1, the combination bands (ν3 + ν1, ν3 + 2ν2) at 3714 and 3598 

cm−1, the ν1 (symmetric stretching) band at 1381 cm−1 and the (v2) bend O=C=O band at 

665 cm-1. 210-212
 After interrupting the gas flow, the IR spectrum obtained (in blue) was 

similar to that of the non-exposed IGO (in black). Taken together, there were no new 

chemical bonds or formation of carbonate on the IGO surface, establishing the adsorption 

process as a purely physical phenomenon. 
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Figure 3. 6. DRIFT spectra of IGO: in its initial non-exposed state (black curve), under a 

CO2 flow (red curve) and after the CO2 exposure (blue curve). The * identifies bands from 

the gaseous CO2. 

 

Typically, the flue gas emitted by coal-fired power plants contains approximately 

15% of CO2 which is balanced with N2, at a total pressure of ~1 bar. Hence, it is critical 

that the adsorbent material exhibits high selectivity for CO2 over N2, at room temperature 

and atmospheric pressure.213 Given the diversity of experimental methods and models used 

to calculate the selectivity of CO2 uptake, it is not strictly correct to refer to literature values 

in a comparative study. In view of this, we started by evaluating the CO2/N2 selectivity of 

the two benchmark materials, zeolite 13X and the standard SWCNT. In our process, 
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experimental single-component isotherms and the ideal adsorption solution theory (IAST) 

were used. Given that the CO2 isotherms (at 298 K) for the benchmark materials had been 

acquired (Figure 3. 5), it was necessary to analyze the analogous N2 adsorption isotherms 

(shown in Figure 3. 8). Subsequently, their CO2/N2 selectivity was calculated for the range 

of pressures up to 1 bar. Expectedly, the molecular sieve presented an outstanding value of 

365, at atmospheric pressure (Figure 3. 7a). In sharp contrast, and under the same 

conditions, the SWCNT had a significantly lower value of 13 (Figure 3. 7b). 

 

Figure 3. 7. CO2/N2 selectivity calculated by IAST method for CO2:N2 gas mixture of 

0.15:0.85 for: (a) Zeolite 13X; (b) SWCNT; (c) (IGO) at 298 K. 

 

Figure 3. 8.   N2 adsorption isotherms of zeolite 13X, SWCNT and IGO, respectively, 

measured at 298 K and 1 bar. 
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The same procedure was applied to the IGO powder (Figure 3. 7c) which attained 

the respectable mark of 70. Further to the room temperature analysis, we also investigated 

the selectivity for the GO materials at lower temperature (Figure 3. 8). The N2 adsorption 

isotherms of HGO and IGO, measured at 273 K, can be seen in Figure 3. 10. Both powders 

showed a measurable increment in CO2/N2 selectivity with figures (at 1 bar) of 56 (for 

HGO) and 85 (for IGO). Overall, the IGO stands out as the most selective CO2 adsorbent 

of the three carbonaceous materials tested. While not as performant as the benchmark 

zeolite 13X, it exhibits more than five times the selectivity of the standard SWCNT (despite 

having the same surface area of the nanotubes sample). Remarkably, even considering 

deviations originated from the application of different methods and models to estimate 

selectivity, the values attained with the present IGO surpass significantly many other 

traditional and emerging CO2 adsorbents (see Table 3. 4). 

 

Figure 3. 9. CO2/N2 selectivity calculated by IAST method for CO2:N2 gas mixture of 

0.15:0.85 for: (a) HGO, (b) (IGO) at 273 K. 
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Figure 3. 10. N2 adsorption isotherms of IGO material measured at 273 K and 298 K and 1 

bar. 

Table 3. 4. Comparison of the surface area, isosteric heat of adsorption and CO2/N2 

selectivity of different adsorbent materials (with IGO calculated from the pure 

component adsorption isotherms). 

 

 

 



77 
 

Taking advantage of the above sets of isotherms and the Clausius–Clapeyron 

equation,214 the isosteric heat of adsorption (Qst) was calculated for the two GOs (Figure 3. 

11). For IGO, the initial 𝑄𝑠𝑡,𝐶𝑂2
value is relatively high, at 35.3 kJ mol-1. We attributed this 

to the strong adsorbent–adsorbate interaction between the (predominantly) microporous 

IGO and the CO2 molecules. Still, this figure is well within the range of ordinary 

physisorption (i.e. <40  kJ mol-1).213 With increasing adsorption coverage, the favorable 

active sites were consecutively occupied by CO2 and the 𝑄𝑠𝑡,𝐶𝑂2
 decreased to a constant 

33.0 kJ mol-1 (from ~0.9 mmol g-1 onwards). This value is similar to the 𝑄𝑠𝑡,𝐶𝑂2
 of hybrid 

materials such as GO/ZIF (31.9 kJ mol-1) 215 but lower than those obtained for other porous 

materials based on graphene (56 kJ mol-1).216 185, 217-219 As concerns the HGO, the average 

value was 28.2 kJ mol-1. The smaller 𝑄𝑠𝑡,𝐶𝑂2
 of HGO could be a reflection of the lower 

density of oxygen-containing functional groups in its structure.  
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Figure 3. 11. Isosteric heat of adsorption of pure CO2 onto HGO and IGO as a function of 

CO2 uptake. 

 

For completeness, the isosteric heat of N2 adsorption (𝑄𝑠𝑡,𝑁2
) was also calculated 

for the IGO powder (Figure 3. 12). Again, the average value obtained (21.9 kJ mol-1) was 

well within the physisorption range but considerably lower than the corresponding 𝑄𝑠𝑡,𝐶𝑂2
. 

This further corroborates the preferred adsorption of CO2 by IGO. In any case, these 

findings suggest that both gases (CO2 and N2) interact with IGO through equivalent 

sorption mechanisms such as electrostatic and/or van der Waals forces (i.e. weak 

interaction forces). 

 

Figure 3. 12. Isosteric heat of N2 adsorption for IGO. 



79 
 

 

A key factor on the practical utility and reliability of a physical adsorbent material 

for post-combustion CO2 capture applications is whether it can be re-used without loss of 

function. To address this matter, cyclic CO2 adsorption/regeneration experiments were 

carried out for the IGO by swinging the pressure between vacuum (<0.01 bar) and 1 bar at 

273 K. As shown in Figure 3. 13, the amount of CO2 adsorbed remained almost constant 

after ten adsorption/regeneration cycles. 

 

Figure 3. 13. Cyclic CO2 adsorption performance of IGO at 273 K. 

3.4 Discussion 

The two benchmark materials were critical to correctly situate the uptake capacity 

and selectivity of the GO materials. The results above confirm that the zeolite 13X is a 

perfectly defined and homogenous microporous material with a high specific surface area. 

As expected, it shows outstanding uptake capacity and selectivity for carbon dioxide. By 

contrast, the standard SWCNT (SRM2483), whilst having similar surface area to the 
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molecular sieve, is a predominantly mesoporous material with a large PSD. Its CO2 uptake 

is unremarkable and the affinity for this gas in the presence of nitrogen was the lowest of 

all materials tested. To our knowledge, there are no previous studies addressing the surface 

textural and gas adsorption characteristics of this standard197. As a metrology tool, the 

SRM2483 was not developed for the purpose used here. However, it remains the closest to 

a structural and chemically homogenous material that is commercially available for the 

perusal of the nanocarbons community (along with two other standards, SWCNT-1 220 and 

RM8281 221).  

