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Abstract 

This work investigates the structure of reduced graphene oxide (rGO) assemblies from the sub-nm to 

macro-scale, relating morphology to material performance reported in the literature.  A wet processing 

method allows the chemistry of rGO sheets to be specifically tailored, and further modification to the 

anisotropic pore structure of layered assemblies can be achieved through controlled hydration, 

resulting in a unique type of porous carbon.  There continues to be intense interest in graphene-based 

materials, with many exceptional properties for separation and energy storage being reported, yet 

experimental methods to investigate the specific structure-property relationships are not well 

developed.  Thus, addressing this gap in knowledge is urgently needed to advance the development of 

rGO-based functional materials. 

While rGO materials are typically evaluated using graphene as a reference, this work judiciously 

evaluates X-ray photoelectron spectroscopy, Raman spectroscopy, and X-ray diffraction data in 

context to more disordered carbon materials. An innovative and practical methodology is clearly 

outlined, with this approach being able to extract a significant amount of qualitative and quantitative 

information at the microscale, obtaining substantial insight on disorder and aromaticity from the less 

utilized spectral features. At the mesoscale, small and wide angle scattering (SANS, SAXS, WAXS) 

proved to be ideally suited for characterizing the pore network in both dried and hydrated rGO 

assemblies, offering the additional advantage of operating in ambient conditions and extending across 

a wide size range. 

The results of this work show a correlation between the synthesis procedure of the original GO and 

the chemical composition of rGO, which could be used to control the conductivity, reactivity, and 

pseudocapacitance in the bulk material.  These rGO sheets were used to design a microscale physical 

model to act as a basic structural unit (BSU).  The BSU was found to be a turbostratic cluster consisting 

of approximately seven rGO layers with an (hk) coherence length extending across 6 nm with smaller, 

1 nm, aromatic domains.  The BSU was then used to evaluate rGO assemblies at the meso- and 

macroscale, and results show that while the size of these BSUs remains relatively constant, processing 

conditions will impact disorder and resultant stacking density, which is directly linked to the accessible 

surface area and ensuing pore network within the bulk. 

Many different processing conditions are examined, with a specific focus on the influence of oxidation 

and drying.  Further, the role of water in rGO hydrogels is explored using in situ experimental methods 

to measure the impact of hydration on the pore structure.  The insight gained from the results of this 

work can be directly applied in order to improve performance of rGO materials now that processing 

methods have been clearly linked to the explicit chemical and morphological features at both the 

micro- and mesoscale.  The final aspect of this work expands on the methods developed for dry and 

hydrogel films to design in situ X-ray scattering experiments to uncover the dynamics of ion transport 

in rGO assemblies used for energy storage.   
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Chapter 1. Introduction to rGO Assemblies as a Unique Type of Porous 

Carbon  

1.1 Statement of the Problem and Significance of the Study 

With the explosion of graphene related research since the reports of its unusual electronic properties 

in 2004 [1, 2] and award of the Nobel Prize in Physics in 2010, the field now contains many thousands 

of articles focused on graphene-based materials that range from scientific studies of defect-free 

graphene sheets to engineered composite materials which combine graphene-like sheets of carbon 

with just about anything. The growing number of publication is shown in Figure 1, and this trend 

continues into the present year where it is estimated that graphene related publications from China 

increase more than 70% annually [3].   To narrow the focus, this project investigates reduced graphene 

oxide (rGO) assemblies created by a solution-based reduction of graphene oxide (GO) using chemical 

means (can also be referred to as chemically converted graphene, CCG). While rGO can generally be 

described as a two-dimensional sheets of carbon atoms arranged in a honeycomb-shaped lattice, they 

differ from pure graphene (produced through mechanical exfoliation or chemical vapor deposition) in 

a variety of important ways which will be discussed in detail throughout this work.   

 

 
Figure 1. Timeline to highlight the number of graphene publications and significant achievements during the first ten years 
after discovery [4]. 
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The past decade of graphene research has contributed a vast body of scientific knowledge outlining 

the unique properties of this two dimensional crystal and promising many potential applications across 

a range of fields including energy storage, electronics, sensors, and medical technologies.  Scientists, 

engineers, entrepreneurs, and industrial giants are all eager to translate these findings into practical 

devices and drive new economic development based on the enhanced material properties graphene 

appears to offer [5-8] [9].  The most promising method for scalable production of graphene is through 

the reduction of graphene oxide, which results in carbon sheets that retain the desirable properties of 

high strength and conductivity, but unlike defect-free graphene, rGO materials have inherent 

variations in structure and chemistry [10].  While new and improved performance from graphene-

based materials is reported at an exponential rate, in-depth fundamental studies to characterize and 

correctly interpret the underlying mechanisms driving the performance have not kept pace.  This gap 

is especially prominent with rGO materials, and the aim of this work is to fully characterize the 

structure of rGO layered assemblies.  

While this work has limited the scope to investigate layered rGO assemblies prepared from filtration 

of aqueous dispersions reduced with hydrazine (later detailed in section 3.1: Materials), it is expected 

that the large research community focusing on graphene-based assemblies can use the methods and 

models developed in the results of this thesis to draw conclusions about structure-property 

relationships for other types of rGO systems.  It is important that the methods used can quantify 

structural elements across a very broad size range because features at the micro-, meso-, and 

macroscale play specific roles for different types of transport (gasses, liquids, and ions), where 

characteristics at larger length scales may not be indicative of the nanoscale properties or morphology.  

Because the chemical and structural features of rGO assemblies control the structure-property 

relationships in these materials, existing experimental methods need to be expanded upon in order to 

understand these interactions.  

While there are many published works detailing specific structural elements of rGO materials and 

unique aspects of their corresponding material performance, this work qualitatively and quantitatively 

analyses the structure from the chemical level all the way up to the resulting bulk assemblies.  Further, 

an in-depth analysis of radiative characterization methods applied to the rGO assemblies is offered in 

tandem in order to provide much needed insight on how best to interpret data for this relatively new 

type of porous carbon.  This work also introduces new techniques that are especially applicable for 

hydrated rGO materials used in energy storage applications.  

1.2 Background of the Problem 

Currently, rGO assemblies are much less understood than their close relatives of graphene and 

graphite, and these new materials occupy a unique place within the porous carbon family.  While there 

is a large and growing body of work devoted to investigating rGO materials, a full description of the 

structure of rGO assemblies is still not known, and given the chemical variance within rGO materials, 

it is likely that an all-encompassing, fixed description may not be possible.  Because of the variations 

in chemical composition and anisotropic pore structure, experimental procedures to investigate these 

layered rGO materials are not well developed – this is especially true for the hydrogel assemblies where 

in situ investigations on hydration and energy storage are critically needed, but are hindered by 

additional experimental challenges. By first recognizing that rGO assemblies are more closely related 

to porous carbons than pure graphene, this work draws upon the rich history of carbon research and 

applies both traditional and new characterization methods to outline a best-practice approach for 

experimental work and data analysis.   

Scalable and cost-effective production of graphene-based materials is necessary in order for them to 

be relevant in most markets.  The wet chemistry route of first synthesizing GO from graphite flakes 
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and then reducing it to rGO is widely believed to be the most promising method for large scale 

production.  There is a need for standardization and characterization of these materials, as the major 

hurdles for industrial adoption hinge on the specific properties of the rGO sheet as well as those of the 

final bulk assembly [10] – these aspects can often have trade-offs, as will be discussed in the text. While 

the overall surface chemistry of GO has been studied for many years, there are innumerable variations 

in rGO materials because so many factors will contribute to the final structure [11, 12].  The original 

graphite material, along with the specific conditions of both the oxidation and reduction processes, 

will have large impacts on the structure of rGO sheets that subsequently influence the performance of 

the resulting bulk material, as reported for many types of porous carbons [13, 14].  The work here 

follows the method developed by Li et al. [15] to produce stable, water-based dispersions of rGO 

reduced using hydrazine which has now become widely applied in both research and industry, being 

well regarded as an effective method for producing low-cost, bulk rGO materials [7, 10, 16]. 

 

 

 
Figure 2.  Illustration of the filtration process to produce layered rGO assemblies from aqueous dispersions where the 
corrugation of the sheets has been influenced by hydrothermal treatment at 100°C, 150°C, and 180°C to produce different 
pore networks in the bulk (A).  The rGO assemblies can be kept hydrated as free-standing hydrogels (B) or dried to form 
rGO paper (C with scale bar 1 μm) that can be further annealed to increase the alignment of rGO layers, as shown in XRD 
(D).  These structural differences have clear impacts on the performance of rGO assemblies as electrochemical capacitors 
with results for the hydrogels (E) and dried papers (F) prepared with hydrothermal treatment showing marked differences, 
especially at higher scanning rates.  Further differences are also seen in the annealed rGO assemblies (G).  Reproduced 
from [17]. 

 



4 

 

To put this work in context, while graphene oxide was first reduced to form stable aqueous dispersions 

by Boehm et al. in 1962 [5, 18, 19], it was not until more recently that it became an area of popular 

research resulting from the pursuit of scalable graphene processing.  This thesis follows closely with 

the work of Li et al. who has published much work on dry, layered rGO paper [20] as well as rGO 

hydrogel films [21] where the structure of these materials has been modified using different 

temperatures and reaction times to influence sheet corrugation [22, 23], as illustrated in Figure 2.  The 

structural differences were shown to have large impacts on the material’s performance as a 

supercapacitor, as specified in plots E, F, and G of the figure.  Much of the research on rGO assemblies 

is focused on their potential application as supercapacitors, and this work aims to address open 

questions in the field, relating the results of published reports on material performance to the new 

findings on pore structure and chemical composition presented in this work.  It is expected that 

researchers from this field will be the main readers of this work, and it is for this reason that multiple 

references to rGO-based supercapacitors are made throughout this thesis. 

 

 
Figure 3.  Free standing rGO assembly (A) where the pore network has been tuned using non-volatile liquid (sulfuric acid) 
of 79 vol% (B) and 27 vol% (C) to form EM-rGO assemblies.  The only structural evidence of the pores is provided by SEM 
(with scale bar 2 μm), showing the overall thickness of the assembly is strongly impacted, but actual structural differences 
are not known.  The thickness was used to calculate the mass density which is used to gauge performance of the assemblies, 
which show marked differences at scan rates of 50 mV/s (D) and 500 mV/s (E) with the gravimetric capacitance (F) being 
attributed to differences in the pore size. From two figures published in reference [24]. 

 

Additionally, Li’s group was able to show it is possible to effectively prevent collapse of the porous 

structure using water [25] and non-volatile liquids [24], further exploiting this method to tune the pore 

structure within the rGO assemblies which are termed “electrolyte mediated” rGO (EM-rGO), as shown 

in Figure 3.  While these materials have shown unique properties and excellent performance in 

membrane separation [22], ion transport [26], and energy storage [24], there has not been a detailed 

characterization of the pore structure within these assemblies, which is needed in order to understand 

the fundamental processes underlying these promising results.  In addition to the work of Li’s group 

mentioned here, there has been extremely widespread interest in graphene-based assemblies and 

composites over the past decade [27], but experimental methods to investigate the porous structure 
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and define structure-property relationships are not well developed.  This is especially true for the 

hydrogel systems and in situ studies where ambient conditions are required. 

The novelty of rGO assemblies created a need for this work because, unlike other porous carbon 

materials, rGO assemblies are unique in their lamellar geometry and pore structure as well as the wet 

processing method used to fabricate them.  Numerous studies have reported exceptional properties 

of rGO assemblies, yet the mechanisms behind these phenomena are not clearly understood.  This 

study investigates possible links between the chemical composition and pore structure of both dried 

and hydrated rGO assemblies from the sub-nano- to macro-scale and ties these findings to published 

reports on material performance.  Not only pore size, but aspects of pore size distribution and pore 

connectivity will determine the performance of rGO assemblies, and this work aims to address this gap 

in knowledge.  

As mentioned, a main feature of an rGO assembly that differentiates it from other porous carbon 

materials is that it can be prepared as a wet, soft-material using solution-based chemistry which allows 

the resultant assembly to remain hydrated.  Other porous carbons are produced through thermal 

(selective gasification) or chemical (acidic intercalation) activation processes to create pores in solid 

carbon precursors such as graphite or plant-based organic material, and while they can later be 

hydrated, the structure (and thus performance) is evaluated in a dry state [28]. Most of the typical 

methods, like gas adsorption, cannot be effectively applied to rGO assemblies, especially in the case 

of hydrogels, which leaves a large gap in a full characterization of the structure of these unique 

materials.  Dynamic electrosorption analysis (DEA) has been proposed as an effective method to 

measure how different structural features impact the transport of ions within the bulk [17], but there 

has not yet been any direct structural characterization developed to substantiate this.  In order to fully 

characterize these hydrated rGO assemblies, which are also termed “solvated graphenes” [29], 

innovative experimental methods have been applied to these systems and the interpretation of the 

results is developed through this work. 

Despite the fact that the material processing methods are quite different, activated carbons (ACs) and 

rGO solution-based assemblies are very similar structurally, both consisting of porosity (space) 

enclosed by carbon atoms.  Specific structural details of the carbon/space assembly, such as pore-size, 

pore-size distribution, and the composition of the carbon surface, will determine the performance of 

porous carbons, no matter what methods were used to fabricate the materials.  Therefore, this work 

draws upon the well-established characterization methods and nomenclature within the field of 

carbon research in order to effectively investigate these innovative rGO assemblies as a porous carbon.  

The main features of porous carbons can be characterized within the two focus areas of chemical 

bonding within the carbon matrix and the structure of the pores contained within it.  The pore structure 

of porous carbons is known to encompass an extremely broad length scale, requiring extensive 

experimentation to determine the structural features of the three IUPAC defined regions: micropores  

(0-2 nm), mesopores (2-50 nm), and macropores (>50 nm).  Existing models for other porous carbons 

(ACs, pyrocarbons, coal, etc.) have been well researched and developed [13, 30-32], and these results 

can be adapted and applied to new graphene-based assemblies. 

The simplest definition of porosity is the fraction of void volume over total volume of the material, but 

this measure does not serve to adequately describe the actual pore size or shape nor does it give any 

information on the interconnectedness of the pore network.  This “void” space is very difficult to 

quantify and because it can span many orders of magnitude in length, there is not one experimental 

method that can adequately cover this enormous range.  Figure 4 compares the most widely applied 

methods to characterize porous materials, and these can be broken down into the two major 

approaches of radiative and penetration/invasion techniques.  Referencing the analysis methods in the 

figure, because the pores in rGO assemblies are typically less than 10 nm in size, it would seem the 
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penetration methods would be well suited for this study, however, this is not the case and the reasons 

that radiation methods were chosen for this work are discussed here. 

 

 
Figure 4. Comparison of commonly applied radiation (electron, photon, and neutron) and penetration characterization 
methods for porous materials and the corresponding detectable pore size range for each technique. 

 

Fluid invasion (or gas adsorption) is most typically employed with high-pressure mercury while low-

pressure adsorption uses nitrogen or carbon dioxide.  Intrusion methods have been long used in the 

study of porous carbon, and it was not until more recently that unique interactions within micropores 

were discovered and this brought the validity of intrusion techniques into question. It is now generally 

accepted that nitrogen adsorption, which is the most commonly used technique, is not suitable for 

small micropores (especially < 0.7 nm) and investigation into the use of other adsorptives, such as 

helium and carbon dioxide, was more widely explored [28].  While helium is very accurate, the 

experimental conditions requiring temperatures of 4.2K are not easily attained.  Carbon dioxide can 

be used at 273K or 293K and is a good alternative, with the main disadvantage is the need to apply 

very high pressures to the system in order to cover the full range of porosity.  In any case, even if pore 

size is identified, because of the special features of the interaction between the adsorbate and 

adsorbent in micropores, there are no intrusion methods that can definitively identify the pore size 

distribution (PSD) in microporous materials.  Therefore, not only are the intrusion methods unfit to 

characterize the rGO assemblies because of the discrepancies for small micropores, but these methods 

also significantly disturb the material structure because of the extreme pressures and temperatures 

required.  Furthermore, intrusion methods are performed on static and dry systems, rendering them 

useless for the rGO hydrogels and dynamic materials.   
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Radiation methods can use focused beams photons (optical light, X-rays), neutrons, or electrons 

exploiting both particle (direct imaging) and wave (diffraction and small angle scattering) properties.  

SAXS and SANS are very useful experimental techniques because they can be performed in ambient 

conditions, cover such a broad length scale, and act across a larger surface area to yield results 

characteristic of the bulk.  Unlike penetration methods, it is important to note that SAXS and SANS will 

resolve the surface of all pores, including those that are isolated or inaccessible and would not 

contribute to transport properties within the assemblies.  By utilizing small angle scattering and 

diffraction techniques, the characterization of the morphology of both dried and hydrogel materials is 

possible, but some knowledge of the physical shape of the scattering features as well as the overall 

structure of the pore network is a prerequisite for accurate data interpretation. TEM has been 

historically used for the characterization of mesoscale carbon structures, but again this is limited due 

to the sample preparation constraints and vacuum conditions.  Further, the small section of material 

examined with TEM may not be characteristic of the bulk.  SEM has similar sample constraints and a 

lower resolution, but combining the direct imaging methods of optical microscopy, SEM, and TEM with 

diffraction and scattering techniques allows for a full characterization of the dominant structural 

elements within rGO assemblies, including the total porosity, pore architecture, and internal surface 

characteristics of these materials.     

1.3 Purpose of the Study and Primary Research Questions 

Currently, no definitive models exist to describe the structure of multi-layer graphene-based materials. 

A complete characterization requires that both the surface chemistry and the morphology of individual 

rGO sheets be elucidated and these findings can then be used as basic building blocks to construe the 

structure of bulk assemblies. This work characterizes the structure of rGO assemblies under both static 

and dynamic/responsive conditions in order to more fully understand transport properties of the 

materials.  The work presented here shows promising results about the main factors influencing the 

chemistry and aromaticity of rGO sheets and then combines this with suggestions on how to best 

interpret the experimental results in order to link morphology to the material properties of the bulk 

assemblies.  This can be done using a combination of electron microscopy with X-ray/neutron 

diffraction and scattering techniques to quantify the surface corrugation and interlayer spacing of the 

graphene-based sheets and the pore structure within the rGO assemblies.  

This study expands on research methods used for other porous carbon systems in order to understand 

the chemical and structural make-up of rGO assemblies. The reason rGO assemblies are desirable 

materials is not only because of the high surface area and tuneable pore size (as other ACs already 

exhibit these properties), but the difference is due to the lamellar pore network and wet processing 

conditions.  These features require different characterization methods than those used for ACs.  Thus, 

the main purpose of this study is two-fold: 

i) To explore the application of radiative experimental techniques in order to determine how 

chemical and structural data for rGO assemblies can be best obtained and interpreted 

ii) To use these results in order to define the chemical and structural make-up of dried and hydrated 

bulk rGO materials prepared by filtration of aqueous dispersions reduced via hydrazine 

Of all materials, porous carbons have the largest extended pore network known, with the size range 

of structural elements spanning over five orders of magnitude [33, 34].  Specific features within each 

scaling region (micro-, meso- and macro-) will have unique impacts on the material properties.  Thus, 

in order to fully characterize the morphology of rGO assemblies, there is a need to define the structure 

across a very large length scale and employ a variety of techniques, as demonstrated in Figure 5.   A 

critical assessment of the most commonly used characterization methods used for porous carbons was 

used to determine what experimental conditions will yield the desired knowledge of rGO chemistry 

and pore structure.  Most existing experimental methods to investigate nano-scale structures are not 
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suitable for a full characterization of porous rGO assemblies, especially solvated graphenes.  In order 

to fully evaluate the chemical composition and structure of these materials across a very broad length 

scale, this work has employed a variety of complex procedures, with a specific emphasis on neutron 

and X-ray scattering techniques in order to perform in situ studies on hydrated CCG assemblies to 

quantify: 

 the surface corrugation and interlayer spacing of the graphene-based sheets 

 the pore structure within the membrane material  

 the role of water in shaping the structure of graphene-based assemblies 

 

 
Figure 5.  Description of the experimental methods used to characterize the pore structure within rGO assemblies from 
the micro- to meso- and macro- scale. 

 

It has been shown that the pore size, pore size distribution, and the structure of the overall pore 

network all play a role in determining the energy storage capacity for supercapacitors [35-42].  As rGO 

assemblies have shown promise in this area [12, 25], the final aspect of this work expands on the 

structural characterization methods developed for dry and hydrogel films to design experimental 

methods for in situ X-ray scattering that can uncover structure-property relationships for rGO 

assemblies used for energy storage.  

Firstly, aspects of various GO processing conditions that impact the resulting rGO chemistry were 

investigated to determine what role, if any, residual oxygen groups and nitrogen doping play in 

impacting the structure of rGO assemblies.  Then, other aspects of processing, such as reduction 

temperature and drying methods were explored to see how these conditions will influence both the 

rGO sheet properties at the micro-scale and the bulk assembly structure at the meso- and macro- scale.  

Both the original hydrogels, resulting dried films, and EM-rGO assemblies with varied pore structure 
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are investigated in order to get an authentic depiction of the material, as it would be used in an actual 

device. A main focus of the work is to understand the role of water in rGO hydrogels and the structural 

impacts hydration and drying methods have on the pore structure, which are clearly evident in 

differences in material performance and obvious structural changes, like those shown in Figure 6, but 

have not yet been defined through experiment. To accomplish this, in situ experimental methods 

needed to be developed and applied.   

 

 
Figure 6. Optical images (used in this work) of the same CCG membrane when fully hydrated (Wet) and after drying (Dry) 
show clear structural changes with varied features. 

 

 

1.4 Outline of the Thesis 

The material properties will depend on the structure at the micro-, meso-, and macro- scale because 

both the individual pores and the overall pore network will impact performance.  These parameters 

are highly dependent on the chemistry within, and surface forces between, rGO sheets.  Thus, this 

thesis is broken into three main experimental sections to determine the structure of rGO assemblies 

at a molecular level (Chapter 4), at the most basic structural unit (Chapter 5), and as a porous carbon 

network spanning from the sub-nm to μm range (Chapter 6).  The main questions under investigation 

within each chapter are also noted here. 

The Literature Review begins with an in-depth discussion on the main properties of rGO assemblies 

and then provides an overview of the material properties and unanswered questions in the field. There 

is a brief discussion on the most widely applied characterization methods, including the drawbacks and 

limitations of these methods, along with fundamental theoretical and applied knowledge about how 

the structure of carbon materials is determined.  This section finishes with a detailed account of more 

recent work using small angle scattering (SAS) to probe the structure and dynamic properties in porous 

carbons. 

The details of all experimental methods, including sample preparation, are given within Chapter 3.  The 

specific aspects of GO synthesis and the detailed settings used in all experimental techniques is clearly 

outlined. However, because the adaptation of these experimental techniques is one of the main 

purposes of this work, discussion on the specific approaches to data analysis for rGO assemblies is 

incorporated within the experimental results in the chapters that follow. 

In Chapter 4, the chemical nature of rGO assemblies in regard to the processing conditions of the 

original GO is investigated.  The specific type of nitrogen doping in rGO and the thermal stability of 

residual oxygen groups gives a more complete picture of rGO sheets as the individual building blocks 

of the assemblies.  These building blocks then combine to form a “basic structural unit” (BSU), which 
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is defined in Chapter 5.  These micro-size features can be used to describe the dimension of the pores 

which result from the inter- and intra- layer configuration and disorder. A detailed analysis of the most 

widely applied methods (Raman and X-ray diffraction (XRD)) is given to highlight common 

misconceptions and suggest improved approaches to the analysis.  Discussion on how stacking disorder 

and inter-sheet defects impact the electronic and mechanical properties, as well as the implications 

for accessible surface area, is included. 

More specifically, the aim of Chapter 4 and Chapter 5 is to investigate: 

 What is the structure and composition of the rGO sheets? 

 Does the chemical composition of rGO relate to that of the GO precursor? 

 What is the structure of the intra-sheet carbon bonding (sp2/sp3 regions)? 

 What is the structure of the inter-sheet carbon bonding (002 lamellar stacking)? 

 What are the best methods to obtain this information experimentally? 

Chapter 6 uses the BSU developed in Chapter 5 to interpret the results from wide angle X-ray scattering 

(WAXS) and small angle X-ray scattering (SAXS) patterns, which are used to expand the structural 

model to the micro, meso- and macro- scale, describing not only the structure of the pores, but the 

overall pore network as well.  Knowledge of diffraction and small angle scattering in other porous 

carbon materials is modified to design new methods for both the experimental set-up and data analysis. 

Details on how SAS is used to investigate porous carbon materials is followed by discussion on choosing 

a structural model and how to interpret the scattering curves. In dried assemblies, the specific impacts 

that drying and annealing have on the porosity are investigated, while the pore structure of hydrated, 

electrolyte mediated rGO (EM-rGO) materials is fully revealed.  Further, in situ drying of hydrogel 

assemblies provides novel insights into how water impacts the pore network, with specific correlations 

between hydration and accessible surface area being drawn.  A combination of neutron diffraction, 

small angle neutron scattering (SANS), and ultra-small angle neutron scattering (USANS) is then used 

to obtain a scattering curve that ranges a length scale over five orders of magnitude. 

More specifically, the aim of Chapter 6 is to investigate: 

 What is the pore structure within the rGO assemblies? 

 Can sheet spacing, alignment, and corrugation be used to describe the pore structure? 

 How do these feature impact pore size, pore size distribution, and the pore network? 

 Are the bulk assemblies homogeneous and what is the role of structural distributions? 

 Is it possible to design experimental methods to directly investigate hydration in situ? 

 What physical processes occur upon drying? 

 What is the role of water in these systems? 

 How can the control of intercalated water impact accessible surface area? 

The main conclusions are presented in Chapter 7, and these are then followed by promising initial 

results for future work designing in situ experiments to investigate charging dynamics of rGO 

assemblies used as supercapacitors to determine if SAXS is a viable technique to investigate ion 

transport within rGO assemblies. 

1.5 Assumptions, Limitations, and Scope 

While the specifics of the materials used here are described in detail within the Literature Review and 

Methods, the scope of this work only tests rGO prepared using one type of reduction method.  The 

specific features of the GO precursor were not independently explored, and all conclusions drawn 

about the resulting rGO assemblies were based on other published works, as presented in the 

Literature Review.  While the main conclusions of this work will hold true for many rGO materials, 

there will be differences for rGO reduced using thermal or other chemical methods.  This is mostly 

relevant in the results of Chapters 4 and 5, but in any case, the experimental methods developed will 
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apply to work on all types of rGO assemblies and should act as a useful guide for future researchers, 

regardless of the specific preparation methods employed. 

It should also be noted that it is possible to utilize a wide variety of chemical techniques to assess the 

surface chemistry of rGO assemblies (titration, gravimetric, etc), but this work limited the focus to X-

ray photoemission spectroscopy (XPS) because it is widely reported in literature and can uniquely 

identify all the bond types using a single method.  Further, this work aims to act as a practical reference 

for others in the field, and it is hoped that through a clear and detailed analysis of the data, XPS results 

can be better utilized in understanding rGO materials.  Similarly, many other experimental methods 

could have been used throughout the work, but holding to the main aim of acting as a practical guide 

and helping to clarify some of overlooked features in the most widely used methods, the choice of 

detailed analysis with Raman and XRD should prove to be most applicable in the field.  Finally, because 

SAS is not a widely utilized tool for structural characterization in rGO materials, the usefulness of these 

methods (especially for hydrated material and in situ experimentation), along with a practical 

approach to interpreting data was thought to offer a great deal of new insight that could be more 

broadly applied. 

In regard to the SAS analysis specifically, it should be noted that this is a fairly specialized field that 

relies on rather complex mathematical and computational models that could be much more deeply 

developed and expanded on than what is included here.  To offer the most practical and adoptable 

approach, this work does not delve into the more fundamental aspects of scattering theory, and 

instead limits the results and discussion to extractable parameters that are most relevant in 

determining the overall structure and performance of rGO materials.  Major factors and features are 

identified, which should pave the way for more in-depth mathematical and computational models 

incorporating chemical bonding and intermolecular forces should others choose to focus on the 

scattering theory more holistically. 

1.6 Definition of Terms 

There can be much confusion in the literature based on inaccurately applied terminology.  In an 

attempt to use the most accurate labelling while also familiarizing the reader with nomenclature used 

throughout the text, the major features used to describe the structural elements of rGO assemblies 

are described here.  These terms are taken from publications on the standardization of graphene [43] 

and sp2 carbon nanomaterials [44] as well as well-regarded textbooks in the field of layered and porous 

carbons [32, 45].  As these are definitions, some are taken verbatim from the sources listed above. 

 

 Specific nomenclature for graphene-based materials 

Graphene – A single-atom-thick sheet of hexagonally arranged sp2 bonded carbon atoms.  The sheet 

itself must be isolated and freely suspended, but the lateral dimensions of graphene can vary from 

nanometers to the macroscale.  Other members of the 2D graphene family cannot technically be called 

graphene if they have carbon defects/vacancies, bonded chemical groups, or consist of more than an 

isolated monolayer. 

Graphene layer – A single-atom-thick sheet of hexagonally arranged sp2 bonded carbon atoms 

occurring within a carbon material structure.  This term can be used regardless of whether the material 

has 3D order (graphitic) or not (turbostratic or disordered).  This term is a conceptual structural unit 

long-used for aromatic and layered ordering within many types of carbon materials. 

Multi-layer graphene (MLG) – A 2D sheet-like material that consists of a small number (2-10) well-

defined, countable, stacked graphene layers that can be free standing or substrate-bound.  If the 

stacking is known, additional terms such as “Bernel-stacked” or “rotationally faulted” should be added 
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to the description of the MLG.  If the material does not consist of well-defined layers with an extended 

lateral direction, the term “carbon thin film” should be used instead of MLG. 

Few-layer graphene (FLG) – A subset of MLG consisting of only 2-5 graphene layers. 

Graphite – This term requires the existence of 3D order and is commonly misused in publications about 

carbon materials, especially multi-layered graphene materials.  Graphite, along with the similar terms 

of graphitic, graphite nanosheets, graphite nanoplatelets, and graphite nanocrystals all require the 

presence of ABA or ABCA stacking between the graphene layers.  Thus, graphitic materials always 

contain 3D crystalline order (Miller indices of hkl reflections).  It should also be noted that the term 

crystallite, as in carbon- or graphite-crystallite, should only be used to refer to 3D crystallinity, hence 

the term “graphene-crystallite” is not structurally possible.  Further, to use the prefix nano- for these 

materials requires the lateral dimension is less than 100 nm. 

Turbostratic carbon – A three dimensional hexagonally arranged sp2 bonded carbon structure where 

there is no special relationship between different graphene layers. The name is derived from “turbo” 

(rotated) and “strata” (layer) and can also be called rotationally faulted.  Thus, it is essentially a layering 

of 2D crystals without a correlated third crystalline axis (Miller indices of hk0 only, no hkl reflections). 

A turbostratic structure is common in carbon materials prepared at low temperatures, but it has been 

cautioned not to mistakenly correlate turbostratic structure with other properties of carbons, as this 

structural term is very broad, indicating only that there is some type of layer structure present and 

there is no three dimensional crystalline order within it.  

 

 
Figure 7.  Original structural model of graphitizable and non-graphitizable carbon proposed by Franklin in 1950 (top from 
[46]).  Description given by Marsh of the major structural changes that occur as a carbon goes through the graphitization 
process from 1000-3000°C (bottom from [32]). 

 

Graphitization – The process of the development of 3D crystalline order (ABA or ABCA) either through 

a direct growth process or by applying high temperature to a previously disordered carbon, as detailed 

in Figure 7.  Bulk carbon materials can be broken into the broad classes of graphitizable (soft) and non-



13 

 

graphitizable (hard) to describe the overall bonding within the carbon matrix, as specific types of 

disorder will not allow the graphene layers to move freely for this alignment process to take place.  

Carbon materials can also be labelled as partially-graphitized, and a ratio can be assigned to the portion 

of 3D graphitic material compared to disordered content.  

Graphite oxide – A bulk solid made by functionalizing the basal plane of graphite through oxidation.  

Graphite oxide can be fully exfoliated to produce graphene oxide (GO) or partially exfoliated to 

produce few-layer GO (FLGO). 

Graphene Oxide (GO) – A chemically modified graphene material prepared by the oxidation and 

exfoliation of graphite flakes or powders.  This chemical process results in significant modification to 

the edge groups and basal plane of graphene, producing a monolayer material with a typical carbon 

to oxygen ratio of 2:1.  GO can have varied lateral dimensions and in-plane carbon defects, with the 

main defined feature is it must have a C:O atomic ratio less than 3:1. 

Reduced graphene oxide (rGO) – GO that has been reduced by thermal, chemical, microwave, photo-

chemical, photo-thermal, or bacterial methods.  As so many different methods can be employed, the 

specific reduction conditions should be noted before comparing results from rGO prepared using 

various processing methods. 

Graphene-based materials – Broad term that can describe materials consisting of multilayered 

graphene, chemically modified graphene (GO or rGO), as well as other assemblies using some type of 

graphene material as a precursor.  Specifics of the particular material should be better defined using 

the terms outlined above. 

Hydrogel [47] – Specific definitions of a hydrogel system will vary, but the most common of these is 

that it is a linked 3D polymeric network that exhibits the ability to swell and retain a significant fraction 

of water within its structure, but will not dissolve in water. Water fills the space between 

macromolecules, with the mass fraction of water being much higher than the mass fraction of polymer. 

 

 Specific nomenclature for structural features along graphene layers  

Defects – A broad term used to describe any deviation from the pristine sp2 lattice.  Specific features 

of the defect, such as carbon vacancy, edge, or chemical bond, should be included to specify the defect 

type whenever it is known. 

In-plane or intra-sheet vacancy defects – There are not considered pores, as such, but do allow for 

transport through the graphene layer because of carbon vacancies.  Depicted visually in Figure 8 (B). 

Inter-sheet pores – The typical description of porous media where the pore results from expanded 

lamellar space wherever graphene layers are effectively separated.  Depicted visually in Figure 8 (C). 

Disorder – Used to evaluate the degree of misalignment from idealized crystal structure. 

Functionalized – A broad term used to describe chemical bonding along the graphene layer. 

Stacking – Considering the graphene sheet is in the xy plane, stacking occurs along the z plane.  There 

may or may not be order present in the staking arrangement – graphitic, turbostratic, or disordered 

materials all contain some type of stacking. 

Collapsed – The distance between two otherwise separated points on a surface is reduced to that of 

the interlayer spacing of graphite (van der Waals interaction).  When the graphene layers collapse, the 

surface area between is no longer considered accessible surface area. 

Clustered – Aggregates of nanoforms with no long- or short- range order besides that of the objects 

themselves. 



14 

 

Mosaic crystal – An idealized model of an imperfect crystal, imagined to consist of numerous small 

crystallites that are to some extent randomly misoriented and dispersed. The mosaicity is commonly 

equated with the standard deviation of this distribution. 

Mosaic cluster – Same principle as that of mosaic crystal described above, but containing clusters 

rather than crystallites. 

In-plane fluctuations – Can include corrugation, wrinkles, folds, or curling. 

Folded – When the graphene layer folds over on itself.  This a specific type of stacking. 

Wrinkled – When the graphene layer has a perturbation at the surface that results in a bi-layer 

formation. 

Corrugated – The graphene layer surface undulates without changing the overall mono-layer shape 

(no wrinkling or folding). The size of the undulations is less than the dimensions of the nanoform itself. 

Depicted visually in Figure 8 (A). 

Wavy – The nanoform itself undulates and this undulation is on a larger scale that the corrugated 

nanoform. 

 

 
Figure 8.  Examples of corrugation (A), intra-sheet defects (B), and inter-sheet pores (C).  Reproduced from [48, 49]. 
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Chapter 2. Literature Review 

2.1 Description of rGO Sheets and Assemblies 

 Significance of graphene and rGO in materials engineering 

While reports of its existence have been around since the 1960s [19], graphene-related research did 

not reach “gold-rush” status until it was popularized in 2004 [1, 2], receiving the Nobel Prize in Physics 

in 2010 and interest growing exponentially ever since.  After their ground-breaking reports on the 

unique properties of the first stable two-dimensional crystal, Geim and Novoselov gave a detailed 

overview of graphene’s brief history and offered suggestions for practical applications ten years ago, 

in 2007 [8].  Here they outline the unique properties of graphene and argue the material is not a 

trending fad, but has obvious advantages for applications in material science that could be readily 

realized in industry.  Since that time, this intense focus on discovering new graphene-based material 

has indeed laid claim to many marketable products [12, 50-53].  Geim and Novoselov [8] highlighted 

electronics, composites, energy storage, flexible displays, and sensors as the most promising graphene-

based products – all of which have now been realized in an experimental setting and many are making 

their way to market, with economic reports (by IDTechEx and other market research firms) forecasting 

the global graphene market is expected to reach $200-300 million by 2020, at a massive growth rate 

of over 40% from 2015 to 2020. 

Given the seemingly boundless potential for both fundamental research and creating new materials, 

the literature currently published on graphene is far too broad to discuss all aspects in the field, and 

this Literature Review will focus only on graphene materials made from the bulk processing method of 

firstly synthesizing graphene oxide (GO) from graphite, followed by the removal of most of the oxygen 

functionalities to obtain a stable aqueous dispersions of reduced graphene oxide (rGO) [15].  Like 

graphene, these rGO materials are essentially a two-dimensional sheet of carbon atoms arranged in a 

honeycomb-shaped lattice, but they differ from pure graphene (produced through mechanical 

exfoliation or chemical vapor deposition) in a variety of important ways which will be discussed.  The 

processing methods for GO and rGO vary widely, and there is much current research focused on 

optimizing scalable processing methods in order to develop industrially viable techniques to produce 

graphene materials, with many reviews devoted to this subject [6, 7, 27].  This is a significant area of 

research, as scalability and functionality are key for wide adoption of graphene-based materials.  

Presently there is a lack of understanding of how processing conditions impact the structure of rGO 

assemblies and thus influence the material performance. 

 

 Structure of GO and rGO sheets 

 Chemical composition 

In the work reported in this thesis, the procedure for synthesizing the original graphite oxide solutions 

was varied in order to measure the impact changes in reaction temperature and reaction time have on 

the structure of the resulting reduced graphene oxide sheets.  The focus is specifically on the final rGO 

assemblies, with limited attention paid to the original GO material other than determining if the 

adjusted oxidation conditions will impact the properties of the resulting rGO.  The reduction procedure 

used here is kept constant and is based on the early work of Boehm et al. [5, 18], later popularized by 

Wallace [15], where aqueous suspensions of GO are reduced with hydrazine at elevated temperatures 

(100°C, 140°C, and 180°C) in a basic aqueous solution.  A broad overview of GO and resulting rGO is 

provided here in order to provide a context in which the thesis aims can be understood, highlighting 

the main aspects of GO processing and reduction conditions that could influence the chemical 

composition of rGO sheets and subsequent performance of rGO materials.  This is then followed with 

details on the specific aspects of rGO assemblies directly related to the focus of this work.   
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The chemical exfoliation of graphite is a very old technique [54], and was traditionally accomplished 

by opening up the graphite layers to create what is termed a graphite intercalated compound (GIC) by 

soaking graphite flakes in mixtures of nitric and sulfuric acid for an extended period of time.  It is 

important to distinguish between a GIC, graphite oxide, and graphene oxide, as the number of layers 

making up each platelet will determine how effective the method is in producing reduced, single-layer 

graphene-like sheets.  In this work, the label GO will only be used to describe single sheet, graphene 

oxide.   

The most common methods to synthesize oxidized graphite directly are those of Brodie [54] and, later, 

Hummers [55], where the graphite oxide is fully exfoliated to single GO sheets using sonication or other 

mechanical methods.  While sonication is necessary to fully exfoliate the platelets, it should be 

recognized that these harsh mechanical processes damage the sheets, resulting in GO with a sheet size 

significantly smaller than the starting material (from many microns reduced to several hundred 

nanometres) [56]. Thus, the size of the GO sheet is largely dependent on the starting graphite material 

and processing conditions (sonication power and time) while the size of the aromatic islands along the 

sheets is due to the degree of oxidation and method of reduction (chemical processes).   

 

 
Figure 9.  Schematic diagram showing the chemical evolution during the oxidation process of graphite to produce GO. 
Reproduced from [57]. 

 

A full understanding of the chemical composition and morphology of GO and rGO sheets continues to 

be an area of focused research, and many aspects are not yet fully understood. Since the modified 

Hummers method [55, 58] is used to produce the GO in this work, it is useful to give a brief background 

on the chemical process in order to better interpret the resulting rGO structure.  This discussion is 

largely centred on the more recent work of Kang [57] and Shao [58], and the reader is directed there 

for a more complete description of the chemical processes underling GO processing. The process of 

oxidizing graphite can be broken down into two main steps, which can be termed Step 1 oxidation: 

KMnO4 and Step 2 oxidation: hydrolysis, as shown in Figure 9 [57].  First, graphite flakes are soaked in 

a water-free mixture of concentrated sulfuric acid and sodium nitrate before Step 1 oxidation 

introduces potassium permanganate to obtain fully exfoliated graphite oxide.  Shao et al. [58] showed 

that the temperature of this reaction step plays a large part in the resulting GO chemistry, with more 

thermally stable, less oxidised GO with a larger aromatic content being obtained at less than 50°C 

reaction temperature.  It was found that holding this step at a higher temperature produced over-
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oxidized material with more defects and less favourable properties. Thus, Step 1 oxidation: KMnO4 can 

result in GO sheets with fewer defects by using low temperature conditions, but allowing the reaction 

to run for slightly longer time periods.  Very recently, Kang et al. [57] uncovered the mechanisms 

behind Step 2 oxidation: hydrolysis showing, similarly, that the time and temperature conditions for 

this stage of the oxidation process also strongly impacts the resultant chemical composition of GO. 

Kang’s work showed that holding this reaction at temperatures below 50°C was able to preserve the 

aromatic structure of the GO sheets as less tears and holes were produced during the oxidation.  

Comparatively, reactions at 70°C and 90°C had significant and irreparable damage to the graphene 

lattice. Further, the type of oxygen groups bound to the basal plane were impacted by the temperature 

of Step 2 oxidation: hydrolysis, with the ratio of hydroxyl to epoxy groups increasing at higher 

temperatures.  This results in significantly diminished electrical conductivity, as the hydroxyls are most 

resistant to reduction, preserving the sp3 carbon network and hampering electric conduction in rGO.  

For both oxidation steps, increasing the reaction time allows for GO to be further oxidized, especially 

at higher temperatures with increased hydroxyl and epoxy units along the basal plane and additional 

carboxyl groups forming at edges [57].  