Concerning the two GOs analyzed, it is clear that the IGO is superior in all aspects 

related to CO2 adsorption. Besides having a sizeable surface area and a dual character of 

micro- and meso-porosity, it also incorporates a large number and diversity of oxygen-

containing functional groups. Importantly, the IGO showed the best uptake capacity and 

selectivity of all three nanocarbons tested, whether at room or low temperature. The 

calculated isosteric heats of adsorption support the view of a material that has stronger 

affinity for CO2 than N2 at atmospheric pressure but maintains this interaction within the 

physisorption regime (<40  kJ mol-1).  

Taking into account the specific surface area of the standard SWCNT and IGO 

materials, our results confirm that the total adsorption capacity in nanocarbons is not just a 

function of the specific surface area. A large micropore volume is mandatory for an 

optimum packing of the CO2 molecules at room temperature. To evaluate this hypothesis, 

we performed additional experiments with an IGO having a more pronounced mesoporous 

character. As it will be displayed in Chapter 4193, it is possible to tailor the porosity of these 
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powders by carefully selecting the drying method. Effectively, when critical point drying 

(CPD) is employed instead of the vacuum approach used above, the PSD of the IGO shifts 

from predominantly micro- to meso-porous (Figure 3. 14 and Table 3. 5). Figure 3. 14 

demonstrates the effect of the selection of the drying method on the porosity and the CO2 

uptake. The IGO-CPD exhibited meso-porous structure compared to the micro structure of 

the IGO-vacuum, which confirms that it is possible to tailor the porosity of the GOs 

material (Figure 3. 14a and 3. 14b and Table 3. 5). On the other hand, the IGO-CPD shows 

lower CO2 uptake (1.9 mmol g-1) compared to the CO2 uptake for the IGO-vacuum (2.1 

mmol g-1) at 273 K and 1 bar (Figure 3. 14c). In addition to surface area and porosity, it is 

feasible to state that the relatively high density of oxygen-containing functional groups also 

contributed to enlarge the CO2 uptake capacity and selectivity in IGO. In fact, Liu et al. 

demonstrated that oxygen-containing functional groups can enhance CO2 adsorption 

density in microporous carbons222. Therefore, we suggest that the surface chemistry of IGO 

provides various weakly binding mechanisms for gas molecules185, 223 - including polar 

charges, hydrogen bonding and acid–base interactions - which contributed to the observed 

CO2 capacity improvement.  

 

Figure 3. 14. (a) N2 adsorption–desorption isotherms of IGO-vacuum and IGO-CPD, at 77 

K; (b) Pore size distributions for the IGO-vacuum and IGO-CPD (in N2 and calculated 
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using NLDFT); (c) N2 adsorption isotherms of IGO-vacuum and IGO-CPD measured at 

273 K and 1 bar. 

Table 3. 5. Specific surface area and pore structure of the IGO-vacuum and IGO-CPD. 

 

3.5 Conclusions 

The surface textural characteristics and CO2 adsorption capacity of two benchmark 

materials and two GO powders were analyzed. The use of the zeolite 13X and the standard 

SWCNT provided a validation tool for the surface area, porosity and gas uptake measured 

for the Hummer’s and Improve Hummer’s GOs. The results obtained for the IGO are 

remarkable since along with the highest specific area, microporous volume and CO2 

adsorption capacity of the three nanocarbons tested, it also shows very good CO2 selectivity 

within the physisorption regime. These observations strengthens our view that it is critical 

to select the synthesis steps of (reduced)GO materials – drying step included – according 

to the envisaged application. Focusing on the rGO materials, Chapter 4 will describe how 

to control the in porosity, chemical and physical properties in view of an application in the 

energy storage filed (i .e Supercapacitors). 
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CHAPTER 4 

Process to Enhance the Specific Surface Area and Capacitance of Hydrothermally 

Reduced Graphene Oxide 

Amira Alazmi et al., Nanoscale, 8 (2016) 17782-17787 

S. Rasul, Amira Alazmi et al., Carbon, 111 (2017) 774-781 

4.1 Introduction 

In Chapter 2, GO was synthesized by two of the most common synthesis methods, 

the classical Hummers'62 and the improved Hummers'63  methods, subsequently reducing 

them under thermal, chemical or hydrothermal conditions to obtain six different rGOs (see 

also tree sample scheme in Figure 2. 2). Following up on Chapter 2 study, here the complete 

set of GO and rGO products are analyzed as we questioned how much influence the 

oxidation-reduction routes would have on the supercapacitor performance of these 

materials. 

The charge-discharge performance, taken at different current densities, for the sets 

of rHGO and rIGO electrodes is shown in Figure 4. 1a and b. For the rHGO products, the 

results indicate that the specific capacitance figures are relatively low at <150 F g-1, 

irrespective of the current density used. Furthermore, the rHGO/hydrazine and 

rHGO/hydrothermal retain only 40% of the initial capacitance when cycled at higher rates, 

i.e. 100 A g-1. Contrastingly, in the rIGO set, the capacitance figures are higher (exception 

to the rIGO/N2, similar to the rHGO analogue) and the rIGO/hydrazine and 

rIGO/hydrothermal products show 70% and 60% capacity retention at higher charge-

discharge rates, respectively. The fact that the rIGO/hydrazine shows the highest capacity 
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retention could be attributed to the better electronic conductivity arising from the nitrogen 

doping, as confirmed in the previous XPS analysis176. 

 

Figure 4. 1. The specific capacitance performance vs current density for a) rHGO and b) 

rIGO in 1.0 M H2SO4. 

The above results demonstrated that the chemically or hydrothermally reduced rGO 

exhibited the highest capacitance among the tested materials. The chemical reduction 

approach requires chemical reagents, e.g. hydrazine or derivatives, and moderate heating 

(<100⁰C, sometimes room temperature). However, hydrazine is extremely toxic and 

potentially explosive. In contrast, the hydrothermal reduction of GO is a promising method 

because it is an environmentally friendly as this process is carried out at relatively low 

temperature (~180°C) and in water. Moreover, it is a safe process that may be easily scaled 

up. Hence, the hydrothermal path is the best candidate to produce an environmentally 

friendly EDLC electrodes, thus it is important to maximize its specific surface area. 

However, a literature search reveals that most reported hydrothermally-reduced graphene 

oxide composites have a relatively low surface area, <100 m2 g−1. 224-226 In this respect, a 

key step is the solvent-drying process after extracting the rGO product from the autoclave. 

In previous Chapter 3, the importance of this has already been stated.  
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The most common approach is air or vacuum drying under mild temperatures (<100 

oC), a method that has been found to induce the agglomeration of rGO flakes. 227-229 Briefly, 

the porous structure of the “wet” rGO collapses upon drying as it is subjected to surface 

tension and capillary forces. One less-commonly used approach, which has been used in 

the preparation of aerogel materials, is freeze drying. 230 This process consists of removing 

water from frozen material by sublimation and desorption under vacuum. However, various 

stresses are generated during the freezing and drying steps, particularly due to the so-called 

bound water (the small percentage of water that remains in the liquid state and does not 

freeze). Whether employing air, vacuum or freeze drying, residual humidity and induced 

stresses are two common factors in these methods that considerably defeat the purpose of 

obtaining high surface area, dry rGO powders (Figure 4. 2). One possible way to avert this 

is to use critical point drying (CPD), widely employed in the preparation of biological 

specimens (e.g. plant tissue) for electron microscopy imaging231-233. However, its 

application to drying of powdered carbon materials such as rGO is not explored yet. In the 

case of hydrothermally-reduced GO, the water would be exchanged by the intermediate 

dehydration liquid, ethanol, which would in turn be replaced by supercritical CO2. In the 

absence of a liquid-air phase boundary, surface tension is eliminated and, upon, release of 

the CO2 as gas, the dry, porous rGO could be collected (Figure 4. 2 and Figure 4. 3). 
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Figure 4. 2. Schematic illustration of the various drying processes available for rGO. CPD 

is known to preserve porous three-dimensional networks upon water extraction as opposed 

to approaches based in vacuum or freeze drying that result in pore collapse. 