The edge carboxyl groups, as well as the hydroxyl and epoxide groups along the basal plane allow for 

stable colloidal dispersions of GO, as each layer is effectively a charged macro-anion.  The oxidation 

reaction is terminated by the addition of more water and hydrogen peroxide, and excess ions are 

removed through a subsequent purification step.  The resulting GO can be dried or stored in water, as 

the GO platelets automatically repel each other because of the electrostatic repulsion, forming stable 

dispersions.  Due to the extremely hydrophilic nature of GO, it can be stored as an aqueous dispersion 

for long periods of time, diluted to any desired concentration, and/or readily mixed with other 

compounds.  The water of hydration in GO and rGO, as well as the amount of water adsorption in dried 

GO and rGO flakes, is directly related to the level of oxidation and thus provides useful insight on 

surface forces and chemistry present in the material [59, 60].  Once GO has been reduced, the loss of 

hydrophilic groups and resulting aromatic domains result in a more hydrophobic suspension, and this 

hydrophilic/hydrophobic nature must be considered in order to tailor material properties for specific 

applications and performance. 

The resulting physical and chemical structure of GO is highly dependent on the starting graphite 

material and the oxidation procedure – both of which will contribute to the resulting GO surface 

chemistry and morphology.  It should be noted that while four main oxygen groups are known to be 

present in GO (-O-, -OH, -C=O, and –COOH) [5], unlike small molecules, crystalline solids, or an 

otherwise homogeneous material, there can never be an exact structure for GO as there are too many 

variables in processing [56].  Ever since Brodie [54] and Staudenmaier [61] first began to study oxidized 

graphite materials, researchers have continued to notice the large variance in GO structure and 

chemistry which results from both the source of the graphite and reaction conditions.  Experimentally 

obtained results for the chemical composition of GO can vary across a large range from C8H1.6O2.1 to 

C8H2.5O3.9 to C8H4.6O6.7, which are just some of the examples of the wide variance of compositions 

resulting from different processing conditions [6].  Nevertheless, much work has been done to more 

clearly define the types of oxygenated functional groups present and the location of these groups along 

the carbon lattice (very precise review given by Dreyer et al. [56] and theoretical insight by Gao et al. 

[16]).  From these, the Lerf-Klinowski model has arisen as the most accepted model to describe 

distribution of oxygen groups on graphene [62, 63].  A visual depiction of the surface chemistry of GO 

based on this model is shown in Figure 10. 
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Figure 10.  The Lerf-Klinowski model for the structure of graphene oxide is presently the most accepted (from [62]). 

 

Lerf et al. [62] were the first to propose what is now the most generally accepted model of GO, where 

epoxide (-O-) and hydroxyl (-OH) groups are in close proximity to each other and randomly dispersed 

across the planar surfaces of the graphene sheet, while carbonyl (-C=O) and carboxyl (-COOH) groups 

are located along the edges.  There are alternative models for the structures of GO, mostly related to 

the presence of basal plane carbonyl (>C=O) groups, with notable published work by Dekany [59] and 

Ajayan [64], who claim that C=O species can exist in GO along the basal plane. The existence of carbonyl 

groups has since been supported by computational models [65] and verified in a number of 

experimental works [66].   

Most models describe a slightly corrugated structure consisting of two distinct regions: (1) variable-

sized aromatic islands of pure sp2 carbon that are separated by (2) aliphatic six-membered rings 

bonded to oxygen functional groups.  Within the aliphatic region, regions containing double bonded 

oxygen and epoxide groups are expected to remain flat, while regions with -OH functionalities lead to 

a slightly distorted tetrahedral configuration (where corrugation of the graphene layers is induced) [59, 

62, 67]. There are typically one and a half times more epoxy groups than hydroxyl groups contributing 

to the sp3 carbon bonds, but this can vary depending on the level of oxidation. Lerf et al. postulated 

that the relative size of the aromatic domains is dependent on the level of oxidation [63], and an 

understanding of the mechanisms behind this were put forth through computer simulations.  

Boukhvalov and Katsnelson showed the specific surface chemistry of GO is also dependent on the 

oxidation level, with the ratio of epoxides to alcohols increasing with increased oxidation [68].  The 

simulation results matched all known experimental data for the oxygen content in the materials and 

showed the most energetically favourable oxidation conditions result in 75% coverage along the 

carbon sheet with both oxygen and hydroxyl groups being present.  Calculations showed GO becomes 

conducting once this coverage is reduced to 25%, and it is relatively easy to further reduce the oxygen 

content to a C:O ratio of 16:1 but any reduction beyond this is much more difficult.  Bagri et al. [65] 

carried this further to show the chemistry of the resulting rGO is highly dependent on this epoxy-

hydroxyl configuration, determining the proximity of these groups during thermal reduction tends to 

result in the formation of carbonyl and phenol pairs accompanied by a hole in the carbon lattice.  The 
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resilience of these thermally stable phenol groups in rGO has also been reported experimentally [16, 

66, 69], as shown in Figure 11 where carboxyl, carbonyl, and epoxy species diminish while an increase 

in –OH groups is detected from 200°C-400°C.  Oxygen groups resistant to thermal reduction remain 

even at temperatures approaching 1000°C, demonstrating the limitations to completely restoring the 

structure of rGO to that of pure graphene. 

 

 
Figure 11. Monitoring of the evolution of the surface chemistry of GO is shown by in situ XPS measurements, while 
thermally reducing the films at 200°C intervals up to 1000°C.  The corresponding TGA results compare pyrolytic graphite 
(PG) with GO and each mass loss corresponds with water (100°C), oxygen groups decompose while releasing CO and CO2 
from holes in the graphene sheet (200°C), simultaneous removal and recombination as epoxy and carbonyl aid the 
formation of phenolic groups (300-500°C) (from [66]). 

 

Various means can be employed for reduction of GO to rGO, but each method will have specific impacts 

on both the resulting chemistry and structure of the rGO sheet.  Specific aspects of the chemical 

composition will be discussed below, but regardless of the reduction method used, the electrical 

conductivity of rGO will be about five orders of magnitude higher than GO, but about 10 times lower 

than that of pristine graphite powders.  It was found that the electrical transport of rGO sheets is 

dominated by electron hopping [70], indicating the conductive aromatic domains are linked by 

nonconductive regions where defects, edges, and/or oxygen groups are located [70]. While rGO sheets 

can never fully attain the idealized mechanical and electronic properties of pure graphene sheets, they 

offer the advantage of easy, cost effective, and scalable processing with many opportunities for 

functionalization using the reactive edge sites and residual oxygen groups. 

Discussion of all possible reduction methods applied with rGO materials is outside the scope of this 

work.  Thus the discussion here will focus on chemical reduction using hydrazine in a basic aqueous 

solution [15] with some additional comments regarding thermal reduction, especially when these 

methods are employed in combination.  It is noted that fairly complete outline of the major 

experimental and theoretical work investigating reaction pathways for various reduction methods is 

provided by Gao et al. [16].  Further, there are multiple chemical methods that can effectively reduce 

GO, each with specific advantages.  The discussion here is limited to reduction via hydrazine because 

it is the method applied in this work and offers a low-cost solution for large-scale aqueous processing, 

differing from most strong reductants which have a severe reaction with water.  Overall, hydrazine is 

effective in restoring conductivity and having a relatively low impact on disrupting of the carbon-

carbon bonding along the graphene sheets.  Further, because the by-product of the reduction is gas, 

it is naturally removed from the system. 

The effective reduction of GO using hydrazine was first reported by Boehm et al. [18, 19], and later 

popularized by Stankovich [71], with resulting rGO having a carbon to oxygen ratio as high as 10.3:1 

(methods slightly vary in temperature and gas vs. liquid reduction). It was found that effective 

reduction of the oxygen groups is highly dependent on the reaction temperature [72, 73], with higher 
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temperatures (95°C) being necessary for a more complete reduction, yielding rGO with a carbon 

oxygen ration of up to 15:1. The conductivity and sheet resistance will show a range, depending on the 

form of the bulk rGO used for testing, with the highest values in the range of 2400 S m-1, close to that 

of graphite (2500 S m-1) [56]. This demonstrates the effectiveness of hydrazine reduction at restoring 

aromatic domains with high conductivity.  It has also been observed that the BET surface area of 

hydrazine reduced GO assemblies can range from 450-750 m2 g-1 [56, 74], which is far lower than the 

idealized value for exfoliated graphene of 2620 m2 g-1 and highly depended on the residual oxygen 

content, sheet morphology, and interlayer-spacing within the bulk assembly. Li et al. demonstrated 

the production of aqueous suspensions of rGO that were stabilized via surface forces in a basic solution 

which greatly improved opportunities for scalability, functionalization, and simple bulk processing of 

rGO materials [15]. 

The surface chemistry and morphology of rGO sheets remains an area of current interest as these 

properties will determine the performance of rGO bulk materials. The mechanism of hydrazine 

reduction has been shown to act mostly on the basal bound epoxy groups (which restores the aromatic 

domains and increases sp2 content), but is rather ineffective at removing hydroxyl and carboxyl groups 

[71, 73].  There are contradicting reports as to whether hydrazine can [73, 75] or cannot [16] remove 

carbonyl species, but this may be due to differences in reaction temperature. At temperatures greater 

than 95°C, the effectiveness at removing basal-plane epoxy groups improves while at the same time 

carboxyl groups begin to reduce, further enhancing the overall reduction process. Wang et al. [75] 

showed this effect could be significantly enhanced through a solvothermal hydrazine reduction 

process at 180°C which significantly increased the conductivity of rGO layered assemblies (also termed 

graphene paper in some literature) to values of 2720 S m-1, compared to the typical 95°C treatment 

yielding 580 S m-1.  It is the general consensus that basal hydroxyl groups are the most difficult to 

remove, and edge bound species of hydroxyl, carboxyl, and carbonyl remain in rGO reduced using 

hydrazine [5].  As discussed previously with thermally reduced GO, the density of oxygen groups on 

the basal plane will also be a factor in the resultant surface chemistry of rGO, and the specific 

mechanisms underpinning hydrazine reduction show the same trend.  A higher density of epoxy groups 

on the basal plane will still result in smaller sp2 domains after reduction [76], most likely due to the 

recombination of neighbouring epoxy and hydroxyl groups to form phenols. 

 

 
Figure 12. Depiction of the impact different levels of oxidation in the original GO will have on the resulting structure of 
rGO.  The structures are the result after rapid, high temperature reduction of GO with 20% oxygen (left) and 33% oxygen 
(right).  The grey atoms are carbon, red are oxygen, and white are hydrogen in both hydroxyl and phenol groups (from 
[65]). 
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The original oxidation level of the GO sheets, as well as the particular reduction conditions, will also 

have impacts on defects within the carbon lattice.  Generally, higher oxidized material will lead to more 

in-plane carbon defects, with higher temperatures and faster reduction rates being the most 

destructive.  As shown in Figure 12, GO with original oxygen content of 20% and 33% results in rGO 

with very different levels of oxidation and defect density [65]. These computational models show the 

effect of rapid, high temperature reduction at 1200K, so there are many more defects introduced to 

this carbon lattice than there would be in the case of hydrazine, which would be more like the low 

oxygen content figure on the left. The initial configuration of hydroxyl and epoxy groups is expected 

to drive the formation of carbonyl and phenol groups, where the formation of holes within the basal 

plane is energetically favourable in all cases.  Gao et al. [16] also shows that hydroxyl groups are no 

stably bound to the basal plane, and in order to remain stable require a neighbouring epoxy, migration 

to an edge site, or conversion to phenol. The conversion to phenol is the preferable route, as other 

options result in sp3 carbon bonds, which leads to an increase in sheet resistance. 

 

 
Figure 13. Variations in schematic structures of GO and nitrogen-doped rGO produced by hydrazine-assisted solvothermal 
reduction (temperature range of 80-180°C) showing numerous graphitic (purple), pyridinic (pink), and pyrrolic (green) 
nitrogen species (left from [77]), compared with hydrazino alcohols, hydrazides, and hydrazones (right from [75]). 

 

The impact hydrazine has on the presence of nitrogen in rGO has been the matter of debate, but some 

degree of nitrogen doping in the resultant rGO is always reported [5] – typically at values of around 

three atomic percent.  Previous reports have shown the nitrogen bonding primarily occurs at the edge 

sites, while the degree of N-doping scales with the degree of oxidation or concentration of defects in 

the graphene lattice [78], specifically with the amount of epoxy and carbonyl groups [73].  The reaction 
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mechanism is attributed to reduction of the epoxy groups as well as interactions with the carbonyl and 

carboxyl groups [75], but consensus on the resulting species has still not been reached, with accounts 

of be sp2 or sp3 hybridized environments all being reported.  Examples of these nitrogen groups 

reported in the literature are as follows: amino aziridine [71]; hydrazino alcohol, hydrazide, and/or 

hydrazone [73, 75, 76]; “pyrrole-like” (pyrazole and/or pyrazoline) species [79-82]; or a combination 

of pyridinic, pyrrolic, and graphitic types [77, 83].  Two of the reported structures for nitrogen-doped 

rGO are shown in Figure 13, and it is clear very different bond types have been assigned, with the left 

side of the figure depicting only nitrogen groups incorporated into carbon rings, while the structure on 

the right shows  “amine-like” functionalities of hydrazino alcohols, hydrazides, and hydrazones.  An 

accurate determination of the nitrogen bonding is important because this has significant impacts on 

the conductivity of the rGO sheets, with the site of the nitrogen bonding being the main determinant 

of enhanced capacitance for N-doped rGO supercapacitors [60, 84, 85].   

 

 
Figure 14.  Variations in schematic structures of nitrogen-doped rGO produced interactions with ammonia gas at high 
temperatures (A from [86]) or urea in a hydrothermal environment (B from [87]). 

 

Interestingly, solvothermal conditions (also a method used in this work), optimised at 180°C, 

significantly enhanced the hydrazine reduction process by way of a Wolff-Kishner-Huang [88] reaction 

to reduce carbonyl groups while also facilitating additional reactions with carboxylic groups to form 
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hydrazino alcohols [75].  Along with the role of hydrazine, additional nitrogen doping can result when 

rGO is prepared via hydrothermal reduction in aqueous dispersions with ammonia (method used in 

this work).  This has been shown to contribute to the formation of residual amines after reactions with 

acidic groups on GO, including carboxyl, hydroxyl, and epoxy groups [75, 86, 89, 90], and a similar 

effect has been reported for interactions with urea [87, 91].  Two of the proposed chemical structures 

are depicted in Figure 14, where further incorporation of the nitrogen groups into aromatic rings is 

thought to occur under particular reaction conditions [86, 87]. 

 

 
Figure 15.  Schematic A (at top) depicts the typical oxygen containing acidic and basic functionalities on the edges of 
carbonaceous solids (from [92]).  Schematic B (at bottom) depicts types of nitrogen surface functional groups often present 
in activated carbons: (a) pyrrole, (b) primary amine, (c) secondary amine, (d) pyridine, (e) imine, (f) tertiary amine, (g) nitro, 
(h) nitroso, (i) amide, (j) pyridone, (k) pyridine-N-oxide, (l) quaternary nitrogen (from [93]) 

 

The nitrogen bonds on rGO materials can occur at both basal and edge sites, but more favourable 

bonding occurs along the graphene edges.  In addition to the works mentioned above on rGO materials, 

there has been a vast amount of research conducted on the identification of chemical species within 

other types of nitrogen containing carbonaceous solids [92, 94], including activated carbon [95, 96] 

[93], carbon fibers [97, 98], chars [99], and hydrothermal carbon [100].  In these materials, preferential 

bonding also occurs along edge sites, and the typical acidic/basic oxygen functionalities found in 

carbonaceous solids are shown in Figure 15(A).  In low temperature reactions, ammonia reacts with 

the stronger acidic groups (carboxylic, anhydrides, lactones) to form amide, imide, imone, amine, 
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and/or nitrile, while at higher temperatures, ammonia can also decompose weak acids (carbonyl, 

phenol, quinone) and more thermally stable groups located in aromatic rings are formed (pyrrolic- and 

pyridinic-like) [95].  Figure 15(B) shows the multitude of nitrogen functionalities that are typically found 

in activated carbons [93], many of which are similar to what would be expected in nitrogen-containing 

rGO materials.  

In summary, to enhance the conductivity of the rGO sheets, it is desirable to remove as many of the 

oxygen groups as possible and restore the sp2 carbon network. However, upon reduction, along with 

the removal of oxygen functional groups, the graphene sheets undergo other physical and chemical 

changes, resulting in a material that is markedly different from defect-free graphene.  The work 

presented here focuses on rGO produced using a hydrothermal chemical reduction process utilizing 

hydrazine [15], and the sheets produced with this method contain in-plane defects, residual oxygen 

groups, and nitrogen doping, all of which will influence conductivity and impart a large degree of 

structural disorder [56, 76].  Published experimental results and molecular modelling show that the 

epoxide groups attached to the aromatic domains are the most easily removed, but epoxides and 

hydroxyls attached to edges and defects will remain even after treatment at very high reduction 

temperatures [66]. Also, edge sites with carbonyl groups are strongly bound, yet edge sites with 

carboxyl are unstable and can be removed at slightly elevated temperatures.  It has also been shown 

that phenol groups can be produced during thermal deoxygenation because the epoxide and C-OH 

groups are in close proximity along the planar surface, facilitating localized bonding at temperatures 

up to 400°C, where these moieties begin to slowly decompose [66].  Additionally, rGO reduced using 

hydrazine is usually suspended in an aqueous solution stabilized with ammonia [15].  Under these 

conditions, the nitrogen from both hydrazine and ammonia can bond to the defect regions produced 

during the reduction process, creating nitrogen-doped rGO sheets [73, 76, 77, 90, 101]. 

 

 Structure 

The residual chemical groups on the rGO sheets have important structural implications on the size and 

connectivity of the aromatic domains along the carbon lattice [102]. The electronic properties of 

carbon materials depend not only on the chemical composition, but also on the morphology, which is 

not necessarily linked to a particular physical structure. For example, Stankovich [103] noted that while 

glassy carbon is a pure sp2 carbon matrix, it contains very tiny aromatic domains because of its 

amorphous-like structure, with the dimension of these domains similar to an activated carbon with 

approximately 11% residual oxygen, where the small aromatic domains result from oxygen groups and 

defects in the carbon lattice.  In spite of large differences in structure and properties, both glassy and 

activated carbon materials typically exhibit aromatic domains with length, La, of about 1.5 nm.  Based 

on the structural diagrams of Ellis mentioned previously [80], GO with 50% oxygen would have an La 

less than 1 nm, and the prevalence of remaining basal bound groups in rGO would indicate the size of 

aromatic domains will vary, but should be close to 1 nm in rGO with a 10% oxygen content [80]. 

The size and connectivity of the aromatic domains in rGO sheets will determine the resistivity of the 

material, with distinct types of transport being dependant on the sp2 fraction and oxygen content in 

the material, as shown in Figure 16.  Hopping is dominant if there is more than 20% residual oxygen 

present (corresponds to less than 60% sp2 bonding), which is common during the initial stages of 

reduction [70].  Mattevi et al. [104] showed that further reduction is able to connect the sp2 clusters 

so that percolative transport can occur, with reduction above 450°C being equivalent to chemical 

reduction with hydrazine.  As previously discussed, it is not possible to fully reduce GO, and thus some 

sp3 bonding is always present due to residual oxygen groups and carbon defects which creates 

“conduction bottlenecks” between the clusters and limits the maximum conductivity of the material.  
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It should be noted that the diagrams in Figure 16 also correspond to a physical morphology resulting 

from carbon bonding and residual oxygen groups which will now be discussed.  

 

 
Figure 16. Diagrams depicting the aromatic domain size La as a function of the sp3 bonding from residual oxygen groups as 
GO is reduced at different temperatures is shown in A (from [104]) and the AFM image of rGO shown in B confirms the 
relative size of aromatic and oxygenated domains (from [70]).  Both of these studies reveal the transport (hopping or 
percolation) is determined by the sp2 fraction, which is itself related to the oxygen content, as shown in C. 

 

In addition to the electronic considerations mentioned above, it is important to recognize that the 

dimension and shape of rGO sheets will impact the resulting material properties of rGO assemblies just 

as much as, or perhaps even more than, the chemistry, depending on the application.  For example, in 

an electrochemical supercapacitor, the amount of ions that can be stored in the pore depends on the 

total accessible surface area, as well as the size of the micropore, yet this relationship is not trivial as 

there is not a true linear correlation between surface area and capacitance.  In practice, there is an 

optimal micropore size that correlates with a specific electrolyte system within a given voltage window 

[41].  Furthermore, the uniformity of the pore sizes, usually described by the PSD, as well as the way 

the pores are interconnected has a large impact on capacitor performance. The morphology of rGO 

sheets will impact the overall stacking within rGO assemblies and, thus, determine many important 

properties of the bulk material, such as permeability, accessible surface area, and these pore size 

considerations. The residual oxygen groups and sheet corrugation will be the main determinants of 

the structural features mentioned here. 

GO sheets have been found to have an average surface roughness of 0.6 nm resulting from the 

distortions of sp2 bonds to sp3 C-O bonds, and this roughness is also, then, proportional to the 

electronic structure of GO as oxygen bonding increases resistance due to bond configurations [6, 105].  

It can be expected that the residual oxygen groups bound to the basal plane of rGO retain a similar 

level of roughness, and the variance in defect concentration along the sheets was shown clearly with 
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ultra-high-resolution transmission electron microscopy (TEM) [106], as shown in Figure 17.  Thus, the 

structure of individual rGO sheets can be used to infer the structure of stacked assemblies, where 

aromatic domains allow for restacking due to the planar surface and Van der Waals bonding (Figure 

17(F)) and oxygenated domains contain protruding bonds that result in increased stacking distance 

between rGO layers (Figure 17(D,E)). This would result in two distinguishable regions, with interlayer 

distance related to aromatic (sp2) or aliphatic (sp3) bonding, typical features seen in oxygenated 

carbons like coal [46, 107-109]. 

 

 
Figure 17.  Structure of pure graphene (A), graphene oxide (B), and reduced graphene oxide (C) where aromatic domains 
are coloured in yellow, oxygen functionalities in red, and holes in purple. The corresponding description of how the residual 
oxygen groups disturb the planar structure along the carbon lattice, with surface roughness being related to the variance 
in defect concentration from high oxidized areas (D), individual oxygen bonds (E), and aromatic domains (F).  Scale bar is 
1 nm (from [106]). 

 

Even with pure sp2 bonding, suspended graphene has microscopic ripples, or surface corrugation, 

because of thermal fluctuations and is essential for the structural stability of two-dimensional carbon 

sheets, as shown comparatively in Figure 18(A) and (B) [48]. These results were taken from graphene 

suspended on a TEM grid under high vacuum, and it can be assumed that the surface forces between 

the sheet and surrounding media will play a large role in determining the overall corrugation, with rGO 

in aqueous media exhibiting different features than that of freely suspended pure graphene. It is also 

known that defects and dislocations will result in shrinkage and local deformations that add to sheet 

corrugation and increase strain in graphene [6].  Two-dimensional graphene systems have been shown 

to exhibit long-range out-of-plane buckling that results from specific defects along the lattice [110], as 

shown in Figure 18 (D). Pentagon-heptagon defect pairs are normally detected along a grain boundary 

and can relax to an unperturbed graphene lattice. However, hole-like defects are assumed to be more 

prevalent in rGO layered structures, and these will increase corrugation along the sheet and add to 

overall disorder within the stacking of the sheets, like that seen in smooth lamellar pyrocarbons, and 

depicted in in Figure 18 (C) [111].  
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Figure 18.  Natural planar fluctuations in suspended graphene sheets (corrugation) was measured by the broadening of 
crystalline diffraction spots, as shown in A and B (from [48]), where the deviation from a perfectly flat, 2D crystal disrupts 
the periodicity and results in reciprocal space features like that of narrow cones instead of perfect rods (as shown in the 
diagram). Defects in the carbon lattice result in curvature that influences the stacking of carbon layers within a pyrocarbon 
(C) and the geometry of defect configurations will lead to curvatures with specific shapes, as shown in D (from [111] and 
[110], respectively). 

 

 
Figure 19. SEM images of wrinkled (top A) and highly crumpled (bottom B) graphene sheets along with the corresponding 
atomistic modelling results and water contact angle (from [112]). 
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In addition to corrugation and curvature due to defects, graphene and rGO will undergo wrinkling in 

response to confinement or controlled crumpling (applied pressure or mechanical stress).  The 

presence of these wrinkles, like those shown in Figure 19, impact the wettability, transparency, 

reactivity, and mechanical properties of the material [112].  It is difficult to assign a direct 

measurement to this crumpling because it is highly disordered and statistically variable.  Again, similar 

to the chemical structure of rGO, the morphology is also best described using a statistical distribution 

characterized by the major factors of surface roughness and aromatic domain size, with the material 

properties acting as an indirect measurement of these same features. 

These wrinkles and folds will also act to stabilize graphene sheets, and multiples studies have found 

that graphene and rGO sheets will fold in precise and predictable ways,  related to the defects, dangling 

bonds, and interlayer van der Waals cohesion forces which also act to stabilize the resulting folded 

structure [113].  The same forces that act along a single sheet will also act between different sheets, 

so an understanding of what factors will determine sheet morphology is of the utmost importance to 

forming an accurate structural model of highly complex rGO assemblies. Figure 20(A-C) shows the 

difference in van der Waals cohesion between a graphene sheet that is relatively free of defects and 

folded in half compared to a sheet that has more folds and crumples.  It is clear that a higher amount 

of crumpling is effective at reducing the stacked regions which will be inaccessible to gasses and ions. 

Figure 20(D-E) shows the main structural features which can act to stabilize the folded graphene sheets 

with covalent crosslinks, ridges, and oxygen bonds effectively overcoming the van der Waals forces. 

Figure 20(E) further highlights that more defective graphene sheets will have more crosslinking and 

surface corrugation which can help stabilize the crumpled structure. 

 

 
Figure 20. Distribution of bond and elastic energy (A) along with van der Waals energy (B) in stable crumpled sheet 
configurations for graphene of sheet length 18 nm and 24 nm (C).  Diagrams showing the different structural features in 
crumpled graphene (D) and GO (E) along with an illustration showing the prevalence of crosslinking in sheets that contain 
more defects (F) (from [113]). Simulations performed using the LAMMPS package [114] based on the adaptive 
intermolecular reactive empirical bond order (AIREBO) potential function [115] where both covalent bonds and van der 
Waals interactions are included.  This method has been validated by predicting consistent structural and mechanical 
properties of graphitic structures, including bending rigidity and surface energy. 
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Similar work was done to assign a quantitative value to the crumpling of graphene sheets and further 

relate this to the solvent accessible surface area (SASA) along the sheet [116].  Figure 21 shows the 

major findings of this work where a graphene sheet of length L is crumpled by constraining it within a 

sphere of radius r, and no matter what the sheet or confinement size is, a purely crumpled sheet will 

have a fractal dimension of 2.358.  This fractal dimension can then be directly related to the amount 

of crumpling versus folding, where more folded sheets will have fractal dimension greater than 2.358 

which signals the loss of SASA because more van der Waals stacking is present.  These results have a 

significant impact on the rGO assemblies under investigation, and allow for interpretation of the sheet 

morphology as it relates to material performance, especially in regard to supercapacitors which rely 

heavily on a high SASA. 

 

 

Figure 21. Structural depiction of how a graphene sheet of length L crumples when constrained within a sphere of radius r 
(A-D).  Results show regardless of the original sheet length L0 (or corresponding confinement sphere with radius req), the 
fractal dimension of a purely crumpled sheet is 2.358.  Depending on if the graphene sheet is more crumpled or folded, 
there will be a specific percentage of van der Waals (VdW) stacking present (F) which directly corresponds to the solvent 
accessible surface area (SASA) of the sheet (from [116]). 

 

Thus, the three dimensional nanostructure of layered rGO assemblies contain accessible surface area 

that is directly related to the residual oxygen groups, corrugation, and crumpling that exists within 

each individual sheet.  As these sheets accumulate to form bulk assemblies, the structural 

perturbances will ultimately create the individual pores and overall pore network by the prevention of 

stacking wherever the π-π interactions are weakened.  It has been shown that removal of these 

perterbations leads to a significantly reduced surface area in rGO assemblies, especially in sub-nm 

pores [74].  It should also be mentioned that because of the different surface chemistry and crumpling 

conditions for various rGO materials, the measured surface area for these materials has been reported 

across a wide range of 723 m2 g-1 [74], 425 m2 g-1 [56], and 300 m2 g-1 [69]. 
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 Three-dimensional architecture of rGO assemblies 

Graphene-based materials come in all forms, from single sheet to very advanced 3-dimensional 

architectures [38]. Furthermore, there are countless composite materials that can be created by 

incorporating nanoparticles or polymers into a graphene-based matrix where the rGO sheets can 

comprise either the majority or the minority material [27].  As mentioned, one of the largest challenges 

in creating a scalable processing method fromgraphene-based materials is to prevent agglomeration 

or restacking of the sheets after they have been reduced from GO. Further, in order to obtain rGO bulk 

materials that can be used for specific applications, it is necessary to effectively control both the 

surface chemistry and structural properties of the pores.  Stable solutions of solvated graphene offer 

unique opportunities for functionalization and tailoring the structure and are very promising materials, 

particularly in the fields of energy storage and biomedical devices (particularly in the hydrogel form) 

[29]. 

The previous introductory chapter of this work highlighted the specific applications where these rGO 

assemblies have shown promise alongside the relevant research questions that remain.  The focus of 

this work is aimed at determining the structure of rGO assemblies, and these results are then discussed 

in the context of addressing the knowledge gap that remains from previous research, especially as it 

relates to how the structure of these porous rGO assemblies is likely to impact ion transport [26] and 

supercapacitor performance [24].  Ultimately, it is the large surface-to-volume ratio and high 

conductivity of porous carbons and graphene-based materials that yields the well-known advantages, 

but solvated graphene also goes much further as the low-temperature, aqueous processing conditions 

allow for unique opportunities. Robust assemblies composed of multi-layer rGO sheets can be 

fabricated with various thickness using solution based filtration method [15], and added features of 

controllable corrugation [22, 23] and adjustable packing density [24] have shown promise in separation 

and energy storage technologies. 

While these rGO assemblies show immense promise, direct measurement of the pore structure has 

not yet been accomplished.  Accurately tuning the pore size while retaining a consistent pore network 

is of great interest, however accurate characterization is quite complex as the performance will depend 

on not only individual pore size, but also pore size distribution, interconnectivity of pores (ASA), total 

porosity,  as well as wettability and specific aspects of the surface chemistry [39, 117, 118].  As 

discussed in the introduction, these factors require full characterization to extend across a large length 

scale and employ a multitude of techniques.  This is further complicated with hydrated and dynamic 

systems, and structural features can be inferred based on performance, but no direct measurement 

has been done to corroborate these reports.  It should also be noted that the expected size range of 

the pores in rGO assemblies ranges from sub-nm up to about 15 nm, or perhaps more, and this 

particular size range lies in a range where most experimental methods are not optimised – either 

focusing on sub-nm diffraction measurements or larger structures of over 100 nm.  TEM is an exception 

to this, but the sample conditions are not well suited for rGO materials, particularly hydrogels. 

Figure 22 shows a hierarchical structural model put forth for GO and rGO bulk assemblies at the micro- 

and macro-scale.  While these models are supported by indirect analysis of material properties, no 

direct structural data verifies these claims, especially in the size regime below the resolution of SEM 

imaging, which is typically used as the only experimental tool for this aim.  Much information can be 

gained in the sub-nm region using X-ray diffraction, but not in the case of the disordered and solvated 

materials.  Thus, a large gap remains in creating a complete structural model of rGO assemblies based 

on direct evidence which incorporates aspects of the individual rGO sheets, micro-clusters, and meso-

lamellar features that will define the overall pore structure. 
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Figure 22.  Hierarchical structure and corresponding size regime making up the bulk of a GO paper, where individual sheets 
form clusters of a lamellar form which in turn form what is termed a “super” lamellae (A) proposed by Wood et al. [119]. 
Model for a more disordered 3D rGO porous assembly that shows in-plane defects and a high degree of corrugation (B) 
proposed by Zhang et al. [120].  Molecular level model proposing how water and ions move within the “cascading slit-
shaped pores” of rGO hydrogels with tuned pore size (C) proposed by Cheng et al. [26]. 

 

One of the most promising indirect measurements of how the pore structure influences performance 

has been shown to be dynamic electrosorption analysis (DEA), as reported by Cheng et al. [17].  This 

technique overcomes many of the issues related to other penetration methods and uses ionic species 

to directly probe the surface of rGO assemblies.  The size and affinity of the ions can be tailored so that 

differences in the charging behaviour can be seen, and these differences are then used to draw 

conclusions about the total accessible surface area, as well as the accessibility of the pores or dynamic 

resistance.  While no direct structural evidence is attained, the advantages of this method is that it is 

can easily performed in specific conditions that better match that of the actual device (as an energy 

storage material).  The work presented in this thesis builds on the performance measurements 

presented in the DEA analysis, using the same preparation methods for rGO assemblies so that the 

newly identified, direct structural results can be compared to the DEA results.  

The basic premise for investigating porous carbons with a combined DEA and structural analysis is to 

identify the structures that cause specific, measureable phenomena that occur during the 

charge/discharge process in rGO electrodes with aqueous electrolytes.  The main factors investigated 

with DEA were three-fold: i) at low charging rates, the ions are able to overcome the impedance and 

enter confined pores to yield the total accessible surface area, as measured by the maximum 

capacitance; ii) at higher charging rates, there is a significant amount of energy loss that stems from 

the impedance which is influenced by the overall pore structure, and the capacity drop reflects 

features causing this resistance such as overall tortuosity and the prevalence of small micropores 
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(<2 nm); iii) applying electrochemical impedance spectroscopy (EIS) [121] to measure the resistor-like 

behaviour at high frequencies and capacitor-like behaviour at low frequencies where the characteristic 

time constant, τO, can be deduced and measure how fast an ion can transport within the pore network.  

Using the DEA method, it was found that rGO assemblies prepared with different reduction 

temperatures, drying conditions, and annealing temperatures must have very different pore structures, 

and this thesis suggests relevant links between the structural features of rGO assemblies and these ion 

transport measurements reported in these other works.  

 

 Outstanding research questions related to rGO assemblies  

As discussed, it is likely there must be trade-offs in performance when particular reduction conditions 

are applied.  For example, removal of basal plane oxygen groups will enhance conductivity, but could 

also reduce accessible surface area due to restacking of rGO sheets.  The additional performance 

impacts from wettability, pseudocapacitance, nitrogen doping, and aromaticity are all factors that 

require surface chemistry be precisely accounted for.  Currently, there have been no direct 

relationships made between the synthesis conditions of the original GO precursor and the structure of 

the resulting rGO sheets. 

There is clearly a significant gap in knowledge related to both the surface chemistry of rGO sheets and 

the porous structure of rGO assemblies.  While a large number of publications exist showcasing the 

unique properties of graphene-based assemblies [12, 27, 29], the fundamental analysis of structural 

elements underpinning the performance is in its infancy [36, 74, 122].  The work with DEA highlights 

that pronounced difference in the structure must be there, yet until now there has been no direct 

determination of the structure.  This is the same for publications on sheet corrugation [22], as the only 

validation of the structure was made based on filtering particles of different size through the assembly.  

While assumptions can be inferred from the indirect results, there is no way to differentiate what 

factors could be due to a specific pores size or if they are more related to the overall pore connectivity. 

As noted throughout the literature, there is a need for new methods to be developed that can 

quantitatively assess the complex structure of rGO assemblies, especially as this related to changes in 

pore size and ions in confinement [123].  Further, it is of interest to allow these new methods to be 

adaptable for in situ experimentation to track both the structure of the rGO material as well as liquids 

and ions confined within the porous network. 

 

2.2 rGO Assemblies Viewed as a Unique Type of Porous Carbon 

 General properties of layered and porous carbons 

Because the two main structural features of interest for rGO assemblies are that they are: i) layered in 

the c-direction, with the defective graphene 2D crystal laying along the ab plane; and ii) porous, with 

what are assumed to be slit-like pores formed between the rGO layers, also along the c-direction.  Thus, 

one of the main considerations resulting from this particular type of structural ordering is that rGO 

assemblies will be a highly anisotropic material, likely to also exhibit anisotropic transport properties. 

This requires specific experimental conditions in order to obtain data along two, very different planes 

(the ab-plane and the c-axis stacking direction).  This is not the case for most porous carbon materials, 

as they contain an isotropic pore structure and can be measured using the typical powder diffraction 

methods.  Therefore, with rGO assemblies, an approach that considers both the disordered pore 

network and the layered, anisotropic structure must be applied.  Since the rGO assemblies are not 

pure crystals, but contain a significant amount of disorder both along the rGO sheets and within the 

lamellar stacking direction, the structural features like corrugation and residual functional groups 
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along the ab plane are also expected to have an impact on the stacking structure in the c-direction 

where the majority of the pore network lies.    

This section gives a brief account of the main structural features in layered and porous carbons, starting 

from the most basic level of a graphene sheet up to more complex porous carbon forms.  It will be 

followed by an explanation of how these main features impact the properties of the bulk carbon 

material and then outline the best methods to measure and characterize these important structural 

features. 

 The graphene layer 

The most basic level of the layered carbon structure is the individual graphene layer. As shown in Figure 

23, the unit cell of graphene contains only two atoms (marked A and B in (A) and (C)) which are 

connected by a carbon-carbon bond ac-c that is 0.142 nm in length.  When these sheets stack to form 

graphite, the stacking perpendicular to the layer plane usually occurs in what is referred to Bernal 

stacking (ABAB alignment shown in (D), (E), and (F)) where the centre of a hexagon in one layer is 

followed by a corner carbon atom in the next layer.  Thus, graphite with AB stacking is defined as a 

crystal with a unit cell containing four atoms, two from each adjoining graphene plane, and has lattice 

constants of a=0.246 nm and c=0.670 nm, where the inter-layer distance between two graphene 

sheets in graphite is 0.335 nm.  The high symmetry points of the unit cell in reciprocal space are also 

shown in Figure 23.  As for any hexagonal lattice system, the Brillouin zone (BZ) of graphene shows the 

Γ point is at the zone centre, M points are at the centre of each side, and K and K’ are points on the 

corners (shown in (B), (G), and (H)). 

 

 
Figure 23. The unit cell (A) and band structure (B) of a sheet of pure graphene, followed by diagrams showing how the unit 
cell (C) stacks to form Bernel stacking in graphite (D, E, and F). The corresponding reciprocal space unit cell  shows the BZ 
with high symmetry points and lines in pure graphene (G) alongside the BZ for 3D graphite (H), as described by Dresselhaus 
[53]. 

 

An understanding of the crystal structure of graphene is needed to assist with interpretation of the 

results from XRD and Raman spectroscopy.  The main feature that should be noted is the highly 

anisotropic qualities of graphene, where the properties along the plane (described as the ab direction 

in Figure 23) are very different than those perpendicular to the graphene plane.  The carbon-carbon 
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bonds making up the hexagonal lattice are extremely strong, while the van der Waals forces holding 

stacked sheets together is quite weak.  Further, the thermal and electronic properties are highly 

directionally dependent.  There are numerous reviews and reports on the unique properties of 

graphene and the specific features related to the 2D crystal structure and symmetry [1, 6, 53, 124, 

125].   

 Oriented lamellar carbons 

As the graphene layers stack to form bulk materials, the structure can range from the most crystalline 

state of graphite to a purely turbostratic assembly, with intermediate forms typically found in the wide 

variety of pyrocarbons.  The main features of layered carbons relates to the order along the graphene 

plane (aromatic structure) as well as the degree of graphitization [46] between the layers. It has been 

shown with X-ray photoelectron spectroscopy that the electronic structure of rGO is similar to that of 

graphite [126]. The main features of these layered materials can be simplified, as there are only two 

main bond configurations, where the σ-bonds form covalent bonds between the hexagonal carbons 

along the sheet and the π-bonds lead to the forces holding adjacent sheets together as well as 

contributing the electrons that lead to graphene’s extreme conductivity.  It should be noted that the 

peculiar nature of electron transport in graphene is still under investigation, and while most published 

work will claim van der Waals forces are the cause for stacking in layered carbons, there is a growing 

body of evidence that this is actually a semi-metallic bond [127] and the affinity between graphene 

layers is a combined metallic and van der Waals type of bonding [128, 129].  Despite this, throughout 

the thesis, the restacking in rGO materials will be referred to as a result of van der Waals forces, since 

the electronic structure of rGO is not a main focus of the work and the more widely accepted van der 

Waals model can help to stabilize the discussion. 

Pyrocarbons come in different forms, but highly oriented layered structures are common and the 

characterization methods have been well developed over many years [130-132].  The three main types 

of pyrocarbons are smooth laminar (SL), rough laminar (RL), and regenerative laminar (ReL) defined by 

the measured anisotropy and graphitizability. All of them contain some level of disorder, with 

crystalline lengths of only a few nanometres. While more disordered than graphite, many pyrocarbons 

retain a highly lamellar structure, and may serve as a good model for rGO assemblies in the dried state. 

As shown in Figure 24, the structure is clearly identified based on the combination of an atomistic 

model in (A) and (B) along with TEM images showing the alignment of graphene planes based on the 

dark fringes and corresponding mean orientation distance in (C) and (D) [49].   

It is apparent there are differences along and between graphene layers depending on if the material 

is RL or ReL, and these differences are attributed to the amount of structural defects.  The structure 

can be defined by the main physical features of clustered hexagonal aromatic domains connected by 

grain boundaries, inter-layer crosslinking (screw dislocations), and hydrogen saturated edges [31, 49, 

111], all of which are expected to be present in rGO assemblies (plus the additional residual oxygen 

and nitrogen bonds).  The texture is determined from the graphene layers, with RL materials having 

flatter, more extended fringes as well as more parallel stacking than that exhibited by ReL and SL.  For 

all low-temperature pyrocarbons (below graphitization temperatures), the length of the aromatic 

domains along the graphene layers is quite short, with about 60% of fringes having a length of 0-1 nm, 

30% at 1-2 nm, and the remaining 10% trails off exponentially with only a few layers measuring 5-7 nm 

being found in RL materials.  Also, the typical stacking height, measured in the c-direction, is typically 

1.5-2 nm which equates to about 5-6 stacked layers. 
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Figure 24.  Atomistic model of a RL pyrocarbon looking through the edge (c-direction in A) and along the sheet (ab-plane 
in B) showing carbon vacancies and rips alongside hexagonal bonding in light grey and carbon defect bonds in black. The 
coloured spheres result from hydrogen bonding. TEM images of the stacking structure along the c-direction for RL (C) and 
ReL (D) pyrocarbons with insets depicting the degree of alignment between the layers measured as the mean orientation 
distance (MOD) [49]. 