 

Having surveyed the literature, there were no reports where CPD had been 

employed as a drying process for rGO. More importantly, there is no real appreciation of 

how the drying step may influence the properties of rGO materials such as their capacitance 

performance. To address this issue, we compared the effect of employing vacuum, freeze 

and CPD drying methods on the morphology, specific surface area, porosity and 

electrochemistry of hydrothermally-reduced GO. For this work, we had to develop our own 

vessel as the equipment did not have one specific for powdered materials. 
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Figure 4. 3. Digital photos of: (a) the wet rGO, (b) the rGO in (a) after CPD processing, (c) 

two vials with 100 mg each of dried rGO products – the higher volume occupied by the 

rGO/CPD is notable. 

4.2 Experimental 

The preparation of the rGO materials was carried out using two steps. Firstly, the 

oxidation of graphite powder followed the procedure outlined in Chapter 2 work (adapted 

from the so-called improved Hummers’ method)151, 234. Next, the GO product was divided 

into three equal parts: the first was dried in vacuum at 60 ⁰C for 12h (in a Thermo Scientific 

Lindberg Blue M vacuum oven), the second was freeze-dried under reduced pressure 

(0.133 mbar) in a Labconco Freezone 2.5 plus for 24 hours and the third part was dried by 

CPD (in CO2). The CPD was performed in a Leica EM CPD300. Then, the reduction of 

the dried GO parts was undertaken through a hydrothermal method (at 180 ⁰C for 24h). 

This was followed by a drying step similar to, and consistent with, the one used for the 
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parent GO part. The dried hydrothermal rGO products are hereafter designated as 

rGO/vacuum, rGO/freeze and rGO/CPD. The vessel design is illustrated in Annex 1. 235 

4.3 Results and Discussion 

Concerning the morphology and size of the rGO aggregates, scanning electron 

microscopy (SEM) and optical imaging suggest there is a visible effect when using varied 

drying methods (Figure 4. 4, Figure 4. 5 and Figure 4. 3). Of the three hydrothermal rGO 

samples studied (rGO/vacuum, rGO/freeze and rGO/CPD), the one dried with CPD clearly 

exhibited the finest and most consistent separation of the graphitic basal planes (Figure 4. 

4c and Figure 4. 4d, cf. also Figure 4. 5c and Figure 4. 5d). Moreover, visual comparison 

of the products shows that, for identical mass, the rGO/CPD occupies a larger volume 

(Figure 4. 3). This attests the network collapse upon vacuum and freeze drying. 
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Figure 4. 4. SEM images of: (a) rGO/vacuum; (b) rGO/freeze; (c - d) rGO/CPD. 

 

Figure 4. 5. SEM images of the (a - b) rGO/vacuum and (c - d) rGO/CPD samples. It is 

easily recognizable that the separation of the layers in the CPD product is more 

regular/homogenous across the entire sample, i.e. not restricted to a particular aggregate or 

parts of this.  

X-ray powder diffraction (XRD) and photoelectron spectroscopy (XPS) analyses 

were performed to compare the structure and surface chemistry of the rGOs as well as to 

assess the effectiveness of the reduction step. All samples exhibited two broad diffraction 

peaks at 2θ = 25° and 43°, which were assigned to the (002) and (101) planes of graphite, 

respectively (Figure 4. 6). 236 The structural and chemical similarity of the rGOs was further 

confirmed by the high resolution XPS study of the C1s peak, as shown in Figure 4. 7. 

Hence, independently of the drying method employed, the final products had equivalent 

reduction levels, structure and surface chemistry. 
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Figure 4. 6. Powder XRD patterns of the graphite precursor, rGO/vacuum, rGO/freeze and 

rGO/CPD samples. The rGOs have equal spectra precluding therefore structural 

dissimilarities. 

 

Figure 4. 7. High resolution XPS C1s spectra of (a) rGO/CPD, (b) rGO/freeze and (c) 

rGO/vacuum samples. The deconvolution of the C1s peak confirms the equivalent 

chemical identity in the three samples. The high-resolution C 1s spectrum was convoluted 

for rGO/vacuum, rGO/FD and rGO/CPD. The spectrum shows an intense peak of C=C (sp2 

arrangement) located at 284.4 eV. Besides the C=C peak, the C 1s spectrum deconvolution 

identified five other bands: sp3 (285.3 eV), C-OH (286.4 eV), C=O (288.0 eV), O-C=O 

(288.9) and the π-π* satellite peak (290.8 eV). The relative concentration (atomic %) of 
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the components was calculated by using CasaXPS software as: C=C 65%, sp3 13%, C-OH 

11%, C=O 5%, O-C=O 3% and Pi-Pi* 3%. 

N2 adsorption/desorption measurements were performed at 77 K to characterize the 

specific surface area and pore size distribution of the rGO materials (Figure 4. 8). The three 

isotherms in Figure 4. 8a are of type IV indicating the presence of mesopores, as per the 

IUPAC classification.237 While similar in type, the isotherms show significant differences 

in N2 uptake and shape of the hysteresis loop. Accordingly, the rGO/vacuum and 

rGO/freeze exhibited type H3 loops (Figure 4. 9), which are identified with plate-like 

porous aggregates as these originate slit-shaped interlayer pores.238 In contrast, the 

rGO/CPD has a type H2 hysteresis response. This reveals the presence of a congruent 

network of interconnected pores. In addition, this sample showed large N2 uptake which 

could be correlated with a total pore volume of 1.17 cm3 g-1 and a Brunauer-Emmet-Teller 

(BET) specific surface area of 364 m2 g-1. This area is one order of magnitude higher than 

those of the rGO/vacuum and rGO/freeze samples (Table 4. 3). As previously stated, 

reported values for hydrothermal rGO, and respective composites, are usually <100 m2/g. 

(see also Table 4. 1)224, 226, 225, 226, 239. 

Table 4. 1. Specific surface areas reported in the literature for reduced graphene oxide using 

the hydrothermal reduction method. 
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Figure 4. 8. (a) Nitrogen adsorption–desorption isotherms; (b) pore-size distributions for 

N2 (calculated by using a slit DFT slit model). 
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Table 4. 2. Specific surface area and pore structure of the rGO materials studied. 

 

 

Figure 4. 9. Nitrogen adsorption–desorption isotherms of: (a) rGO-vacuum, (b) rGO-

freeze. 

Pore size distribution has been assessed by means of the Barrett-Joyner-Halenda 

(BJH) adsorption method and density functional theory (DFT) assuming slit pore shapes 

(Figure 4. 10 and Figure 4. 8b, respectively). Although the textural analysis shows pores 

<2 nm in size for both rGO/vacuum and rGO/CPD, these account little in the overall 

porosity, as per the micropore volume and area values extracted from t-plots (see Table 4. 

3). Interestingly, the presence of micropores is absent in the rGO/freeze sample. From the 

BJH and DFT pore size distribution profiles, it is obvious why the rGO/CPD shows 

superior surface area. With a width range of about 1 nm to more than 75 nm, the largest 
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contribution (mode) originates from 20 nm sized mesopores. Note that, at the critical point 

of CO2 (304.1 K, 7.39 MPa), the exchange of molecules between the gas and fluid phases 

is balanced and the density of the fluid and gas phases is equal. The absence of a liquid–

gas interface (surface tension is zero) is crucial to retain the original rGO nanosheets’ 

network (no structural collapse, as schematised in Figure 4. 1). Furthermore, it is plausible 

that additional layer/nanosheet separation can be promoted by the expansion/release of 

intercalated CO2.240 Overall, the rGO/CPD is a mesoporous material with a relatively high 

surface area and wide pore size distribution. The contrast with the vacuum and freeze dried 

products (structurally collapsed) is easily observable by naked eye, as the side-by-side 

photo in Figure 4. 2 shows.  

 

Figure 4. 10. Pore-size distribution profiles from adsorption of N2 on the studied rGO 

materials (calculated using the BJH method). 
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To correlate the effect of the drying step with the properties of the rGO materials, 

their electrochemical capacitive behavior was characterized by cyclic voltammetry (CV) 

and galvanostatic charge–discharge (GCD) in a three-electrodes configuration (Figure 4. 

11). While a fairly rectangular shape was obtained for all cases (indicating a dominant 

EDLC-type behavior), both the electrodes using rGO/vacuum and rGO/freeze materials 

exhibited low current responses when compared to the CV profile of the rGO/CPD 

electrode (Figure 4. 11a). The pair of broad peaks at ~0.3-0.4 V is attributed to the 

reversible redox reaction of residual oxygen-containing functional groups (e.g. hydroxyl, 

carbonyl and carboxyl), known to persist in the rGO materials234, 241. As for the GCD 

profiles in Figure 4. 11b, these repeatedly showed a slight non-linear shape, which 

confirmed the existence of both EDLC and pseudocapacitive responses in the materials. 

The calculated specific capacitance of the rGO/vacuum, rGO/freeze and rGO/CPD was 

258, 262 and 441 F g-1, respectively. The rate capability of the rGO/CPD electrode was 

tested by calculating the specific capacitances at current densities from 1 to 8 A g-1 (Figure 

4. 11c). The values extracted from the discharging curves were 441-419 F g-1, indicating a 

remarkable consistency in the electrochemical response. Finally, the stability of the 

rGO/CPD electrode was studied using GCD at a current density of 1 A g-1 for 200 cycles 

(Figure 4. 11d). One other rGO/CPD sample, also probed in a three-electrode 

configuration, was cycled for a longer period of time (1000 cycles at 1 A g−1) and showed 

similar behavior (Figure 4. 12). While the initial drop was most likely due to an activation 

process,242 the results point to a long-term performance with full capacitance retention. 

Given the structural and chemical similarity of the materials, the excellent capacitance 

behavior and stability of rGO/CPD (almost two times higher than rGO/vacuum and 
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rGO/freeze) can be attributed to the network of interconnected pores described above. The 

optimized network, where mesopores predominate, facilitates the rapid ion transportation 

and reversible adsorption of H+ and SO4
2- during charge/discharge processes. Note that the 

specific capacitance achieved for the rGO/CPD material is considerably greater than other 

values reported in the literature for analogous rGO materials, usually <300 F g-1 (cf. Table 

4. 4)65, 78, 243-246.  

 

 

Figure 4. 11. (a) CV curves of rGO/vacuum, rGO/freeze, and rGO/CPD in 1M H2SO4 at a 

scan rate of 100 mV s-1; (b) Galvanostatic charge–discharge curves at a constant current 
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density of 1 A g-1; (c) Specific capacitance of rGO/CPD at different current densities; (d) 

CPD at a current density of 1 A g-1. 

 

Figure 4. 12. Cyclic performance of a rGO/CPD sample, at a current density of 1 A g-1 in 

H2SO4. The capacitance is well retained throughout, at more than 400 F g-1. 

Table 4. 3. Electrochemical performance of rGOs reported in the literature. 
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4.4 Conclusions 

The selection of the post-synthesis drying approach for hydrothermally reduced GO 

plays a significant role in controlling the surface area, porosity and electrochemical 

response of this material. By fine-tuning this step, record high specific surface area and 

capacitance were achieved for the rGO/CPD product (364 cm2g-1 and 441 Fg-1, 

respectively). Therefore, it is likely that the preservation of the porous network in rGO 

materials for supercapacitor electrodes provides: (i) higher capacitance levels; (ii) faster 

electron transport during the charge/discharge processes; (iii) better transport pathways for 

solvated ions.  

After it has been confirmed that the IGO-based material has great advantages over 

HGO-based material, it is also important to investigate the influence of the graphite 

oxidation (reduction) step on the rGO composites, which will be shown in Chapter 5.  
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CHAPTER 5 

Cobalt Ferrite Supported on Reduced Graphene Oxide as a T2 Contrast Agent for 

Magnetic Resonance Imaging 

5.1 Introduction  

 In recent years, various types of nanoparticles have been investigated as potential 

magnetic resonance imaging (MRI) contrast agents. At the nanoscale, it is more likely 

to observe particles that constitute a single magnetic domain, potentially resulting in 

superparamagnetic behaviour. This is assumed to be the most favourable condition for 

solid-state contrast agents as the uniform directionality of the field will maximise the 

magnetization strength. It is known that to achieve this maximal magnetic moment, the 

particle must remain below a certain size threshold (upwards from which a multi-

domain regime occurs).247 Superparamagnetism is marked by the absence of remnant 

magnetization after removal of external fields. When applied to nanoparticles, this 

property assists in maintaining colloidal stability and, most importantly, avoid 

aggregation (which is key for use in in biomedical applications).248 However, with size 

reduction (and the associated increase in surface-to-volume ratio), some phenomena 

become more pronounced which can deleteriously alter the superparamagnetic 

response of a nanoparticle. These include, amongst others, agglomeration, spin-glass-

like behavior, non-collinear spins and spin canting. 248, 249    

Spinel ferrite compounds MFe2O4 (M = Mn, Co, Ni, Fe, etc.) are a class of metal oxide 

materials that offer a broad spectrum of applications 250, 251. In particular, cobalt ferrite 

(CoFe2O4) nanoparticles (NPs) have been studied as signal enhancement agents in 

MRI, due to the large Curie temperature, moderate saturation magnetization and a 
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notable magneto-crystalline anisotropy.252, 253 Recently, nanocomposites that consist of 

GO mixed with CoFe2O4 NPs have also been investigated. 254, 255 The reason to resort 

to a GO substrate is that it anchors the NPs (avoiding aggregation and/or sedimentation) 

and it shows a fairly biocompatible surface.254  

While GO is a valid option as a supporting matrix it is chemically reactive (due to the 

profusion of grafted functional groups) and, under physiological conditions, this could 

represent a liability (e.g. risk of early deactivation). On the other hand, its reduced 

counterpart, the reduced graphene oxide (rGO), retains the flaky layered structure of 

GO but it is more inert. To the best of our knowledge, there are no reports regarding 

the proton relaxivity value obtained in CoFe2O4- rGO composites. Herein, a systematic 

study is conducted to understand how the MRI contrast changes in these composites as 

a function of the metal oxide loading. In addition, two different types of rGO were used 

to investigate if tuning the texture and surface chemistry of the supporting matrix could 

improve the contrast enhancement capability of this hybrid material. 