 

The main features defining the layering within the carbon matrix can thus be defined by the simplified 

parameters shown in Figure 25.  Measurements for the orientation angle, total graphene layer length, 

dimensions of the coherent domain, and the number of layers in the stack will be used throughout this 

text in order to characterize the layer structure of rGO assemblies. 

 
Figure 25.  Schematic of a carbon cluster where the solid lines represent graphene layers with total length L2 aligned along 
an orientation with tilt given by ϒ.  The coherent domains are shown in the shaded zones with parameters La and Lc, with 
the latter equating the number of layers, N, making up the stack.  L1 is equivalent to La and defines the defect free portion 
of L2.  Reprinted from [133]. 
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 Complex porous carbons 

There are a countless number of different types of porous carbons, each with rather unique structures 

[28, 30-32, 134].  The main features that define a porous carbon relate to the purity (percentage of 

carbon compared to other elements, most often oxygen and hydrogen) and the physical structure of 

the carbon matrix and resulting pores.  As depicted in Figure 26, porous carbons can have a particle-

like structures with varied densities (A and B), rod-like carbon tubes or fibres (C), or larger graphene-

sheets assembled into 3D clusters (D) with each material having very different surface area, density, 

and energy storage capacity [135].  There can be further structural evolution as these assemblies are 

heated, falling into the broad classes of hard carbon (non-graphitizable) and soft carbon (graphitizable), 

as mentioned in the Introduction. 

 

 
Figure 26.  Schematic drawings of the differing internal structure of porous carbon materials used in energy storage devices.  
A comparison between carbon black (A), mesoporous carbon (B), carbon nanotubes (C), and graphene platelets (D) shows 
the main features of both the carbon matrix and resulting pore structure [135] 

 

Dresselhaus is well known for her work on carbon fibres [30], and for a full and detailed account of 

many types of carbon materials, the reader is directed to her work.  However, it is worth noting that 

that carbon fibres show many similarities to rGO assemblies, due to similar dimensions of the bulk 

assembly and mechanical properties as well as the complex physical structure created by the graphene 

layers making up the materials.  While not a true layered carbon, carbon fibres do show a high degree 

of structural order, while also exhibiting some inhomogeneity within the fibre, as well as anisotropic 

features [28, 136], as shown in Figure 27.  The basic structural unit of a carbon fibre is assumed to be 

a planar network of benzene rings forming graphene layers of various dimensions [30]. The defective 

graphene planes of varied size cluster together to form fibres with typical thickness around 7 μm, equal 

to that of dried rGO assemblies when filtered to have a surface density of 1 mg cm-2.  These graphene 

planes then form the complex, porous structures depicted below.   

Similarities between the structure and properties of rGO assemblies and amorphous carbons have 

been reported, with both materials having a very similar aromatic domain size, sp2 carbon content, and 

oxygen containing groups [137].  This thesis attempts to highlight this fact, as most of the current 

publication on rGO try to compare it with the work done on pure graphene even though it is probable 

that rGO bulk materials share more similarities with forms more akin to coal and carbon black.  These 

other carbon forms are not as popular in current publications, but this work draws upon the vast 

history of solid science and discovery built over many years, especially in the field of  activated carbon 

[32].  The complexity of these structures is highlighted here in order to put this work with rGO in 

context, as an extensive review of the various forms of porous carbons and how these features can 

best be measured by different experimental techniques was necessary to complete this work.  The 

main aspect that makes rGO material differ from these other carbon forms is the wet processing 

conditions.  Thus, the hydrogel assemblies are quite different than the porous carbon materials 

mentioned here. 
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Figure 27.  Sketch of a typical graphene plane in a carbon fibre (A) with aromatic domains and in-plane defects (by Fourdeux 
in 1971 but printed in [30]). Artist's conception of graphene layers within a porous fibre (B), showing the different types of 
order that may be present and how that impacts the internal pore network.  These fibres typically have an outer layer of 
about 100 nm that is highly aligned with the structure becoming much more disordered in the core [138]. 

 

The main features defining the porous content within the carbon matrix can thus be defined by the 

overall porosity, accessible surface area, and structure of the pore network which includes the pore 

size distribution and individual pore sizes and shape.  Porous materials are classified by the pore size, 

with the IUPAC standard notation being the widely accepted method for classification of porous carbon 

materials.  Using these standards, microporous materials have pore diameters of less than 2 nm, 

mesoporous materials have pore diameters between 2 nm and 50 nm and macroporous materials 

have pore diameters of greater than 50 nm.  In most cases, the material is composed of a range of pore 

sizes and complete description of the porous nature is based a number of combined factors including 

size, PSD, shape, alignment, surface roughness, and surface chemistry.  The pore network can be 

described in different ways, but it is typically measured as a fractal dimension [28, 34, 139] which can 

correlate with the surface roughness, PSD, and overall tortuosity of the transport experienced by the 

species moving within the pores. Measurement that can somehow quantify these features are of 

importance in order to fully characterize the pore structure of rGO assemblies. 

 

 Structure-property relationships in porous carbons 

As mentioned, the two basic features of a porous carbon are the carbon matrix itself and the porous 

surface area contained within this matrix.  An account of what is understood about the chemical 

composition and sheet structure of rGO based on the current literature to date was given previously, 

so this section first addresses some relevant points about the stacking nature of the carbon and then 

focuses more specifically on the pores and pore network.   

A good example of how the structural features of carbon impact performance can be obtained by 

comparing different types of carbon black.  An important finding made by Bourrat [133] in his study 

comparing the structure of different carbon blacks to their accessible surface area and conductivity, 
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was that the layer length of the graphene sheet (L2) in Figure 25 played a more influential role than the 

coherent domain lengths, La and Lc. By comparing the structural elements making up the carbon matrix, 

Bourrat was able to apply fundamental characterization methods to industrial carbon black samples in 

order to separate them into five distinct types of turbostratic carbon forms.  Even though the coherent 

domain size was equal for carbons of different types, they exhibited marked differences in 

performance which were clearly related to the overall graphene layer length, L2, where longer layers 

could be directly correlated with higher specific surface are and decreased resistance. Further, these 

better performing carbons with longer layer lengths had less fractal surfaces, with a lower value for 

the mass-fractal dimension (a fractal dimension closer to two than three). Thus, both long and short 

range structures were equally important, with a longer layer being advantageous in both situations as 

the length improved conductance as well as more effectively “covering” the surface and imparting 

more porosity.  Thus, while the coherence domains will translate as a measure of the overall defect 

density within the carbon, these features are not responsible for influencing the main aspects of 

performance in carbon blacks. 

The two major applications for porous carbons, rGO in particular, are for in the fields of separation 

science and energy storage.  The separation and transport of liquids, particularly water, is a current 

topic of interest for GO and rGO membranes as they have shown very unique properties with 

promising applications in this area [140, 141].  This is because of the nanoscale confinement between 

the sheets as well as chemical properties due to the functional groups.  Simulation work has shown 

very interesting phenomena that support the theory linking water transport in nano-confined GO 

pores to an ice-like packing structure governed by the interlayer distance and initiated from highly 

hydrophilic environments [142].  Many types of carbon-based membranes display ultrafast 

permeation for selective liquids and gasses, all due to the combination of pore size and surface 

chemistry of the material.  Thus, it should be possible to create a material tailored for whatever type 

of application desired, with rGO showing good potential in this area because of the low temperature, 

aqueous, scalable processing conditions. 

 

 
Figure 28.  A structural schematic detailing the different pore structures in a typical porous carbon that has an overall 
stacked structure that is made up of particles with micro- and meso- pores.  The main models used to describe capacitance 
are the electric double layer (EDLC) model, with ions adsorbing along the surface of the pore, and the slit/pore model, 
which acts like a parallel place. Reproduced from [143]. 



39 

 

The most reported topic for application of multilayer-graphene based assemblies is in the area of 

energy storage, with the most promising application being as the electrode material in supercapacitors 

[14, 37, 144].  In all capacitive materials, the size, geometry, and distribution of pores within the device 

will determine its performance; thus, the control and characterization of porosity is of the upmost 

importance [35] .  A generalized schematic of the most fundamental aspects of the mechanism behind 

electrolytic capacitance within the carbon pores is shown in Figure 28.  In order to improve the 

performance of supercapacitors, it is necessary to have the highest power density possible which can 

only be achieved when the electrolyte has fast access to the surface of the electrode material.  Thus, 

the power density is determined by the material’s physical structure and can be improved by increasing 

the accessible surface area, but there is a trade-off when additional resistance is encountered within 

very narrow pores [145].  Thus, while a microporous assembly will have the greatest surface area per 

unit volume, the ions may not be able to access these surfaces quickly, thus decreasing the power and 

supercapacitor performance. This relationship is not trivial, as there is not a simple linear correlation 

between surface area and capacitance.  In practice, there is an optimal micropore size that correlates 

with a specific electrolyte system within a given voltage window [41].  Furthermore, the uniformity of 

the pore sizes, pore geometry, as well as the way the pores are interconnected has a large impact on 

capacitor performance [41, 146, 147].  There have been many strategies employed to control both 

pore size and hierarchical pore architecture in carbon materials, as well as a large amount of modelling 

and simulation work directed toward understanding ion storage in nano-porous carbon materials [40, 

42].   An example of more complex models to probe the longer-range mechanisms in porous carbon 

capacitors is shown in Figure 29, where the overall pore network, and resulting flow within it, becomes 

much more disordered than that compared with individual pores. 

 

 
Figure 29.  Advanced computer models by Biggs et al. [148] showcase the complex relationship between carbon structures 
and the molecular adsorbates within them [148]. Adsorption was simulated by the cavity biased grand canonical Monte 
Carlo (GCMC) method of Mezei [149] where chemical potential, temperature, and volume are constants.  The solid carbon 
structure was based on the models developed by Oberlin et al. [150-156]. 

 

Since the development of new or improved energy storage materials is such an important area of 

research, it follows that investigation into the processes governing ion transport would be of much 

interest.  The recent discoveries showing capacitance increase in carbon materials with hydrophilic 

surface groups, specific PSD features, and pores of less than 1 nm in size have refocused research 

efforts toward understanding ion confinement in nanopores. Recent studies have shown that long held 

theories about the nature of ions in electrolytic capacitors don’t hold true at the nanoscale [36].  

Normalized capacitance will decrease with pore size until a critical value of approximately 1 nm is 

reached, and even though the size of the solvated ion is larger than the pore, experimental results 
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confirm pores smaller than 1 nm greatly enhance the double layer charge storage [157]. Results also 

show that the maximum capacitance is obtained when the ion size matches the carbon pore size, which 

again challenged the traditional understanding on the physics of capacitance, as only one ion could fit 

into a pore of this size, making it impossible to have ions adsorbed on both pore walls, which has 

always been the traditional description of electric double layer capacitor materials [146]. 

In general, the results form more traditional activated carbons and coals show that the capacitance is 

not directly related to the BET specific surface area. A thorough review by Frackowiak [158] outlines 

the main features that can be used to form an ideal supercapacitor.  Firstly, the carbon must be tailored 

to fit the specific ionic radii used in the electrolyte. Further, having a smaller pore size at the positive 

electrode compared to that at the negative one will enhance capacitance and decrease resistance.  A 

wider PSD in the micropore range yields a higher capacitance overall, and the presence of pores less 

than 0.7 nm will enhance the specific capacitance when small ionic species are used.  Thus, an 

adequate pore size is more important than high surface area, as the additional porosity is useless if it 

cannot be adequately accessed.  Along with the micropores, there needs to be an adequate 

distribution of mesopores to allow for rapid transport of the ions through the pore network.  It was 

found an optimal proportion of mesopores is between 20-50%. As mentioned previously, the role of 

the carbon matrix must also be considered, as the conductivity of the carbon can strongly limit the 

capacitor performance.  Further, the presence of oxygen functional groups can be advantageous as 

they can contribute to pseudocapacitance and/or wettability.  Thus, an optimal structure has: i) a high 

surface area of ultramicropores (usually less than 1 nm) that fit to the size of the ions in the electrolyte; 

ii) a well-balanced micro-/mesopore ratio to reduce internal resistance; iii) the carbon structure 

encasing this network is highly conductive; iv) the carbon surface can be further enhanced with oxygen 

functional groups if applicable. Based on this, it is clear that the chemistry and processing conditions 

of rGO offer unique opportunities to build highly tailored supercapacitor electrode materials that can 

yield high performance. 

 

 In situ investigation into ion transport in porous carbons 

Ideally, experiments that were able to track the physical progressions that take place inside the carbon 

pores while the separation and/or energy storage process was carried out would be able to provide 

the best insight into the fundamental principles driving the unique performance in specific porous 

carbons.  Since it is possible to control so many aspects of rGO materials (either along the sheet 

through controlling the surface chemistry or attaching polymer functionalities, or in the bulk by 

controlling the packing density and pore size), these assemblies also offer opportunities to use them 

for research into the more fundamental aspects of transport in nano-confinement. 

While different options for in situ characterization of these rGO assemblies are possible, by far the 

most comprehensive approach is with small angle scattering of X-rays (SAXS) or neutrons (SANS) [159-

161].  The details of these techniques is discussed in the next section, but some of the most recent 

work in the field will be discussed briefly here.  In the final chapter of this thesis, future work is outlined 

for applying these methods to rGO materials, with initial experimental results showing the viability of 

investigating ion transport in rGO using in situ SANS and SAXS.  Two of the more recent works that will 

be highlighted briefly are by Milner et al. on graphene platelets in solution [162] and Prehal et al. on 

bulk porous carbon electrodes [163], as shown in Figure 30.  As shown in the structural diagram and 

corresponding reduced scattering curve in part (A) of the figure along with the changes in scattering 

intensity as the voltage is ramped, it is possible to both probe the nature of graphene sheets and the 

ion transport within the pores while changing the environmental conditions influencing the structural 

behaviour.  These methods offer a plethora of opportunities to study both the rGO assemblies and the 

gasses or liquids interacting within the pore network.  It is noted that there has been significant other 
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work published in the field, with some examples being the development of pores in activated carbons 

[164] and the structure of ionic liquids inside carbon micropores [165, 166]. 

 

 
Figure 30.  Depiction of the main features of a graphene sheet in solution (A), considering that the edge geometry (top) 
and through-plane surface combine to have a disk-like structure which would yield the slope of -2 seen in the SANS profile.  
In situ SAXS investigating the structure of ions in microporous carbon (B), showing the changes in scattering intensity for 
the three different electrolytes as the voltage is changed to draw anions/cations into the pores.  Reproduced from [162] 
and [163]. 

 

 

2.3 Structural Characterization of Ordered Carbons 

 Short history of the investigation into carbon microstructure 

The study of the structure of carbons, especially graphite and related layered assemblies, has a long 

and rich history.  Warren was the first to show the existence of single graphene layers in non-crystalline 

carbon in 1934 and went on to fully characterized the rotational and translational disorder in 1941 

[167]. He demonstrated that a disordered structure leads to the absence of (hkl) reflections and 

instead consists of the two separate features: (hk)-reflections along the 2D graphene sheet and (00l)-

reflections from the inter-sheet stacking of the layers.  Franklin then expanded on this model and in 

1951, showed that there was non-crystalline carbon bonded to the edges of graphene layers that could 

act as a cross-linker between graphene sheets, and the specific features of this disorder and 

crosslinking would determine how graphitizable a given carbon would be [46, 168].  The results of 

Warren and Franklin showed there were no 3D graphite crystals present in these disordered carbons, 

but unfortunately, the term “crystallite” is often inaccurately applied throughout the literature.  In this 

work, this important distinction is taken into account, and instead use the terms coherent domain, 

graphene-layer clusters, or restacked regions to define the presence of more ordered, turbostratic 

parallel-layer groups [169].  IUPAC also recognizes these distinctions clearly, terming “non-graphitic” 
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carbons materials that have long range 2D crystal order along the graphene layers (hk), but no 

measurable order in a third direction other than the nearly parallel layered stacking, further applying 

Warren’s nomenclature of “turbostratic” stacking.  Another important distinction is to that of 

“amorphous carbon”, a term that is also often incorrectly applied, where the material does not have 

any long-range crystallinity in any direction.  

The theory and methods gained from Warren and Franklin’s work are given in the following section, 

as X-ray diffraction and wide angle scattering were the most widely used tools to characterize the 

structure of carbons at that time. The extensive work of Warren on carbon blacks [169] has been 

greatly expanded by combining XRD with other techniques.  Over the past fifty years, other 

experimental methods have been developed to deal specifically with the carbon microstructure, most 

notably TEM and Raman spectroscopy, with Dresselhaus providing detailed insight on Raman 

spectroscopy for carbon fibres [30], nanotubes [134], and more recently graphene [125].  Ferrari has 

also made significant contributions advancing the understanding of Raman spectroscopy in more 

disordered carbons, developing methods to characterize specific types of bonding and disorder in 

graphitic, diamond, and amorphous materials [170, 171].   

Advances in the characterization of pyrocarbons have been largely attributed to Bourrat [31].   He has 

shown that using a measure of anisotropy  and coherent domain length found using diffraction 

methods was not sufficient to truly differentiate between similar layered carbon materials [130].  

Bourrat combined anisotropy with the total sheet length and fringe lengths as measured by TEM with 

the size of coherent clusters measured by XRD and overall disorder measured with Raman.  This gave 

a more complete story, which could also tie structure to the measured material properties. The ReL 

pyrocarbons showed fringes with many short corrugation distortions while the RL had fringes that 

were very flat and extended.  Further, the SL pyrocarbons had fringes with much more pronounced 

corrugation and curvatures.  Raman spectroscopy was able to differentiate this ordering even more 

clearly, with the broadening of the D-band (described in detail in Chapter 5) able to give the best 

estimate for the amount of structural defects.  This combination of anisotropy, measured by the 

orientation angle and density of defects identified with Raman was able to effectively classify different 

samples as RL, ReL, or SL.  Since rGO assemblies share many structural features with these layered 

carbons, it is desirable to apply the same techniques.  However, because rGO assemblies are very thin 

and flexible, the microtoming and polishing necessary to measure anisotropy with polarized light 

microscopy or create high quality TEM specimens is not possible.  That is one reason why slight 

adaptations and different methods have been used in the present work. 

 

 Wide angle scattering of ordered lamellar carbons 

 Basic diffraction and scattering concepts  

Diffraction has long been the most widely utilized technique for the characterization of ordered 

domains and defects in many carbon materials and is described in detail within many textbooks. Only 

a brief overview is provided here in order to understand the main experimental implications for rGO 

assemblies. Considering a monochromatic source with wavelength, λ (photons, electrons, and 

neutrons are used in this work, but the diffraction principle is the same), the wave-vector in a given 

unit vector direction can be defined for the incident wave as: 

 𝒌0 =
2𝜋�̂�0
𝜆

 2.1 

 

Whilst the scattered wave it is defined as: 

 𝒌𝑆 =
2𝜋�̂�𝑆
𝜆

 2.2 
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Diffraction occurs when the relationship below is satisfied: 

 ∆𝑘 ≡ |𝑘𝑠 − 𝑘0| = 𝑞 2.3 

 

where Δk is the change in wave vector that occurs during the scattering event and q is any reciprocal 

lattice vector, typically denoted as the (hkl) lattice points.  The dimension of q is given in inverse length 

(typically Å-1 or nm-1), and the scattering pattern is described as the structure in reciprocal space while 

the particles making up the massive object have structure in real space, measured in units of length. 

As the scattered waves will interact through constructive or destructive interference, the resulting 

scattered intensity will fluctuate.  Thus, the measured coherent scattering is given by the intensity, I, 

defined broadly as: 

 𝐼 ∝ 𝑃(𝑞)𝑆(𝑞) 2.4 

 

where P(q) is the typically referred to as the form factor and results from the scattering of a given 

particle, which can be made up of many atoms.  The scattering pattern oscillates in a particular fashion 

which is related to the characteristic shape (hence the name form factor) of the particle, which could 

be a sphere, rod, cylinder, etc. The term S(q) is typically referred to as the structure factor, defined as 

the sum over the n atoms in the unit cell: 

 𝑆(𝑞) =  ∑𝑒𝑖𝑞∙𝑟𝑗
𝑛

𝑗=1

 2.5 

 

where rj gives the vector coordinates in the unit cell.  The structure factor corresponds to the Fourier 

transform of the scattering density within the real space structure. Thus, the structure factor contains 

information about the position of the atoms within the particles, and will also apply to densely packed 

systems when the distances between individual particles is of the same order of magnitude as the 

atomic distances within the particles.  This relationship becomes evident in small angle scattering 

where a decrease in intensity is typical of repulsive particles and an increased intensity suggests 

attractive interactions, like that of aggregation.   

The relation described here holds for scattering at both small and wide angles, typically referred to as 

scattering and diffraction, respectively.   