5.2 Experimental  

5.2.1 Synthesis of the GO precursor 

 Graphene oxide was prepared from graphite powder (Alfa Aesar, <50 μm) 

through one of two commonly used chemical processes: the Hummers’ (HGO) 158 

or the so-called improved Hummers’ (IGO) 151 methods. The hydrothermally 

reduced GOs were prepared as follows: 100 mg of HGO (or IGO) powder was 

dispersed in 40 mL of deionized water and stirred for 24 h to form an aqueous 

dispersion. Then, the mixture was transferred to a 50 mL Teflon-lined stainless steel 
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autoclave and kept in an oven at 180 °C for 24 h. The product was collected, 

centrifuged and washed several times with deionized water and freeze-dried under 

reduced pressure (0.133 mbar) for 24 h in a Labconco Free Zone system. The 

reduced GO prepared by the Hummers’ method is hereafter designated as rHGO and 

that prepared by the improved Hummers’ method is designated as rIGO.  

5.2.2 Synthesis of the CoFe2O4/rGO composites 

CoFe2O4-rGO composites with metal oxide loadings of 0, 5, 10, 16 and 30 wt% were 

prepared by a hydrothermal method using water as a solvent. In a typical synthesis 

procedure 100 g of HGO (or IGO) was dispersed in 30 ml of water with sonication 

for 12 h. Stoichiometric amounts of Co(NO3)2·6H2O (Sigma Aldrich) and 

Fe(NO3)3·9H2O (Sigma Aldrich) were added into the GO aqueous dispersion 

followed by stirring at room temperature. The pH of the reaction mixture was 

adjusted to 10 by adding the needed volume of a NH3·H2O solution; the mixture was 

then transferred to a 50 mL Teflon-lined stainless steel autoclave and kept in an oven 

at 180 °C for 24 h. The product was collected, centrifuged and washed several times 

with deionized water and freeze-dried under reduced pressure (0.133 mbar) for 24 

h. For comparison, the pure CoFe2O4 NPs were synthesized as follows: In a typical 

synthesis, 0.5 g of Co(NO3)2·6H2O and 1.37 g of Fe(NO3)3·9H2O were dissolved in 

30 ml of water.  After that, The pH of the reaction mixture was adjusted to 10 by 

adding the needed volume of a NH3·H2O solution; the mixture was then transferred 

to a 50 mL Teflon-lined stainless steel autoclave and kept in an oven at 180 °C for 

24 h. The product was collected, centrifuged and washed several times with 

deionized water and freeze-dried under reduced pressure (0.133 mbar) for 24 h. 
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5.3 Measurements 

5.3.1 In-vitro cytotoxicity 

HeLa cells were seeded in 96-well plates (6 × 103 cells/well) in 100 µl of a Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% foetal bovine serum (FBS) 

and 1% penicillin-streptomycin at 37 °C in a 5% CO2 humidified atmosphere for 24 h. 

After cell attachment, the cells were washed with Dulbecco's phosphate buffer solution 

(DPBS) and incubated at different concentrations (5, 10, 20, 25, 50 μg/mL) of rIGO, rHGO, 

CoFe2O4-rHGO 30% and CoFe2O4-rIGO 30% in the DMEM for 24 h at 37 °C. The culture 

medium was then discarded, the CCK-8 solution was added into the wells, and the plate 

was incubated for an additional 4 h in darkness. The absorbance values were measured at 

450 nm using a microplate spectrophotometer (xMark™ Microplate Absorbance 

Spectrophotometer). 

5.4 Results and discussion 

5.4.1 Structural and chemical characterization 

First, the spinal ferrite NPs and respective composites were analyzed in regards to 

their shape, size, composition and structure. A tableau of representative TEM 

micrographs for the entire set of synthesized materials is shown in Figure 5. 1. From 

those referring to the CoFe2O4-rGO composites (Figure 5. 1a-h), 5–13 nm NPs are 

seen to be distributed randomly on the surface and at the edges of rGO sheets. In all 

cases, the presence of C, O, Fe and Co was confirmed by EDS probing (Figure 5. 

2). Throughout the set of composites, the morphologies of the substrate sheets (rGO) 

look similar but the size of the nanoparticles (CoFe2O4) is notably different. The bar 

charts with size distribution were obtained from the statistical analysis of TEM 
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images, with the number of NPs counted exceeding 100. The average particle size 

(Dav) and corresponding standard deviation (σ) are also presented in Figure 5. 1 and 

Table 5.1. Generally, the CoFe2O4 particles that were grafted onto the flakes grew 

as the loading concentration increased (from 5-30 wt%); this happened irrespective 

of the type of GO precursor employed. However, for equivalent loadings, their 

average size was smaller in the rHGO composites than in the rIGO ones. A possible 

reasoning is that the sheets of the IGO precursor have a greater amount of 

oxygenated groups151, 182, 256 which, upon the reduction reaction, will produce a 

higher amount of gaseous species. The build-up of pressure in the autoclave will 

favour both the nucleation rate and the growth kinetics of the cobalt ferrite NPs. 257 

Further considerations can be found in the (Figure 5. 3). Altogether, as the optimal 

loading and resulting particle size are concerned, it can be stated that it is not just 

the metal oxide precursor concentration that matters but also the type of GO 

precursor that is used. 
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Figure 5. 1.  (a-d) TEM images (and inset graph of size distributions) of CoFe2O4-rHGO 

composites with 5, 10, 16 and 30 wt% CoFe2O4, respectively; (e-h) TEM images (and inset 

graph of size distributions) of CoFe2O4-rIGO composites with 5, 10, 16 and 30 wt% 

CoFe2O4, respectively; (i) TEM image (and inset graph of size distribution) of pure 

CoFe2O4 NPs. 

Table 5. 1. Particle size distribution for the CoFe2O4 NPs, CoFe2O4-rHGO composites and 

CoFe2O4-rIGO composites from the TEM images. 
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a(Dav) is the average particle size obtained from TEM images. 

b(σ ) is the standard deviation measured from the TEM particle distribution. 
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Figure 5. 2. SEM and EDS analysis results for CoFe2O4- rGO composite. 

 

 

Figure 5. 3 Synthesis of the CoFe2O4-rGO composites via in-tandem hydrothermal 

reduction method. 

 

The XRD patterns of NPs, pure rGOs and their respective composites are presented in 

Figure 5. 4. For the CoFe2O4 NPs, the diffractogram confirms the expected cubic spinel 

phase (space group 227 or Fd-3m, ICDD card 03-0864). The patterns of the rHGO (Figure 

5. 4a) and rIGO (Figure 5. 4b) also follow the general profiles for these materials.64, 258 As 

for the composites, it is interesting that the set of diffractograms for the rHGOs are 

dominated by the peaks of the carbonaceous matrix whereas those of the rIGOs go through 

an inversion from sheets to particles, upwards from 16 wt% loadings. In fact, for the 

maximum loading tested (30 wt%), the rIGO peak at 2θ = ~25o becomes overshadowed by 
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those of the grafted NPs (which are similar, in shape and intensity ratios, to the peaks of 

the stand-alone NPs). This concurs with, and extends, the localized TEM results to the bulk 

powder. Effectively, the 30 wt% CoFe2O4–rIGO composite is the one with higher loading 

efficiency and generated NPs as crystalline and large as the stand-alone ones.  

 

Figure 5. 4. XRD patterns for the (a) CoFe2O4, rHGO and CoFe2O4-rHGO composites with 

5, 10, 16 and 30 wt% CoFe2O4, respectively; (b) CoFe2O4, rIGO and CoFe2O4-rIGO 

composites with 5, 10, 16 and 30 wt% CoFe2O4, respectively. 