 

 Diffraction theory in graphite and turbostratic carbon powders 

The crystal structure and resulting diffraction planes from an individual graphene layer is shown in 

Figure 31.  The real space carbon-carbon bond length in the hexagonal structure is 0.142 nm and the 

resulting diffraction planes within the ab-plane are indicated as d1 and d2, which form the (hk) 

diffraction spots.  In graphite, each adjacent layer will build up along the c-plane in specified ABAB or 

ABCA stacking order to result in a 3D (hkl) lattice.  As an infinite crystal with all atoms in periodic 

positions, the Fourier transform of the scattering density (electron density with X-ray and electron 

beams or nuclei with neutron beam) would consist of a specific set of points with the placement of 

graphitic (hkl) spots shown in Figure 32(A).  Comparatively, if the graphene layers are stacked with a 

random rotation of the sheets, as in turbostratic carbons, the randomly rotated (hk) lattice positions 

will result in rods instead of spots in (hk), while more diffuse spots will show the alignment of the 

expanded layer spacing in (00l), as shown in Figure 32(B).  Another factor to consider with turbostratic 

layering is that the lattice cell constant in the c-direction for ABAB graphite of 0.670 nm (twice the 

interlayer spacing of 0.335 nm) is no longer applicable.  It should be clearly recognized that the 
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interlayer separation distance in turbostratic carbon does not represent a lattice constant, only a 

representation of the average physical distance separating the graphene planes within the coherent 

cluster. 

 

 
Figure 31. Hexagonal crystal structure of graphene layers, showing the corresponding bond length, S, and diffraction planes, 
d1 and d2.  

 

Application of XRD or WAXS traditionally covers the length scale of atomic crystals, ranging from the 

smallest atomic spacing up to about 1 nm depending on the wavelength of the incident beam and 

experimental configuration.  Usually, the technique used to identify Bragg peaks [172] associated with 

the atomic crystal configuration is referred to as XRD, while WAXS is a more general term that 

differentiates itself from SAXS in that it extends to wider angles, identifying features of smaller size, 

including that of Bragg peaks. In a typical polycrystalline powder diffraction experiment, it is assumed 

all crystals are distributed randomly, so the resulting diffraction pattern is dispersed across all possible 

directions, resulting in rotationally averaged, smooth rings with radial distance equal to that of the (hkl) 

spots.  The measured angle between the incident wave vector and the resulting coherently scattered 

intensity ring is referred to as the scattering angle. The Bragg equation has long been used to correlate 

the angle of diffraction (θhkl) from crystal planes with a real-space periodicity (dabc) through: 

 𝜆 = 2𝑑𝑎𝑏𝑐sin (𝜃ℎ𝑘𝑙) 2.6 

 

for each of the crystal diffraction planes.  These intensity fluctuations can be collected using a point 

detector in the traditional Bragg-Brentano geometry, or all diffraction spots and rings can be visualized 

together using a 2D plate-type detector.  In either case, the resulting radial averaged scattering profile 

for a powder sample is like that shown in Figure 32(C), with contributions from: i) Iinter, the inter-sheet 

spacing (002) and (004); ii) Iintra, the intra-sheet 2D crystallinity (10) and (11); iii) Iincoh, the background 

from incoherent and elastic scattering from unorganized atoms (carbon defects or impurities); and iv) 
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instrumental background or broadening effects due to experimental conditions (can easily be 

measured and subtracted in most cases).   

For more disordered and oxygen containing carbons, the contribution to the background incoherent 

intensity can be significant, and this can be used to evaluate the amorphous nature of rGO materials.  

Franklin [173] and Ergun [174], showed that the intensity contribution from amorphous carbon is 

relatively constant over the whole scattering range which is very useful as it can be easily subtracted 

from the coherent intensity and also be used to directly measure the fraction of amorphous carbon 

present.  Computational methods to calculate the amorphous fraction as well as other parameters 

contributing to the peak broadening described below are detailed in [108, 175, 176], but the 

description here is limited to the more generalized considerations. 

 

 

Figure 32. Interference peaks in the reciprocal lattice of graphite (A) with the size of the spots representing intensities and 

the dashed arcs show the volume of reciprocal space available to CuK and MoK radiation.  Comparatively, interference 
maxima for turbostratic carbon (B) shows spots for the (00l) reflections and lines for (hk).  Typical radially averaged powder 
diffraction pattern from a turbostratic carbon (C) showing independent contributions from Iinter, Iintra, and Iincoh along with 
a description of asymmetric broadening of the (hk) contribution (D).  Reproduced from [177] and [176].   

 

Peak asymmetry is an important consideration when fitting peak profiles, and as a result of the radial 

averaging, there is a high degree of broadening toward low-angles, as shown in Figure 32(D).   These 

are particularly pronounced in layered materials like graphite and porous carbons resulting from the 

additional asymmetry caused by the two dimensionality of the (hk) crystals.  The two dimensional 

nature of the (hk) reflection in relation to the instrumental geometry and radial averaging, results in 
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asymmetric (10) and (11) peaks that are also shifted slightly toward larger angles, as shown by Biscoe 

and Warren [169].  The magnitude of the shift in diffraction angle is given by: 

 𝛥(𝑠𝑖𝑛𝜃) =
0.16𝜆

𝐿𝑎
 2.7 

 

This displacement is related to the wavelength of the incident beam, and for this work, is not relevant 

based on the methods employed.  For example, considering results from typical Cu K X-ray diffraction 

measurements, the shift equates to about 0.7°, but the hk reflections analysed here only appear in 

higher energy X-ray (8keV or above) and electron diffraction patterns, so this displacement effect has 

been ignored.   

 

 Causes of line broadening  

Diffraction from a perfect infinite crystal is close to that of a Dirac delta function (infinite line without 

any width), but in fact yields Bragg peaks with extremely narrow widths, as determined by Darwin 

[178].  However, in reality the experimental data contains much wider peaks, with the instrument and 

sample both contributing to line broadening.  Therefore, to determine the specific microstructural 

parameters of the sample itself, the physically broadened profile must be analysed independently from 

the total observed intensity profile.  First, an empty background measurement is taken to subtract any 

intensity not related to the sample itself, and is usually a fairly straightforward procedure. Next, 

instrumental broadening can be measured using a standard crystal sample (traditionally quartz).  Each 

instrumental profile is distinct, but will depend most on wavelength distributions and geometrical 

aberrations.  For materials with rather pronounced peaks, distinguishing the exact contribution from 

instrumental broadening is paramount.  However, in more disordered materials that have 

characteristically broad peaks, as in rGO assemblies, the instrumental broadening contribution is 

irrelevant and can often be ignored when using modern instrumentation.  This is the case with the rGO 

assemblies, and instrumental broadening does not need to be considered unless otherwise specified 

in the text.   

Thus, the broadening features in rGO assemblies are useful because they contain detailed information 

on important parameters of the coherent domains.  Because the broadening of diffraction peaks can 

be directly related to structural features within the material itself when instrumental and geometric 

factors are minimized and/or accounted for.  More specifically, the FWHM or integral breadth can be 

used to measure both crystallite size and microstrain in disordered materials.  Scherrer first used this 

method of relating diffraction peak broadening to very small coherent regions (sub-micron crystallites) 

in 1918 and it has been expanded on ever since [179].  The basic form of the Scherrer equation can be 

written as: 

 𝛽(2𝜃) =  
𝐾𝜆

𝐿(2θ)𝑐𝑜𝑠𝜃
 2.8 

 

where β(2θ) is the line broadening (in radians) for a given Bragg peak at 2θ after subtracting the 

instrumental broadening, K is a dimensionless constant that is dependent on the shape of the crystal, 

λ is the wavelength of the incident beam, L(2θ) is the average size of the coherent domain along the 

given axis associated with that Bragg peak, and θ is the Bragg angle for the given peak.  The Scherrer 

constant, K, is dependent on the shape of the crystal, and Warren [167] established the need for two 

distinct constants in random layer lattices (as are turbostratic graphitic materials) because (hk) is 

effectively an independent, two dimensional particle, as discussed in detail in the previous section.  

Thus, the coherence lengths along the ab- or c-directions (see Figure 25 for diagram of these 
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dimensions where intra-sheet La is for (hk) and inter-sheet Lc is for (00l) reflections) are found 

independently with: 

 𝐿a = 
1.84𝜆

𝛽(2𝜃)(ℎ𝑘)𝑐𝑜𝑠𝜃
      𝑜𝑟     𝐿c = 

0.89𝜆

𝛽(2𝜃)(00𝑙)𝑐𝑜𝑠𝜃
 2.9 

 

This serves as a lower limit for the size of coherent domains because there are many other factors that 

can contribute to line broadening in turbostratic carbons, such as impurities.  It is clear the Scherrer 

equation relates peak broadening to both the size of the coherent domain as well as the Bragg angle, 

and it is important to note that broadening resulting from small crystallite size is independent from 

the reflection order.  Thus, knowing the length of the coherent domain does not change, any difference 

in broadening seen between peaks of different order must be attributed to other factors – most 

notably microstrain. 

Small crystallites can divide into smaller incoherently scattering domains as a result of dislocations 

which also produce strains within the coherent domains.  Unlike size broadening, strain broadening is 

angle dependent and the two causes can thus be distinguished.  Stokes and Wilson [180] defined the 

apparent strain for the distribution of tensile strains perpendicular to the reflecting planes as: 

 𝜂 = 𝛽(2𝜃)𝑐𝑜𝑡𝜃 2.10 

 

The measurement of the strain using this equation is dependent on the direction of the coherent 

domain making up the broadening of the given peak, so shape effects need to be considered for carbon 

materials with a high degree of alignment in the planes (not power distribution of reflections) and 

independent (00l) and (hk) reflections. 

There are two basic approaches to the quantitative analysis of diffraction broadening [181].  The first, 

and most rigorous, is to apply the Stokes deconvolution method combined with the Warren and 

Averbach analysis.  The alternative approach is to apply simplified integral-breadth methods which are 

much easier to use and adequate to obtain the necessary parameters in most cases.  The integral-

breadth methods are used in this work, and Voigt-type profiles (combination of Gaussian and Cauchy-

Lorentz) are applied to represent the function as contributions from size and strain influence the peak 

shape in different ways.  Voigt functions have been applied to measure size and strain contributions 

to broadening [182] to yield the volume-weighted domain size and upper limit of strain, which is more 

than adequate for non-crystalline materials such as rGO assemblies where there is such a large size 

dispersity and high degree of disorder. 

 

 Geometric considerations for layered turbostratic thin films 

The earliest work using diffraction to characterize the structure of carbons considered only powder 

patterns from randomly oriented small crystals.  In 1941, White and Germer [183] were the first to 

analyse electron diffraction patterns from turbostratic carbon samples with a marked degree of 

preferential orientation (this work was later expanded on by Ruland et al.  using oriented carbon fibres 

[184]).  They tested over 100 different carbon films in both transmission and reflection orientations to 

look at the rotation patterns (rocking-curve) from single “crystals” (actually turbostratic structures with 

(hk) graphene planes all aligned in ab-plane and stacked with rotational faults in the c-plane).  The 

results are shown in Figure 33, along with a schematic that details how the diffraction bands and spots 

are shifted as the sample orientation is changed. 

In transmission geometry where the graphene layers are arranged directly perpendicular to the 

incoming beam, the high degree of alignment of the (002) and corresponding higher order reflections 

results in infinite spots that cannot be seen in the resulting diffraction pattern.  Thus, the two rings 
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seen in Figure 33(A) are solely due to the randomly rotated (hk) reflections.  As the sample is rotated, 

contributions from both the (hk) 2D crystals and highly oriented (00l) inter-sheet spacing are seen on 

the detector plate, with the (hk) arcs becoming significantly broadened with a fan-like shape. This 

broadening is depicted in the contour diagram calculated by White and Germer [183].  Contributions 

from specific lattice parameters can thus be evaluated independently depending on the geometry of 

the experimental set-up. In reflectance geometry where the graphene layers are arranged roughly 

parallel to the incoming beam, as in the edge-on geometry that will be used in this work evaluating 

rGO assemblies, there is a clear distinction between the (hk) and (00l) features as well as information 

about the overall alignment of the planes. 

 

 
Figure 33. Transmission (A and B) and reflection (C) orientations for a turbostratic carbon with all graphene layers oriented 
along one plane.  In (A), the reflections along the c-axis are not visible in the diffraction pattern, but they appear as the 
sample is rotated (45° rotation in (B)). Reflection geometry through the c-plane reveals both the (00l) and (hk) intensities 
separately, with the (hk) reflection exhibiting a broadened, fan-like shape shown in the contour diagram.  Reproduced 
from [183]. 

 

This shows there are geometric distinctions that must be made between analysing the diffraction and 

scattering pattern of a polycrystalline powder sample (random lattice orientations in all directions) 

compared to that of a bulk layered turbostratic carbon (separation of the two distinct ab- and c-planes).  

The smearing of the (hk) intensity lines in an oriented film can be more easily accounted for using a 2D 

detector and measuring an intensity profile only over specific regions (azimuthal intensity). Reasons 

for this are shown more clearly in Figure 34.  Here, the distinct (00l) spots run up the centre (shown as 

c*) and the randomly oriented (hk) spots forming the rings within the ab-plane (shown as a* and b*).  

Placing a 2D plate-like detector centred at the origin makes it possible to measure the vertical (00l) 

and horizontal (01) and (11) scattering angles independently and without the need for radial averaging. 
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Figure 34.  Real space structure of graphene layers in turbostratic carbons along with the resulting reciprocal space features 
detected in diffraction measurements.  One layer has crystalline spots in the a*b* plane (A) while a turbostratic pole results 
in a series of rods and additional spots in c* (B).  A full turbostratic assembly has randomly rotated graphene layers in all 
directions, creating rings in a*b* and pronounced peaks along c* (C). Reproduced from [31]. 

 

Experimental examples of this can be clearly seen in work done on carbon fibres that have more or 

less ordering of the graphene layers.  Figure 35 shows the progression of structural order in an ex-PAN 

fibre prepared under different conditions [30].  The diffraction pattern in (A) is most disordered and 

the level of alignment increases in (B) and (C) until the structure of (D) clearly reveals graphitic, 3D 

crystals are present in the material.  The alignment is characterized by measuring the intensity spread 

across the (002) peaks at a set distance from the beam centre, known as an azimuthal intensity spread.  

The overall broadening of the azimuthal intensity of the (002) peak feature is used to characterize the 

orientation of graphene planes within the material, where the FWHM value equates to the widely 

applied structural parameter, orientation angle (OA).  Thus, carbon materials with sharper (002) peaks 

have a smaller orientation angle which correlates with a higher level of alignment between graphene 

planes.  The OA is sometimes referred to as misorientation angle in order to be more representative 

of the actual structure, but OA is used throughout this thesis and is defined by the geometric 

considerations discussed here and in the following section. 
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Figure 35.  X-ray diffraction patterns of ex-PAN fibres exhibiting different levels of alignment of the graphene layers, where 
the most disordered turbostratic structure is seen in (A) and the microstructure becomes progressively more ordered until 
the partially graphitized form is shown in (D).  The overall alignment of the graphene layers can be measured with the 
azimuthal intensity spread across the (002) peaks marked with arrows, and the result is shown in (E) where more aligned 
planes produce pronounced peaks and diffuse peaks have a broadened profile characterised by the FWHM which is used 
to define the orientation angle. Reproduced from [30]. 

 

 

 Geometric considerations for porous assemblies 

The technicalities discussed above can also be applied to the slightly larger structural units within these 

layered carbons.  These larger structures will scatter at smaller angles where the pores and coherent 

domains within the carbon layers also form a somewhat periodic structure that will cause constructive 

and destructive interference.  These features are clearly seen in work done on carbon fibres, which 

provide good reference materials when analysing rGO assemblies.  As shown in Figure 36, the structure 

of individual pores within these layered materials has discrete dimensions in the a-, b-, and c-directions.  

The pores, along with the carbon matrix consisting of turbostratic clusters, are aligned with a particular 

orientation, here depicted as φ, along the fibre length.  This angle is also referred to as either the 

orientation angle (OA) [131] or misorientation angle [30], with this thesis using the term OA.  The 

overall size and orientation of these structural features in all directions can be measured by varying 

the graphene plane alignment with respect to the incoming beam where there will be a polar 

distribution of the (002) spots in reciprocal space.  All of these structural features combine to form the 

overall bulk assembly, which includes both the carbon matrix and larger pore network. Building on the 

understanding of how these small features combine to form a complex bulk material, leads to the next 

section where a more complete discussion on small angle scattering in porous carbons is given. 
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Figure 36. Schematic of the dimensions (a, b, and c) and alignment (φ in red) of a pore within a carbon fibre (A) alongside 
the overall coherent domains within the carbon matrix (La in yellow and Lc in orange) (B).  The alignment of the porous 
turbostratic clusters within the bulk fibre are shown in (C) alongside rotational considerations that can be used to measure 
the overall order within the turbostratic layers and resulting pore network (D).  The main geometric considerations for the 
anisotropic features are detailed in (D) where #1 has graphene layers aligned parallel with the incoming electron beam (e-) 
which can be rotated about the X-axis (φ in red) as shown in #2 or about the Z-axis (ψ shown in green) as shown in #3. 
Reproduced from [30] and [154]. 

 

 

 Small angle scattering of porous carbons 

 Basic small angle scattering concepts 

Scattering, especially using high flux beams with a wide range of camera lengths, is a very attractive 

method for studying porous carbons because it is possible to characterize the structure across a very 

broad length scale. SAS has been used to characterize the complex pore structure in carbons covering 

pore sizes from sub-nm to microns, and can be further extended using ultra-small angle (USAXS or 

USANS) equipment for structures up to ∼10 μm [160].  Another important point is that while direct 

imaging is the domain of electron microscopy, SAXS and SANS can provide comprehensive statistics on 

particle sizes, shapes, and distributions averaged over a complete macroscopic sample.  Small-angle 

scattering is rarely able to solve a problem on its own, and is typically used in conjunction with a 

number of other techniques in order to verify the mathematical models chosen to represent the 

material are correct.  Porous carbons can be quite difficult to characterize because they do not produce 

clearly defined scattering patterns like a perfect crystal would, but are instead composed of very 

complicated pore geometry and a wide range of size distributions which produces a scattering pattern 

with less conclusive features.   

Scattering theory has an extremely broad range of applications and there are many textbooks that 

cover the theories and derivations in detail [185].  Only a very brief description is included here for a 

basic understanding.  The majority of the discussion and equations below follow the text on the porous 

texture of carbons written by Lozano-Castello et al. [28]. The main technique is outlined in Figure 37, 

where an incident beam is transmitted through the sample of interest.  As outlined in the earlier 

diffraction section, an incident beam, ki, of wavelength, λ, will either be absorbed, transmitted, or 

scattered when passing through the sample.  Scattering results from density variations within the 

sample, and if there is porosity or other sources of heterogeneity in the material, a small fraction of 

the incident beam that is scattered away from the transmitted beam in a solid angle increment of ΔΩ 

to hit the detector.  The scattered beam is defined as vector ks, at an angle from the incident beam 

(defined as 2θ in the diagram).  To evaluate the scattering pattern, the change in wave vector ks - ki, 

termed the scattering vector, q, is determined by the interaction with the detector.   
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Figure 37.  Representation of how the scattering vector, q, is determined from the scattering pattern gathered by the 
detector and then translated into a curve of scattering intensity vs q for analysis from [186]. 

 

The magnitude for elastic scattering is used for analysis, simplified as: 

 𝑞 = 2|𝒌𝒔| sin 𝜃 2.11 

 

Using the magnitude of the incident beam as ΙksΙ = 2πλ leads to the familiar relationship used to 

evaluate scattering patterns: 

 𝑞 =  
4𝜋𝑠𝑖𝑛𝜃

𝜆
 2.12 

 

The scattering vector can be easily related to real space length scales by using Bragg’s Law which 

describes the distance between scattering particles, nλ = 2dsinθ, to show: 

 𝑞 =  
2𝜋

𝑑
 2.13 

 

for peaks and features related to periodic structures. It is important to notice that q is inversely 

proportional to the size of an object; thus, at high q, scattering is from smaller objects and at low q, 

scattering is from larger structures.  The way in which the scattering intensity varies with q is directly 

related to the structure, where contrast between surfaces will arise if there is a difference in scattering 

length density at that particular increment of Δq.  A conceptual way to visualize the method is 

equivalent to observe the system through a 2π/q0 diameter "window" or “yard-stick” in real space and 

think about what would be seen. 
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To expand on the previous discussion of diffraction and scattering in carbons, the flux of the radiation 

scattered, I(θ,λ), at a given solid angle ΔΩ is defined by: 

 I(θ, λ) = 𝐼0(λ)ΔΩη(λ)TV
𝑑𝜎(𝑞)

𝑑Ω
 2.14 

 

Where I0(λ) is the incident flux, η(λ) is the detector efficiency at a given wavelength, T is the sample 

transmission, and dσ(q)/dΩ is known as the differential cross section.  It is the differential cross section 

which gives all the desired structural information about the material and it is defined by: 

 
𝑑𝜎(𝑞)

𝑑Ω
= 𝑁𝑝𝑉𝑝

2(∆𝜌)2𝑃(𝑞)𝑆(𝑞) + 𝐵𝑖𝑛𝑐 2.15 

 

Where Np is the number of scattering bodies (p for particles), Vp is the volume of one scattering body, 

and ∆ρ is the contrast term defined by the difference in scattering density.  P(q) is the form factor and 

S(q) is the structure factor with the added Binc accounting for the incoherent background signal.  The 

differential cross section has units of inverse length and is usually expressed in units of cm-1.  During 

the SAS measurement, the intensity is recorded across many values of q, and fluctuations are due to 

the specific structural features in the sample resulting from variations in density.  The average coherent 

scattering length density is found by summing each of the scattering bodies (atoms of type i) over a 

given unit volume, described by: 

 𝜌 =∑
𝑏𝑖
∆𝑉

=∑𝑏𝑖
𝐷𝑁𝐴
𝑀𝑤

𝑖𝑖

 2.16 

 

Where D is the mass density, NA is Avogadro’s number (6.022x1023mol-1), and Mw is the molecular 

weight. 