To confirm the successful synthesis of the cobalt ferrite NPs and the structural 

constancy of the rGOs in the composites, Raman spectra were acquired for all 

samples (Figure 5. 5). For the stand-alone particles, a set of bands between 100 cm-

1 and 750 cm-1 were visible, identified as the characteristic peaks of the CoFe2O4 

spinel structure, namely the A1g + Eg + 3T2g resonant modes. 259 The spectra of the 

rGOs had similar profiles, showing the expected D and G bands of disordered 

carbon. The intensity ratio of these bands differed slightly with the rIGO showing a 

more preponderant D band. Likewise, in all CoFe2O4-rGO composites, the D and G 
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bands of the support dominated, with the peaks of the NPs noticeable only in the 30 

wt% loading samples. Interestingly, the frequencies of the D (1328 cm-1) and G 

(1598 cm-1) bands do not change with loading or type of rGO. However, when 

inspecting the set of spectra for rHGO, their intensity ratio changed from the parent 

flakes to the composites. This could be due to the hydrothermal synthesis conditions 

as it may induce additional exfoliation and expose more defects in the graphene 

lattice.151, 182, 256 Altogether, there were no visible differences in the Raman spectra 

of the composites derived from HGO or IGO.    

 

Figure 5. 5. Raman spectra for the (a) rHGO, CoFe2O4 and CoFe2O4-rHGO composites 

with 5, 10, 16 and 30 wt% CoFe2O4, respectively; (b) rIGO, CoFe2O4 and CoFe2O4-rIGO 

composites with 5, 10, 16 and 30 wt% CoFe2O4, respectively. 
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Infrared spectroscopy was used to verify the integrity of the nanoparticles and 

identify major variations in the chemical moieties attached to the carbonaceous 

sheets. As shown in Figure 5. 6, all FTIR spectra (cobalt ferrite NPs included) 

exhibited a broad peak at approximately 3435 cm-1. This corresponds to the –OH 

stretching vibration, a fingerprint for surface adsorbed water. 260 For the stand-alone 

CoFe2O4 NPs, the peak at 583 cm-1 acts as its spectral fingerprint and derives from 

the Fe(Co)–O stretching vibration (it is also found, at the same frequency, in bulk 

cobalt ferrite). 245, 261 262, 263 As concerns the two rGOs, their spectra are similar. The 

peak located at ~1711 cm-1 is attributed to the C=O stretching vibration, 264 while 

the broad one at ~1564 cm-1 is likely originating from the bending vibrations of 

adsorbed water molecules and the skeletal C=C vibrations of non-oxidized graphitic 

domains.265-267 268 As for the peaks at 1222 cm-1 and 1037 cm-1, these could belong 

to the asymmetrical and symmetrical C–O aromatic stretching vibrations of epoxy 

groups, respectively (the latter could also derive from a C-N stretch). 245, 269 

Comparing the two sets of composites, the IR spectral signature is mostly 

independent of the rGO used. Still, and whilst indicating a bulk-level similarity in 

the main types of organic moieties grafted to the carbonaceous sheets, these results 

do not preclude local variations in surface chemistry, as previously shown.182 

Interestingly, for the two 30 wt% rGO composites, the C=O stretching vibration is 

supressed while the NPs signature peak becomes quite prominent. 

From the above analysis, the TEM and XRD showed clear trends in the composite samples 

as the density and size of NPs differed with the type of rGO. On the other hand, the 



110 
 

vibrational spectroscopy studies (Raman and FTIR) did not identify variations as a function 

of the rGO used. In these circumstances, surface chemistry and the availability of grafted 

functional groups such as hydroxyl, epoxy, and carboxylic acid groups (which are 

commonly found on the surface and edges of GO sheets)270, 271, 268, are the main reason for 

the variations seen. This concurs with our previous observation of a higher degree of 

surface oxidation for the rIGO flakes.182 Attending to the suppression of the C=O mode in 

the FTIR spectra of the composites with highest loading, it is plausible that these organic 

moieties act as preferential anchor sites to nucleate the nanoparticles. One possible 

mechanism is the formation of carboxylate anions (due to the addition of aqueous NH3 to 

adjust the pH to 10) which localizes the negative charge needed to trap the divalent 

transition metal ion, Co+2. 19, 270 With prolonged exposure to heat, the larger concentration 

of organic moieties at the rIGO surface results in more ammonium that boils and assists in 

the pressure build-up of the autoclave. In turn, this will favor the kinetics of spinel 

formation explaining the faster growth rates and larger average size of the nanoparticles in 

the rIGO composites. 
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Figure 5. 6. FTIR spectra for the (a) rHGO, CoFe2O4 and CoFe2O4-rHGO composites with 

5, 10, 16 and 30 wt% CoFe2O4, respectively; (b) rIGO, CoFe2O4 and CoFe2O4-rIGO 

composites with 5, 10, 16 and 30 wt% CoFe2O4, respectively. 

  

5.4.2 Magnetic Resonance study 

It is known that surface and finite-size effects play a key role in the magnetic properties of 

NPs. 272, 273 Given that a direct correlation of magnetization and particle size has been 

reported in several ferrite systems274-276, it was important to establish this effect for the 

present composites. The magnetic properties of the stand-alone CoFe2O4 NPs, the rGOs 

and the CoFe2O4-rGO composites were first studied at room temperature and using 

magnetic field strengths in the range of -30,000 Oe to 30,000 Oe (Figure 5. 7and Figure 5. 
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8). The field-dependent magnetization hysteresis (M vs. H) measurements showed that the 

stand-alone NPs are ferromagnetic (Figure 5. 7a). The saturation magnetization (MS) is 

close to 56 emu/g, which agrees well with the literature 277. By contrast, the blank rGOs 

are diamagnetic (Figure 5. 9). As for the various CoFe2O4-rGO composites, and in addition 

to the curves in Figure 5. 7a and 5. 7b, the magnetization at 30000 Oe (MH=30000 Oe) and 

coercivity (Hc) are summarized in Table 5.2. On the whole, the MH=30000 Oe and Hc values 

obtained for the CoFe2O4-rIGO composites were consistently higher than those of the 

corresponding rHGOs. Furthermore, most composites showed negligible remanence (Mr) 

and Hc implying a superparamagnetic response. The exception were the CoFe2O4-rIGO 

powders with the two highest ferrite loadings. For these, ferromagnetism was identified 

along with relatively large Hc values, 87 Oe and 97 Oe for the 16 wt% and 30 wt% 

loadings, respectively. Finally, when matching the field-dependent magnetization results 

to the average ferrite particle size in each composite, the aforementioned magnetization-

size correlation was confirmed for the two rGO sets.  

 

Figure 5. 7. Field-dependent magnetic hysteresis loops for the, (a) pure CoFe2O4 NPs, (b) 

CoFe2O4-rHGO composites and (c) CoFe2O4-rIGO composites, measured at 300 K. 
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Figure 5. 8. Low-field regions of the hysteresis loops at different temperatures for (a) 

CoFe2O4- rHGO composites; CoFe2O4- rIGO. 

 

 Figure 5. 9 Field-dependent magnetic hysteresis loops for the, (a) rHGO and (b) 

rIGO, measured at 300 K. 

Table 5. 2 Magnetization at 30000 Oe (MH=30000 Oe), saturation magnetization (Mr) and 

magnetic coercivity (Hc) for the CoFe2O4 nanoparticles, CoFe2O4-rHGO composites and 

CoFe2O4-rIGO composites from M vs. H loops. 
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To further understand the correlation of magnetization to particle size / loading and explain 

the superparamagnetic-to-ferromagnetic transition observed in the set of CoFe2O4-rIGO 

composites, temperature-dependent magnetization data was acquired under zero-field 

cooled (ZFC) and field cooled (FC) conditions (Figure 5. 10). Initially, each sample was 

cooled under a nominal zero field to reach 5 K. Then, a 1 kOe field was applied. The 

magnetization data (ZFC) were collected while warming the sample to 300 K and the FC 

data were collected while the sample was cooled to 5 K (at 1 kOe). A significant separation 

in the ZFC and FC curves was observed for composite samples. As indicated in Figure 5. 

10a, a peak in the ZFC curve denotes the average blocking temperature (TB). In the case of 

the rHGO composites (Figure 5. 10a-d), the TB value increases linearly with CoFe2O4 

loading (71 K, 105 K, 133 K and 215 K for the 5 wt%, 10 wt%, 16 wt% and 30 wt%, 

respectively) but remains well below room temperature. For the rIGO composites (Figure 

5. 10e-h), the TB increases from the 5 wt% (135 K) to the 10 wt% (179 K) loading  but, 

beyond this, the blocking disappears and the ZFC-FC curves resemble that of the stand-

alone CoFe2O4 NPs (Figure 5. 10i). Overall, when comparing the TB obtained (where 

applicable) with the loadings and the average size of NPs in the two sets of rGO 

composites, it is possible to infer a linear correlation between TB and the size of the cobalt 

ferrite particles.  



115 
 

 

Figure 5. 10. The ZFC-FC curves for the rHGO (panels a-d) and rIGO (panels e-h) 

composites with increasing load% of CoFe2O4. Reference data for the pure CoFe2O4 

powder are shown in panel (i). The average blocking temperature (TB), which is the peak 

of the ZFC curve, is indicated by an arrow in panel (a). 

The critical size for the single-to-multidomain magnetic transition of a nanoparticle (r0) 

can be calculated by r0 = (6 KBTB / K)1/3, where kB is the Boltzmann constant, TB is the 

maximum blocking temperature and K is the anisotropy constant. For CoFe2O4, the 

reported critical size is ~10 nm. 278 Following the ZFC-FC curves in Figure 5. 10, it is clear 

that the critical size was not attained for the rHGO composites since for the highest loading 

(30 wt%), it is still possible to identify a TB. This contrasts to the rIGO composites, where 

a critical size of 9.4 nm was identified for the 16 wt% loading (cf. absence of a TB). It is 
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possible that the true r0 may be smaller as there were no loadings tested in the interval 10-

16 wt% (7.5-9.4 nm). Irrespective of the exact value for the critical particle size, the 

threshold for the single to multi-domain structure transition is a function of the CoFe2O4 

loading and type of rGO used, being surpassed only for two of the CoFe2O4-rIGO powders 

(Figure 5. 11). These results explain the superparamagnetic-to-ferromagnetic transition 

observed in the set of rIGO composites. 

 

Figure 5. 11. Plot correlating the CoFe2O4 loading with the average particle size and 

respective magnetization at 30,000 Oe for the two rGOs studied. 

5.5 Magnetic resonance imaging 

It has been reported that the impact of superparamagnetic and ferromagnetic particles on 

MRI contrast enhancement is similar.279 Following the above observations (where both 

responses were observed), the T2-weighted magnetic resonance (MR) signal intensity of 

the stand-alone NPs and the two sets of composites were analysed. Different concentrations 

(0.0 to 0.2 mM) of these samples in agarose gel were studied at room temperature. From 

the T2-weighted images in Figure 5. 12, it is clear that the MRI signal intensity is related 
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to the concentration of iron, irrespective of the type of sample (darker images correspond 

to a decrease in the T2-weighted MR signal intensity). However, the contrast enhancement 

effect is particularly strong for the composites. Given the previously established correlation 

of loading with average size of NPs, then it is possible to state that the MR signal is 

dependent on the NPs size in the CoFe2O4-rGO composites. 

 

Figure 5. 12. T2-weighted MRI images of the (a) CoFe2O4-rHGO composites, (b) CoFe2O4-

rIGO composites and (c) pure CoFe2O4 at different Fe concentrations. 

Proton relaxivity (r2) values were obtained from the slope of the line fitted to the 1/T2 

versus Fe concentration plot (Figure 5. 13). In this way, the r2 value of the stand-alone 

CoFe2O4 NPs was 112.4 mM-1 S-1. For the CoFe2O4-rHGO composites, the r2 values were 

8.8 mM-1 S-1 (5 wt% CoFe2O4 loading), 16.7 mM-1 S-1 (10 wt%), 33.7 mM-1 S-1 (16 wt%)  

and 55.6 mM-1 S-1 (30 wt%). On the other hand, the r2 values of the CoFe2O4-rIGO 

composites were 17.4 mM-1 S-1 (5 wt%), 21.4 mM-1 S-1 (10 wt%), 43.6 mM-1 S-1 (16 wt%)  

and 102.1 mM-1 S-1 (30 wt%). Consistently, the rIGO composites showed higher r2 values 
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than the corresponding rHGO ones. These results show that the r2 values depend not just 

on the CoFe2O4 loading but also on the type of GO precursor selected. In fact, it is 

remarkable that the r2 of the 30 wt% CoFe2O4-rIGO composite is similar to that of the 

stand-alone NPs. This means that similar MRI contrast enhancement can be obtained 

despite the fact that only one third of the mass of CoFe2O4 was used in the composite (1.7 

mmole for the stand-alone CoFe2O4 against 0.55 mmole used for the 30 wt% CoFe2O4-

rIGO composite). 

 

Figure 5. 13. (a) Plot of the T2 relaxation rate R2 (1/T2) of the (a) pure CoFe2O4; (b) 

CoFe2O4-rHGO composites and (c) CoFe2O4-rIGO composites suspended in aqueous 

solution at different iron concentrations. 

Since loading and particle size are related in the CoFe2O4-rGO composites, it is possible to 

plot how the r2 values differ with size of the NPs (Figure 5. 14a). For both sets there is a 

direct correlation (r2 increases the bigger the particles get), which corroborates previous 

claims. 280 281 This size dependence is believed to originate from surface spin anisotropy, a 

phenomenon that is more pronounced for smaller particles (due to the larger surface area 

to volume ratios). 282 It is also informative to compare the saturation magnetization (Ms) 

results obtained from the field-dependent magnetization measurements with the r2 values 
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of the composites. Similar to other reports, 283 the higher the Ms, the more  pronounced the 

proton relaxivity becomes (Figure 5. 14b). Taken together, the r2 is related to the Ms which 

in turn is affected by the size of the ferrite particles that grow larger in the rIGO. The 

optimisation of proton relaxivity is therefore also a function of the GO precursor.  

 

Figure 5. 14. (a) Plot of the relaxivity coefficient r2 vs. Ms, i.e., magnetic saturation; (b) 

Plot of the relaxivity coefficient vs. magnetic nanostructure size. 

5.6 In vitro cytotoxicity 

Safety and toxicity are major concerns when considering the deployment of new MRI 

contrast agents. To evaluate the in vitro cytotoxicity of the rGOs and their respective 

composites with highest CoFe2O4 loadings (30 wt%), the viability of cells exposed to these 

materials was investigated using cell counting kit-8 (CCK)-8 assays on HeLa cell lines. As 

shown in Figure 5. 15a, increasing the rGO concentration results in an overall decrease of 

cell viability. However, there was no statistically meaningful difference between the two 

types of rGO used. As concerns the composite samples, again there was a correlation of 

cell viability with overall concentration but no significant difference between the two rGOs 
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(Figure 5. 15b). Note that the CoFe2O4-rGO composites showed 80% viability at a 

concentration of 50 μg/mL. 