 

 

 

Figure 38.  Description of how the scattering cross section varies for different elemental species.  The X-ray scattering scales 
directly with the number of electrons while neutron scattering is more dependent on the mass of the nucleus and packing 
density.  The schematic on the right shows how adjusting the scattering length density of the solvent can be used to mask 
out particular features in the material. 
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Some general aspects of scattering length density are described in Figure 38.  There are important 

distinctions between SAS of X-rays and neutrons, particularly when dealing with light elements [160].  

Contrast matching in SAXS experiments on carbon fibres has been effective at characterizing both the 

accessible porosity and percentage of micropore volume [187]. Neutron scattering can be particularly 

useful in characterizing the structure of light elements because there is such a large variance in 

scattering length density.  Further, contrast matching can be easily employed in aqueous materials 

(like the rGO hydrogel assemblies) by adjusting the H2O:D2O ratio.  Contrast matching is suggested as 

follow up to the results shown in Chapter 6, and is discussed in future work. 

 

 Structural information obtained from the scattering curve 

There are differences in scattering from monodisperse colloidal particles, bulk aggregate systems, 

polydisperse mediums, and aligned assemblies, and each require specific experimental and analytical 

considerations.  However, there are some general scattering principles that hold true for most any 

materials under investigation.  Thus, a discussion on the major features of a scattering curve along 

with the specific plots used to assess specific structural features will be presented here, since most of 

these methods are applied to data acquired with rGO assemblies. 

 

 
 

Figure 39.  An examples of reduced and combined SANS and USANS data on an absolute intensity scattering curve.  The 
insets are schematic representations of the structural features that are characterized at each q-range. Reproduced from 
[188]. 

 

Examples of the various regions on a combined SANS and USANS scattering curve are shown in Figure 

39, with insets representing the specific features characteristic of that size range, as shown by donset. It 

is clear how the individual molecules seen at the largest q-values arrange to form lamellar stacks in the 

intermediate SANS range (red curve).   These stacks then form a branched rod-like network measured 

at higher q (blue curve), that are then characterized as larger clusters with USANS (green curve). 
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Using Figure 39 as reference, these features will now be described in mathematical terms so 

quantitative structural information can be derived from the scattering curve.  The first region at lowest 

q, shown in green, is used to determine the Guinier radius [189], Rg, of a scattering object which holds 

when qRg<√3.  If the material consists of monosized particles in a two-phase system, the relationship 

is defined as: 

 𝐼(𝑞) = 𝐼0𝑒𝑥𝑝 [
−𝑅𝑔

2 𝑞2

3
] 2.17 

 

where Rg is the radius of gyration and can be obtained directly from slope, Rg
2/3, of the linear region 

on a the Guinier Plot of Ln(I) vs q2 in the range qRg<√3 which occurs when the probed range (2π/q) is 

larger than the particle size. The particle size measured is independent of the absolute intensity, I0, 

and of any physical/shape model, but polydispersity and interparticle effects can strongly influence 

the measurement of Rg, so care must be taken in the interpretation of this parameter unless the 

material is monodisperse and very dilute.  When structural information about the particle or aggregate 

shape is known, Rg can be further analysed for the specific measurements of: 

 𝑠𝑝ℎ𝑒𝑟𝑒 𝑤𝑖𝑡ℎ 𝑟𝑎𝑑𝑖𝑢𝑠, 𝑟:  𝑅𝑔
2 = 𝑟2

3

5
 2.18 

 

 

 
Figure 40.  Description of the form factor of a cylinder, showing the different regions along a scattering correlate with the 
dimensions of this elongated object with two distinct Guinier radii.  The intermediate slope between these regions is 
related to q-α where the value of α is related to the interface between the scattering object and matrix.  Reproduced from 
[186]. 

 



56 

 

However, the relationship needs to be adjusted when materials have elongated objects, because the 

lengths along the shape can vary greatly in size, as shown in Figure 40.  For example, a cylinder may 

have a length of 10s of nanometres, but a radius of only a few.  Further, flat lamellar objects could 

extend across a long length scale, but be extremely thin (as in the case of graphene layers).  In these 

cases, the Guinier plot is modified to accommodate an intermediate-q region representing the smaller 

size scatterer as shown in: 

 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑤𝑖𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ, 𝐿, 𝑎𝑛𝑑 𝑟𝑎𝑑𝑖𝑢𝑠, 𝑟:  𝑅𝑔
2 =

𝐿2

12
+
𝑟2

2
 2.19 

 

where the small r component can be found with the adjustment: 

 𝐼(𝑞) =
𝐼0
𝑞
𝑒𝑥𝑝 [

−𝑅𝑔
2 𝑞2

2
] 2.20 

 

and again: 

 𝑓𝑙𝑎𝑡 𝑙𝑎𝑚𝑒𝑙𝑙𝑎 𝑜𝑓 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, 𝑡:  𝑅𝑔
2 =

𝑡2

12
 2.21 

 

where the small thickness component, t, can be found with the adjustment: 

 𝐼(𝑞) =
𝐼0
𝑞2
𝑒𝑥𝑝 [

−𝑅𝑔
2 𝑞2

1
] 2.22 

 

Thus, a plot of ln(I(q)·q2) vs q2 in the region of 2π/L0.5 ≤ q ≤ 1/Rt, where L is the cross section of the 

lamella and Rt is the radius of gyration of the thickness, can be used to calculate the thickness of slit-

shaped pores.  The linear portion of this plot will yield a slope of –Rt
2, and the equation above for the 

thickness of a lamella equates to the width of pores in that range. 

At the highest q region in Figure 39 marked in red, scattering features corresponding to the smallest 

ordered structure existing in the material are observed.  This is representative of the size of the 

smallest building blocks and could result from structures such as small particles, micelles, lamellar 

spacing, bi-layers, or pores.  Extending the q range even further would eventually resolve any atomic 

spacing as seen in the wide angle scattering discussed in the previous section.  Porod [190] showed 

this high-q region depends on the fine structure of the particle, scaling with the physical attributes of 

the interface and providing information about the interfacial area between the two phases of the 

system. In a two phase system with smooth boundaries at the interface, the scattering limit at high-q 

will relate to the total interfacial area, A, between the two phases of varied density (Δρ), defined as: 

 𝐼(𝑞) = 2𝜋𝐴(∆𝜌)2𝑞−4 2.23 

 

Through the application of the Porod Law, the Porod Invariant (PI) can be obtained.  This is a useful 

parameter for analysing porous materials, and is defined by: 

 𝑃𝐼 = ∫𝑞2𝐼(𝑞)𝑑𝑞 2.24 

 

The Porod Invariant is related to the void fraction, ϕ, in a porous material and can be related to the 

overall volume, V, to yield the porosity through: 

 
1

𝑉
𝑃𝐼 = 2𝜋(∆𝜌)2𝜑(1 − 𝜑) 2.25 
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More generally, within the Porod region, a power law is applied to the decay rate of scattering intensity.  

The simplified premise describing the decay of the intensity as a power law with α defining the slope 

is given as: 

 𝐼(𝑞) ∝ 𝑞−𝛼 2.26 

 

The Porod Law relates the total scattering surface to the volume of material in the beam, and the slope 

of the Log(I) vs Log(q) plot can be related to the total scattering surface area.  Within this q range, the 

scaling of intensity is a continuum description in terms of scattering density, and for a system 

composed of distinct mesoscopic particles or pores, all small-angle scattering can be understood as 

arising from surfaces or interfaces.  In a two-phase media with a sharp perfectly smooth boundary or 

surface, the slope of the scattering curve in the Porod region of a Log(I) vs Log(q) plot will have a slope 

of -4.  The Porod law neglects any fluctuations or variations in the density within one of the phases, 

and it is common that porous carbon materials deviate from this law [30].  In general, fluctuations 

along the surface will contribute a term in I(q) proportional to q-D, where D is the dimensionality of the 

fluctuations. 

Porod's Law is a useful conceptual framework for the interpretation of SAS measurements, which 

effectively describes the dimension of scattering objects’ local structure.  Factors which influence this 

power law can be from the structure of the interface, density fluctuations in the material, and 

extensive surface roughness or curvature [191, 192].  Deviations from this smooth surface result in 

values of D ranging from 1 to 4, and this decrease in the magnitude of the slope is indicative of 

increased internal surface causing increased scattering and scattering at wider angles.  For the 

extremes, a Porod slope of -1 is typical for scattering of rigid rods while -4 represents a perfectly 

smooth interface between two phases, as shown in Figure 41.   

 

 

 

Figure 41.  Diagram of shapes showing how the slope in the Porod region Q-D is described by the dimensionality of a surface, 
(D values 1 through 4), and is related to the structural features in the material as visualized within a given q-window 
outlined by the red circle (from [186]). 

 

For many years, researchers have found that disordered carbon materials often exhibit properties 

suggesting non-integer fractal dimensionality [30].  These relationships are shown visually in Figure 41.  

A general definition for a fractal system is that the total mass of a system will depend on its size with 
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M=LD, indicating that a fractal material has a density that decreases with increasing size.  Bale and 

Schmidt [193] defined how this can relate to fractal surfaces in porous materials where a slope 

between -3 and -4 is indicative of the rough surface within a pore.  This surface fractal dimension can 

be equated to D=6-α (I(q) scales with q-(6-D)), where a smooth surface has a dimension of 2, yielding the 

typical Porod relationship of q-4.  For rougher surfaces, the fractal dimension will be greater than 2, 

resulting in a slope between -3 and -4.  Correspondingly, values of q-2 to q-3 are typical for a mass fractal 

structure such as those in branched systems (gels) or networks, where a value of D closer to 2 is 

considered more two-dimensional and D values closer to 3 is more three dimensional, or uniformly 

filling space.  For other complex systems, like polymer coils, the Porod slope is related to excluded 

volume parameter, V, with α=1/V.  A comparison can also be made for polymer chains where swollen 

coils scale with q-5/3 or q-3 for collapsed polymer coils, while q-2 indicates Gaussian chains in a dilute 

solution [186].  There are many comprehensive investigations of fractal theory applied to small angle 

scattering [194-196] with Pfeifer and Avnir et al. [34, 197-200] being well-known in the field along with 

specific computational forms outlined by Cherney et al. [201-203]. 

 

 

 

Figure 42.  The diagram of an elongated pore with dimensions a, b, and c along with the OA, φ, in relation to the fibre axis 
is shown to understand how these structural parameters can be deduced from the resulting anisotropic scattering pattern 
(details are given in the text). Reproduced from [30]. 

 

A final comment will specifically address carbons with highly aligned pores, building on the concepts 

of the previous section on diffraction and extending the main parameters of interest to small angles.  

Again, carbon fibres are used as an example because the structure and geometric considerations are 

similar to that of rGO assemblies.  In fibres, where the graphene sheets are preferentially aligned along 

the fibre axis (as was shown in Figure 36), the resulting small angle scattering pattern will display 

anisotropic features corresponding to the alignment of the (00l) lattice points and resulting pore 

structure between the graphene-layer clusters.  The diagram of the elongated pore in Figure 42 is the 

typical shape produced within the aligned carbon fibre matrix, and the distinctive fan-shape scattering 

pattern will result from this oriented, layered structure.  As previously described, the measure of the 

OA can describe the overall orientation of the pores across different length scales and also be used to 

analyse the evolution of porosity in carbon materials [28, 136]. It should be noted that there can be 

differences in the OA measured at wide and small angles depending on the carbon microstructure [30].  

When interpreting a scattering pattern from a carbon fibre with graphene sheets aligned along the 

direction of the fibre axis and pores with the dimension of a, b, and c, as shown, the azimuthal intensity 
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I(φ) can be measured across a constant value of q to obtain the arc marked S [30]. The specific features 

of the pore can be analysed with: 

 𝑞2𝐵𝑜𝑏𝑠
2 = 𝑞2𝐵𝜙

2 + 𝑐−2 2.27 

 

where Bobs is the measured width of the distribution (FWHM) and Bφ is the width of the orientation 

distribution of the pores.  This relationship is quite useful because the alignment of the pores can be 

easily obtained from the slope of plot of q2Bobs
2 versus q2 while the intercept can be equated with the 

pore length, c.   

Additionally, the slit pattern on the left hand side can be used to obtain the a/b pore dimensions 

directly, as the intensity measured along the profile S=S’ can be analysed using the equation: 

 𝐼(𝑆′) = 𝑒𝑥𝑝 [
−(𝑎2 + 𝑏2)𝜋2𝑆′2

6
] 2.28 

 

In the case that a and b are not equal (non-spherical pore width), if there is a significant difference in 

the size (a>b), the contributions from the two pore widths can be separated.  It is common to have 

carbon fibres with c/a ratios of 1.5 to 3.5 and c/b ratios of 4 to 24 [30]. 

 

2.4 Concluding Remarks 

This literature review was meant to outline the main features of interest in carbon materials as they 

relate to the characterisation of the structure of rGO assemblies and identifying the mechanisms 

driving structure-property relationships in these unique materials.  The discussion here attempted to 

lay the groundwork for designing the approach to the experimental analysis in this thesis, beginning 

with the most fundamental units of rGO sheet chemistry and ending with the overall features of bulk 

porous carbons.  The remainder of this thesis follows accordingly, with results for the chemical 

composition and carbon bonding in rGO sheets followed by constructing a basic structural unit (BSU) 

at the micro-scale and finally an analysis of the overall bulk assembly. Each experimental chapter builds 

upon the elements of structure identified in the chapter before to create a finished work that extends 

across the entire length scale of rGO assemblies. 

The overall significance of this work is closely tied with identifying specific structural features that can 

impact the resulting performance of rGO materials.  As discussed in this Literature Review, it is not yet 

known what impact the chemical composition of the original GO sheets has on the composition of the 

resulting rGO.  A deeper understanding of these conditions is crucial in order for large-scale processing 

to become viable.  Further, there has hitherto been no direct measure of the pore structure in rGO 

assemblies.  All of the promising technologies discussed here, especially those related to separation 

science and energy storage, cannot be fully understood or improved without a clear understanding of 

the physical structure in these layered, porous rGO materials.  Characterizing the pore structure in 

these assemblies should prove relevant to those working in the field, as many assumptions made using 

indirect methods can then be validated or refuted.   
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Chapter 3. Materials and Methods  

3.1 Materials 

 Preparation of graphene oxide precursor 

All analytical grade chemicals were purchased from Sigma-Aldrich Co., Merck KGaA (EMSURE®), or 

Thermo Fisher Scientific Inc. (Ajax Finechem UNIVAR®), unless otherwise specified in the text. 

The raw graphite material plays a large role in determining the resulting GO and rGO structure. 

Graphite powder from Alfa Aesar of 325 mesh (flake, natural, 99.8%, Lot#C15Z023) was used for all GO 

preparation other than LOX which was synthesized from 100 mesh (powder, natural, briquette grade, 

99.9995%, Lot#J11X001). Graphite powder is available in different mesh sizes, which is a method of 

categorizing a particle size by running the powder through a specific sized screen, typically for materials 

greater than 44 microns (325 mesh).  The mesh number equates to the number of holes a standard 

area is broken into, with larger mesh number meaning smaller openings to sieve the powder through. 

To determine the powder’s particle size distribution, more than one screen needs to be applied when 

separating the particles in the powder, but this is not always done.  Therefore, most powders with a -

325 mesh rating have a range of particle sizes, all measuring less than 44 microns, but with many of 

the particles being considerably less than 44 microns.  

Graphite oxide was synthesized from the abovementioned 325 and 100 mesh graphite powders using 

the modified Hummers method [55, 58, 204].   Graphite flakes were soaked in a water-free mixture of 

concentrated sulfuric acid (H2SO4) and sodium nitrate (NaNO3), with one gram of graphite powder 

mixed with 0.5 g of NaNO3 and concentrated sulfuric acid.  The volume of sulfuric acid was adjusted to 

yield different graphite to acid ratios in order to control the viscosity during the oxidation process (as 

indicated in Table 1). This ratio is adjusted because the higher oxidized graphite flakes are greatly 

expanded, causing the suspensions to be too thick if confined to a smaller volume. The process of 

oxidizing graphite can be broken down into two main steps, which can be termed Step 1: oxidation 

with potassium permanganate (KMnO4) and Step 2: hydrolysis with water.  Variations in the oxidation 

level were controlled by adjustments in oxidation time and temperature, as indicated in Table 1. 

The graphite powder (1 g) and sodium nitrate (0.5 g) was stirred in 23, 24, or 46 mL of sulfuric acid, as 

indicated, at a temperature of 0°C for 45 minutes.  During Step 1: oxidation, KMnO4 (3 g) was slowly 

and carefully added while the temperature was kept constant at 0°C.  After mixing, the temperature 

was kept at 10 °C or 35°C for the time given in Table 1.  While the difference in sulfuric acid volume 

may have minor impacts on the oxidation level, the active species controlling the reaction is 

diamanganese heptoxide which is formed from the reaction of potassium permanganate with sulfuric 

acid [56].  The amount of potassium permanganate and raw graphite material are kept constant for all 

samples, so any impacts from adjusting the volume of sulfuric acid will be minor.   

To begin Step 2: hydrolysis, deionized water (at twice the volume of H2SO4) was slowly added while the 

temperature of the reaction was kept at 90°C, unless otherwise indicated in Table 1.  The reaction was 

held at constant temperature for the time listed before adding 500 mL of deionized water along with 

20 mL 30% hydrogen peroxide to terminate the reaction. The graphite oxide dispersion was then 

repeatedly washed with 5% HCl aqueous solution and then deionized water, followed by centrifugation, 

according to the Hummers method [55].  A further dialysis process was applied for one week to ensure 

any remaining metal contaminants were removed. 

The concentration of each graphite oxide dispersion was determined by first diluting and sonicating a 

controlled volume of the graphite oxide to produce a dispersion of GO which was then filtered into a 

dry, thin GO paper.  The GO paper was allowed to further dry in a low temperature (50°C) oven for 24 

hours before weighing in order to remove water adsorbed within the GO layers.  The resulting mass of 
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GO paper was used to calculate the concentration of the original graphite oxide dispersion which was 

then reduced to produce the rGO dispersions and assemblies tested in this work.  

Thus, the samples used in this work are assumed to be in an oxidation series, and are labelled from 

highest to lowest oxidation level, as indicated in Table 1. 

 
Table 1. Procedures for synthesizing GO with varied degrees of oxidation and the corresponding sample names reported 
in this work. 

Oxidation 

degree 

Reference 

in Thesis 

Size of 

Graphite 

Flakes 

M(graphite): 

V(H2SO4) 

Step 1: Oxidation of 

Graphite  

(KMnO4) 

Step 2: Hydrolysis 

of Graphite Oxide 

(H2O) 

 temp time temp time 

Extra Low LOX 
100 mesh 

150 um 
1:24 10°C 16 hours 10°C 6 hours 

Low-A LOA 
325 mesh 

45 um 
1:23 35°C 2 hours 10°C 15 min 

Low-D LOD 
325 mesh 

45 um 
1:23 35°C 2 hours 90°C 15 min 

Low-H LOH 
325 mesh 

45 um 
1:23 35°C 2 hours >125°C 15 min 

High-3 HO3 
325 mesh 

45 um 
1:46 35°C 3.5 hours 90°C 1.5 hours 

High-4  HO4 
325 mesh 

45 um 
1:46 35°C 8 hours 90°C 1.5 hours 

High-7 HO7 
325 mesh 

45 um 
1:46 35°C 18 hours 90°C 1.5 hours 

High-8 HO8 
325 mesh 

45 um 
1:46 35°C 3.5 hours 90°C 4 hours 

 

 

 Reduction of graphene oxide to rGO 

This process follows the methods outlined by Li et al. [15].  The concentration of the graphite oxide 

dispersion described above was diluted in ultrapure water to yield a concentration of 1.0 mg/mL in 

order to ensure that the rGO does not agglomerate during the reduction process. This dispersion was 

placed in an ice bath and sonicated for thirty minutes to produce a stable GO dispersion.  The GO was 

then centrifuged at 3000 rps for 30 minutes in order to remove any possible agglomerates, but all 

dispersions were found to be quite homogeneous with only a few larger agglomerates being drawn to 

the bottom of the tube and removed.  The GO dispersion was a light tan colour.  The resulting stock 

solution of GO was then poured into a 100 mL volumetric flask and concentration was verified with a 

pre-determined UV-vis calibration curve.  
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Figure 43.  UV-vis absorbance curves showing the unique features of GO (green) and rGO (black) to ensure the solutions 
are completely reduced. 

 

To reduce GO, 28wt% ammonia (NH3) was first added as the stabilizing agent at a VNH3H2O:VGOH2O ratio 

of 7:2000, which equates to 350 μL in the 100 mL flask.  Then, 35 wt% hydrazine (N2H4) hydrate was 

added as the reduction agent at a mass ratio of MN2H4:MGO of 7:10, which equates to 200 μL of 35wt% 

N2H4 in the 1.0 mg/mL GO stock solution.  The flask was then mixed and placed in a boiling water bath 

to hold the reaction temperature at 100°C for three hours.  Upon reduction, the stable aqueous 

suspension of rGO is black, with no light passing through the dispersion.  After further dilution of the 

dispersions, UV-vis absorbance data, such as that shown in Figure 43, was obtained to ensure the GO 

was completely reduced. 