 

Figure 5. 15. Cell viability in HeLa cells of rHGO and rIGO (a) and CoFe2O4-rHGO, 

CoFe2O4-rIGO (b) at different concentrations 

5.7 Conclusions 

CoFe2O4-rGO composites were prepared to enhance the contrast and proton relaxivity 

coefficient for MRI. The effect of using different GO precursors bearing various 

concentrations of CoFe2O4 was studied. The type of GO and the loading of ferrite NPs on 

this, play a significant role in tailoring the average particle size and magnetic properties of 

the composites. The 30 wt% CoFe2O4-rIGO composite showed the highest proton 

relaxivity value (102.1 mM-1 S-1) among all CoFe2O4-rGO composites. In fact, some of the 

properties measured were similar in magnitude and manner to the stand-alone nanoparticles 

despite the smaller mass of ferrite used in the composites.  
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CHAPTER 6 

Conclusions 

Throughout the work reported in this dissertation, a common objective has been 

constant: to show the need to have a rational design of the synthesis paths for GO and rGO 

materials which is dependent on the envisaged application.  

In Chapter 2, I started by studying the extent to which GO and rGO can vary in 

terms of their structure and chemistry. Two of the most popular oxidation routes in the 

literature were used to obtain GO (classical Hummer’s and Improved Hummer’s). As 

shown upon detailed characterization of the oxidized carbons, the degree of oxidation 

obtained varies. When followed by different types of reduction methods, it became evident 

that rGOs are very different materials which are entirely dependent on the type of synthesis 

strategy used. While sometimes stated in the literature, this fact is often overlooked. Also, 

there were no systematic studies to address the binary oxidation-reduction path.  

To understand the impact of the results of Chapter 2, I first explore using GO for 

the capture of carbon dioxide. This is a topic that has gathered much attention due to the 

global environmental implications of CO2. The oxidized form of carbon was selected as it 

is known to have more affinity for physisorption of this gas. Given the scattering of 

procedures used in studies of this type, the work made use of benchmark materials, one of 

which was a Standard Material from NIST (which had not yet been analyzed in regards to 

gas adsorption). The Improved method was demonstrably better in producing a GO powder 

with higher capacity of CO2 adsorption and better selectivity (over N2). It was also seen 

that porosity needs to be carefully controlled to maximize the uptake outcome. 
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While the use of tailored GO acted as a proof-of-concept, I wanted to extend the 

study to include also the reduced form. For that, one particularly explored use of rGO has 

been in electrodes for energy storage applications. In Chapter 4, several of the rGO were 

electrochemically characterized to select the one that would have higher capacitance whilst 

also retaining a degree of feasibility for scaled up production and/or minimal 

environmental impact. Accordingly, the choice fell on the Improved GO reduced via a 

hydrothermal procedure. After exploring it in the previous chapter, the drying approach 

was investigated in more detail. To remove organic solvents or water from a powdered 

material, several possibilities exist being the most commonly used the drying under 

vacuum, evaporation under heating (atmospheric pressure) and freeze-drying. The problem 

is that all these processes generate various surface-located stresses as the liquid is removed. 

I identified the use of supercritical CO2 as a possible alternative. However, this had never 

been explored for GO and rGO powders which lead to need to develop a custom vessel for 

the critical point dryer (CPD) available in the lab. The use of the CPD prevented the 

deformation and subsequent collapse of the porous structure of the carbonaceous powders. 

The impact of the synthesis strategy that included the drying step on optimizing rGO 

powders for supercapacitors was severe and a record capacitance was achieved for this 

class of material.   

In the final chapter, the effect of using different GO precursors in optimizing the 

function of a hybrid material (or nanoscomposite) was explored for use as a magnetic 

resonance imaging (MRI) contrast agent. The magnetically-active composites that derived 

from the parent IGO had a larger average particle size of the cobalt ferrite agent. Besides 
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better contrast performance, it was seen that a reduction in mass of the cobalt ferrite was 

possible when compared to the isolated metal oxide compound.  

To conclude, I have demonstrated in this dissertation that it is critical to select the 

synthesis steps of (reduced) GO materials – drying approach included, and that this should 

be done in accordance with the technological application proposed for these. The examples 

of applications selected illustrate the diversity of potential uses for the GO, rGO and rGO 

composites (Figure 6. 1). Looking out on how to further develop this work, there are a 

number of possible avenues to take. For instance, it would be interesting to investigate the 

effect of an activation process using chemical reactants such as potassium hydroxide, 

phosphoric acid or CO2 on the rGO materials that derived from the Improved method. The 

impact of extending largely the microporosity of the rIGOs could then be tested for CO2 

capture. Another project of interest would be to apply the highly mesoporous rIGO (dried 

with CPD) in other energy storage systems such as anodes for Li-ion batteries (which, in 

today’s markets, are also based on graphitic materials).  
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Figure 6. 1. Schematic illustration is presenting the conclusions of the dissertation.
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Annex 1: Vessels design  

 

Annex 1. A 1. Shows drawings in different perspectives for two vessels for smaller volume 

(left) and larger volume (right) sample cell for CPD use. 

 

 

 

Annex 1. A 2. Shows drawings in different perspectives for two vessels for smaller volume 

(left) and larger volume (right) sample cell but without the metal mesh or fasteners 
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Annex 1. A 3. Shows the metal mesh in top view and perspective view. 

 

 

Annex 1. A 4. (a) Schematic diagram of a CO2 critical point drying vessel and images of 

(b) the CO2 critical point dryer and (c) the microfiltration Teflon vessel. 
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Annex 2: Heat of adsorption calculation Methods 

The isosteric heats of adsorption (Qst) for IGO and HGO were calculated from the 

adsorption isotherms measured at different temperatures and using the Clausius-Clapeyron 

equation: 

∆𝑎𝑑𝐻° = 𝑅 [𝜕𝑙𝑛𝑃
𝜕(1

𝑇
)⁄ ] 𝜃 

, where, R is the universal gas constant, θ is the fraction of the adsorbed sites at a pressure 

P and temperature T. 

Annex 2. 1. 2 CO2/N2 selectivity 

The ideal adsorbed solution theory (IAST) was used to determine the CO2/N2 selectivity. 

Calculations for IAST were carried out using the program OriginPro2015 version 9.2.214. 

The experimental adsorption isotherms of IGO were fitted with either a single-site Lagmuir 

model or a dual-site Langmuir model. These models were fitted purely on the basis of 

giving the best fit with adjusted r2 values exceeding 0.98 and 0.99, respectively. The 

expression for single-site Lagmuir model is given as: 

𝑞 =
𝑞𝑠𝑎𝑡𝑏𝑝

1 + 𝑏𝑝
 

, where, q = adsorbed amount; qsat = saturation capacity; b = affinity coefficient in the pure 

component Langmuir adsorption isotherm; p = pressure of the bulk gas at equilibrium with 

the adsorbed phase.  

The expression for dual-site Langmuir model is as follows: 
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𝑞 =  𝑞1+𝑞1 =
𝑞𝑠𝑎𝑡,1𝑏1𝑝

1 + 𝑏1𝑝
+

𝑞𝑠𝑎𝑡,2𝑏2𝑝

1 + 𝑏2𝑝
 

, where, q = adsorbed amount; qsat,1 and qsat,2 = saturation capacities of sites 1 and 2; b1 and 

b2 = affinity coefficients of sites 1 and 2; p = pressure of the bulk gas at equilibrium with 

the adsorbed phase IAST selectivities for the CO2:N2 (0.15 : 0.85) gas mixtures were 

calculated using the following equation: 

𝛼 =  

𝑞𝐶𝑂2
𝑞𝑁2

⁄

𝑃𝐶𝑂2
𝑃𝑁2

⁄
 

, where, 𝛼 = selectivity; q = adsorbed amount of each component; P = partial pressures of 

each component. 
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