Hydrothermally-reduced rGO was prepared by the same method as described above, but the GO, 

hydrazine, and ammonia solution was placed in a Teflon-lined autoclave vessel that was held at 180°C 

for three hours and then allowed to cool to room temperature before filtration.  

 

 Filtration of rGO hydrogel and dried assemblies 

In order to produce rGO assemblies with mass density of approximately 1 mg for every cm2 area of the 

thin films, using the estimate that for all GO materials, roughly 60% of the mass from the original GO 

dispersion will remain after reduction (  4̴0% loss due to the removal of oxygen groups), the following 

procedure was applied. Figure 44 shows the basic set-up where circular Anodisk alumina filters with 

200 nm pore size (Whatman™, GE Healthcare, Buckinghamshire, UK) were used as the support for all 

rGO assemblies.  Pouring the rGO dispersion into the funnel at top resulted in assemblies with diameter 

of 37 mm, producing bulk, thin-films with a surface area of 10.75 cm2.  Thus, 20 mL of the rGO stock 

suspensions were vacuum filtered to produce oriented thin films with mass indicated in Table 2. The 

mass of each pump dried assembly was weighed after drying in a low temperature (50°C) oven for 24 

hours to ensure water content was minimized, before calculating the mass density after reduction.   It 

is clear that the amount of mass lost during the reduction process is highly variable depending on the 
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original GO material, with lower oxidized GO being more readily reduced using the hydrazine method.  

Further, it was determined that dried rGO assemblies will hold additional water when left in ambient 

conditions, and this adsorbed water equates to approximately 5-10% of the total assembly weight.  

More highly oxidized samples had an overall higher average water content (10±2%) while lower 

oxidized samples had slightly less (9±2%) and the extra low oxidized having only 5±1%. 

 

 

 
Figure 44.  Diagram of a basic filtration set-up, where the rGO dispersion is poured into the funnel at the top and the 
resulting assembly is formed on top of the Anodisk membrane while the water is drawn into the filtration flask below 
when under vacuum (from [205]). 
 

A micrometer was used to obtain an estimate for the thickness of the films, with the dry assemblies 

demonstrating an average thickness of 6-7 μm, but showing a rather large lateral variance even within 

the same film (  2̴0%).  Thus, the average volume of a full pump dried assembly is approximately 6.45 

mm3, resulting in the mass density values shown in Table 2.  Overall, there was a range in thickness of 

4-9 μm for different dried assemblies. The hydrogel films were even more variable, ranging from 110-

180 μm for different assemblies, with an average of about 150 μm.  These hydrogel assemblies also 

showed a higher degree of variance than the dry materials, especially within the same film, due to the 

high water content and “soft” nature of these materials. Using the micrometer, the accuracy of these 

thickness measurements is hard to define given the low precision (especially in the dried assemblies 

which are less than 10 μm thick) and mechanical pressure applied (especially in the hydrogel 

assemblies which are quite soft).  Thus, more precise measurements are presented in Chapter 6 results 

using SEM.  In spite of this, the measurements from micrometer readings serve as a close estimate, 

and also show that the hydrogels are swollen to thicknesses over 20 times that of dried films.  It should 

be noted that the large difference in thickness for the dried and hydrated materials is solely due to the 

water content, as they will contain the same amount/mass of rGO, as determined by the concentration 

and volume of the rGO dispersion filtered to make the resulting assembly. 
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Table 2.  Comparison of the mass for each of the dried rGO assemblies made from GO precursors of different oxidation 
levels.  It should be noted the thickness measurements are obtained with a micrometre and lack high precision, so while 
the variance in the mass per unit area values is ± 6%, the variance in mass density is much larger at ± 30%.  

Oxidation 

degree 

Reference 

in Thesis 

Mass Dried 

rGO Assembly 

Mass per 

cm2  

Mass 

Density 

 (mg) +/- (mg/cm2) (mg/mm3) 

Extra Low LOX 6.5 0.2 0.60 1.0 

Low-A LOA 7.6 0.1 0.71 1.2 

Low-D LOD 8.5 0.1 0.79 1.3 

Low-H LOH 9.5 0.2 0.88 1.5 

High-3 HO3 9.2 0.3 0.86 1.4 

High-4  HO4 9.3 0.3 0.87 1.4 

High-7 HO7 10.3 0.3 0.96 1.6 

High-8 HO8 9.8 0.3 0.91 1.5 

 

 

 

 
Figure 45.  Photographs of the rGO dispersion before filtration and the resulting stable hydrogel assembly stored in water 
(left) along with a comparison of the pump-dried GO and rGO assemblies.  The hydrogel is a dark black colour, while the 
dried GO is dark brown, and the dried rGO is grey with a very pearly lustre (camera flash is incident on the rGO assembly 
to highlight the reflectance properties – it is not white in colour, see Figure 46). 
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Figure 45 shows the rGO pre-filtered dispersion along with a resulting hydrogel assembly, where the 

assembly is removed from the filtration set-up after the dispersion has been completely filtered, but 

the film is still wet. This hydrogel is compared to pump dried GO and rGO films where they have been 

left on the filtration set-up with constant vacuum applied until all the water is removed from the films 

(overnight process).  The difference in the colour and lustre of each material is clearly observed in the 

photographs. 

To assess the impact of drying, filtered assemblies were either: 

 removed from the filter while still wet and then stored in ultrapure water to produce a stable 
hydrogel films, 

 removed from the filter while still wet and then transferred to a freeze drier to fully dry while 
attempting to preserve the hydrated pore structure, 

 removed from the filter while still wet and then dried under vacuum (same freeze dry process, 
but without low temperature), 

 removed from the filter while still wet and then allowed to air dry in a low temperature oven 
(50°), or 

 removed only after completely dried on the pump to produce a very shiny, graphitic like paper. 

It is clear from Figure 46 that the different drying methods also shrink the rGO assemblies considerably, 

impacting the mass density values shown in Table 2.  The pump dried assembly is kept stable on the 

filter support with the constant pressure from the vacuum, resulting in a smooth surface.  The air dried 

and vacuum dried assemblies were removed from the filtration set-up while wet, clamped between 

two Teflon plates, and then allowed to fully dry under the specified conditions. 

 
Figure 46.  Comparison of rGO assemblies that were pump dried, air dried, or vacuum dried, showing the tendency of the 
material to shrink under different conditions.  All assemblies shown here have the same mass. 

 

The final procedure applied to the rGO materials follows the previous work to tailor the pore size of 

rGO assemblies used as supercapacitors [24], where stable hydrogel membranes made from GO 

precursors were immersed in 5.0 M, 2.0 M, 1.0 M, 0.5 M, or 0.1 M sulfuric acid for three hours while 

mixing.  The electrolyte mediated rGO (EM-rGO) assemblies were then immediately freeze dried under 

vacuum for two days to remove all water content, leaving behind the non-volatile sulfuric acid to 

stabilize the pore network.  The day before testing (24 hours), the dried EM-rGO films were washed 

with water repeatedly to remove the sulfuric acid and stored in ultrapure water as a stable EM-rGO 

hydrogel film.  Previously, all assumptions about the pore structure of these materials were made on 

the dried films containing intercalated sulfuric acid, but here they are tested in the aqueous state 

because it is most similar to the operating conditions as a supercapacitor.  These EM-rGO materials 

were examined by techniques outlined in Chapter 5 and Chapter 6, but because no differences were 

measurable, only results acquired from HO3 or HO4 rGO assemblies are reported. 
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3.2 Specialized Sample Holders 

The X-ray scattering results taken from a wide angular rotation, as well as the in situ experiments of 

hydration (Chapter 6), required specific sample holders be built.  Figure 47 shows how the dried rGO 

assemblies were mounted in the rotation holders in order to obtain scattering results across the entire 

surface-to-edge range of 0° to 90°.  For the through the edge samples, very thin strips of the rGO 

assemblies were cut (≤1 mm) to ensure high transmission through the sample (thicker samples can 

introduce effects from multiple scattering). The two sides of the holders were held together with o-

rings and then mounted on top of a humidity delivery system (shown in Figure 48) that was attached 

to a rotation stage at the SAXS/WAXS beamline.  The results presented in Chapter 6 utilize the 

mounting and rotation functions of this design, but the apparatus is able to extend its functionality to 

act as a controlled humidity chamber.  In this case, a humidifier is attached to the sample mount so 

that water content within the rGO assemblies can be controlled while the structural impacts are 

measured.  To enclose the top insert where the sample is located, a thin film that is transparent to X-

rays is wound around the circular holder and held securely with the o-rings.  An additional cavity was 

included so that a humidity sensor can be inserted in order to determine if the relative humidity at the 

sample varied from that at the output of the humidifier, accounting for possible variations after 

traveling through the delivery tube. 

 

 
Figure 47.  The CAD drawings used to 3D print the sample holder used to obtain a full 90° rotation, going from through the 
surface (0°) to 45° in the holder, which is shown within the blue box and from 45°  to through the edge (90°) in the holder 
shown within the orange box.  

 

For the in situ drying results presented in Chapter 6, the sample holder shown in Figure 49 was used.  

Since the rGO assemblies tend to curl and rip upon drying, in order to keep the samples aligned and 

intact, the thin films needed to be tightly secured and mounted while the SAXS/WAXS results were 

acquired.  The photographs show that rGO assemblies mounted so the incident beam went through 

the surface (left) as well as those mounted so the beam went through the edge (right, in yellow), 

retained structural integrity throughout the drying process.  This is especially difficult to achieve with 

the samples mounted through-the-edge, as the thin strips (≤1 mm) must be prevented from ripping or 

twisting, and this sample holder functioned very well, ensuring high quality results.  In addition, this 

design was intended to extend its functionality and also act as an electrochemical cell for in situ 

measurements on the rGO assemblies as they function as a supercapacitor.  In this instance, the holder 

is enclosed, the window is sealed with X-ray transparent film, and a positive/negative bias is applied 

to the top/base plate.  The holder shown here was made of stainless steel, and even though the 

contacts were coated with a platinum foil, the high resistance from the bulk metal did not allow for 

good cyclic voltammetry (CV) results to be obtained. 
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Figure 48.  Sample mount to function as a humidity delivery system and rotation stage where output from a controllable 
humidifier enters the base and passes through to the sample area mounted at top (red arrow).  The vapour passes through 
a humidity sensor that is placed inside the cavity marked in orange.  The entire apparatus is secured to a rotation stage at 
the base, allowing it to be fully rotated (indicated by blue arrow). 

 

 

 
Figure 49.  CAD design and photographs of the sample holder designed to tightly secure the rGO assemblies while drying 
and also functions as an electrochemical testing cell for rGO. 

 

3.3 Experimental Methods 

 rGO materials used in each experimental chapter 

For all results reported in this work, graphite oxide was synthesized from graphite powder using a 

modified Hummers method [206] with the variations in oxidation level were controlled by slight 

differences in oxidation time and temperature, during the Step 1 and Step 2 oxidation processes, as 

discussed in Section 3.1.1 and outlined in Table 1.  Because not all rGO materials were investigated for 

each experimental method, a general explanation for the choice of materials is given here, with more 

details given in the sub-sections to follow.  Samples LOD and HO3 were synthesized using the most 

widely-used reaction conditions for GO, and serve as examples of standard oxidation levels typically 
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reported in the literature.  In contrast to this, LOX has the most unique synthesis method, and not only 

was it desirable to investigate the chemical composition of this extremely low-oxidised material, it was 

not yet known if these low temperature conditions would result in exfoliated GO suspensions and 

stable rGO assemblies.  HO8 represents the other end of the spectrum, with the extended reaction 

time during Step 2 thought to lead to the highest level of oxidation.  Thus, for experimental results that 

were focused on comparing different rGO materials, LOX and HO8 were always used to represent the 

extremes, and these were then compared with more moderate oxidation conditions, like those used 

for LOD and HO3.   

It should be noted that because not all materials are compared directly using each experimental 

technique, there are limitations to the conclusions that can be made regarding the specific impacts 

that these slight variations in GO synthesis have on the resulting rGO materials.  However, it was 

considered useful to investigate the range of rGO materials in order to determine if any patterns or 

trends emerge.  If so, trends could then be followed up with more detailed investigations using rGO 

assemblies prepared from a wider range of GO reaction conditions.  Similarly, if no differences were 

measurable by the given technique (as is the case with data presented in Chapter 6), this also provides 

useful information for planning further studies. 

 

Table 3.  Matrix indicating which experimental methods were applied to specific rGO assemblies and the corresponding 
chapters containining the results. 

Reference 

in Thesis 
Experimental Method 

rGO- 
Chapter 4 Chapter 5 Chapter 6 

XPS EDS Raman XRD TEM Optical SEM SAXS WAXS Neutron 

LOX           

LOA           

LOD           

LOH           

HO3           

HO4           

HO7           

HO8           

 

For all experimental results, each GO solution was reduced with hydrazine in ammonia [15] to produce 

stable aqueous suspensions of rGO, as detailed in Section 3.1.2.  These were then vacuum filtrated to 

produce the oriented thin films investigated in this work.  Table 3 indicates which rGO assemblies were 

used to obtain the given experimental results in each chapter, while relevant discussion on the choice 

of rGO samples used provided throughout this section. Following this, the experimental preparation 

methods and the instrument settings are thoroughly outlined within Section 3.3.2, Section 3.3.3, and 

Section 3.3.4.   

In addition, because a large focus of this thesis is to identify and optimize characterisation methods 

(experimental procedures and corresponding data analysis), there is a significant amount of discussion 

included within the results chapters to supplement the content presented in this section.  The reader 

is directed to areas of the thesis titled “[method] applied to rGO assemblies” for more details on the 
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experimental concepts, which are given in Section 4.2.1,4.3.1, Section 5.2.1, Section 5.3.1,5.4.1, and 

Section 6.3.1. 

 

 Chapter 4 rGO materials 

Chapter 4 centres on the chemical composition of rGO sheets, and XPS was used to investigate two 

low-oxidised and two high-oxidised rGO materials for comparison.  Access to the XPS instrumentation 

was limited, so four materials were chosen for comparison as follows: LOX and HO8, the two materials 

thought to have the largest difference in oxygen content, were compared along with two materials 

with more moderate oxidation conditions, LOD and HO4.  Further, HO4 was selected to see if there 

was any measurable difference in the chemical composition of rGO materials that had undergone a 

longer reaction time during the Step 1 oxidation procedure.   

EDS was then used to supplement the results from XPS.  While not able to identify the precise bond 

types available with XPS, EDS was used to determine if the chemical composition was homogeneous 

as a much larger surface area and volume can be examined with this method.  Again, the extreme 

oxidation conditions of LOX and HO8 were compared with more moderate conditions in LOD and HO3.  

In addition, the HO7 sample was selected, again to see if there was any measurable difference resulting 

from the long Step 1 oxidation procedure.  Because EDS is less sensitive than XPS, it was thought HO7 

would be more likely to show a measureable difference than HO4. 

Other than the special case of LOX, for all materials tested in Chapter 4, during the GO synthesis the 

temperature for both oxidation steps was kept constant, but the reaction time varied. 

 

 Chapter 5 rGO materials 

Chapter 5 focusses on the microstructural elements of the rGO sheets and assemblies, and TEM was 

used to obtain a general physical description of the rGO assemblies, both for its own sake and also to 

verify the accuracy of results obtained from scattering and spectroscopic methods such as Raman, XRD, 

and SAXS used to develop the detailed structural models.  Because of the significant sample 

preparation challenges posed for TEM applied to rGO assemblies, only one sample was used to obtain 

TEM results, and HO3 was chosen because it is most characteristic of a typical rGO material (standard 

GO synthesis procedures).  Specifics about the limitations for TEM with rGO assemblies are discussed 

in Section 5.2.1.  

Raman Spectroscopy was used to compare rGO prepared using variations in the low-oxidised 

conditions to the extreme high-oxidized conditions of HO8.  Again, LOX and HO8 are used to represent 

the overall range of possible rGO materials resulting from the variations in GO processing.  Because 

Raman is able to quantify the length of the aromatic regions in rGO sheets, as well as indicate the 

overall defect density for the materials, the low-oxidized materials were most interesting for 

comparison since they would be used in applications requiring less defective sheets with larger 

aromatic domains.  Thus, results were expected to show if the changes in temperature during Step 2 

would have any impacts on the defect density of the rGO materials.  In contrast, a material with very 

small aromatic domains would be expected to result from highly oxidized materials, and the results for 

HO8 would be indicative of the impacts of longer reaction times.  The results of the dry rGO assemblies 

were compared with two HO4 hydrogels reduced under hydrothermal conditions at 100°C (typical) 

and 180°C (elevated) in order to determine if there were large differences resulting from hydration 

and/or reduction temperature.  

For the XRD results, LOX and HO8 were again used and then compared to the more moderately 

oxidized materials of LOH and HO3.  Other rGO materials were tested with XRD, but identification of 

any structural details was limited for all materials other than LOX (discussed in Section 5.4.2), and 

presentation of results was thus limited to four materials to better simplify the discussion. 
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 Chapter 6 rGO materials 

Chapter 6 builds on the microstructural elements of rGO assemblies identified in previous chapters to 

design a meso- and macro-scale model for these materials using direct imaging combined with 

scattering methods.  Optical imaging is presented using HO3-rGO material in order to provide 

information on the overall macrostructure of the material (similar purpose as that of TEM discussed 

above at the microscale).  For this purpose, HO3 was again used because it serves as a reference for a 

standard rGO material.  Other samples were also tested, but there were no discernible differences at 

the macroscale, so only results from HO3 are shown in order to simplify discussion and keep the focus 

on the different features resulting from various drying methods.  In addition, EM-rGO materials are 

used in this section to highlight the macroscale inhomogeneity seen in materials prepared from 

different concentrations of sulfuric acid.   

All reported EM-rGO results were obtained using HO3 or HO4 rGO materials.  Various oxidation levels 

were used to prepare the EM-rGO materials investigated using SAXS, and similar to the optical imaging 

results, there was no difference detected in materials prepared from different oxidation levels.  Thus, 

these meso- and macrostructural differences are dominated by the electrolyte mediated conditions, 

not the oxidation level of the GO used, so these materials are referred to only as EM-rGO within the 

text (excluding reference to HO3 or HO4 precursors). 

Both GO and rGO materials were investigated using SEM, and again, there were no detectable 

structural features that could be attributed to the oxidation levels.  While more materials were imaged 

with SEM, only results for two high-oxidised and two low-oxidized materials are shown (again including 

LOX and HO8) in order to provide some comparison and report results across a larger total surface 

area.  All four materials are shown in order to demonstrate that the features in the images are 

characteristic of the material, not individual anomalies from a small, select region. 

Since the SAXS results were obtained from a high-flux synchrotron source, data acquisition could be 

performed in just seconds, which made it possible to examine the entire range of rGO materials and 

easily report directly comparable data from the reduced scattering curves in a simple graph.  This acts 

as a useful reference because it adds experimental evidence to the claim that there are no meso- or 

macroscale structural differences resulting from varied GO processing conditions, except for the 

extreme case of LOX (this is not the case at the microscale).  Thus, these SAXS results support the 

limited reporting of results for the other methods applied in this chapter.  Correspondingly, the large 

amount of SAXS and WAXS data presented on the angular rotation of rGO assemblies and the in situ 

hydration measurements are only reported from the LOD-rGO assembly. 

Neutron data takes a very long time to acquire because of the low number of interaction events, so 

only three samples were tested with these techniques: LOD, HO3, and HO4.  Again, there was no 

detectable difference between any of these materials, and the data reported here was taken using 

HO3. 

 

 Electron microscopy and microanalysis 

Scanning electron microscopy (SEM) images and energy dispersive spectroscopy (EDS)  

Samples were prepared by cutting small sections from the centre region of the rGO films with a scalpel.  

These were affixed to an SEM stub using carbon tape only at the edges of the film so that the region 

of interest would not be impacted by the surface roughness of the tape.  The rGO films were thus 

slightly elevated from the SEM stub (≈ 1 mm) because of the thickness of the carbon tape, and there 

would be no influence from the aluminium content of the stub in the EDS results. Neither GO or rGO 

materials were coated prior to imaging.  Results were obtained on a FEI Helios Nanolab 600 Dual FIB-

SEM with Genesis EDX.  All SEM images were taken with low operating voltage of 2 or 5 KeV and a 
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current of 43 pA.  Secondary electrons images were acquired with an ETD or a through-the-lens 

detector (high resolution) at a working distance of 4.1 mm. The electron and ion beams are offset by 

52°.  Milling with the FIB was performed using a 30 KeV gallium beam with current of 9.7 pA and a 

short dwell time of 0.1 us to reduce damage.  A thin strip of platinum was deposited at the cut site to 

reduce curtaining and other potential artefacts, and a cleaning cross section was applied before a finer 

cut was used to obtain the smooth surface seen in the SEM images of the cross sectional surfaces 

presented in Chapter 6.  The EDS results were obtained at 5 and 10 KeV with current of 86pA and a 

dwell time of 400 us. 

Transmission electron microscopy (TEM)  

Samples were prepared by ultramicrotoming 50 nm cross sections using Leica EM UMC7 cryo-

ultramicrotome after embedding the rGO assembly in resin. The embedding medium was prepared 

using a Procure 812 Embedding Kit from ProSciTech Pty Ltd.  In this process, a mixture of 5 mL Procure 

812 was prepared from mixing 2.25 mL DDSA (dodecenyl succinic anhydride) and 3 mL NMA (nadic 

methyl anhydride) and then placed in a 60°C vacuum oven for ten minutes and allowed to outgas.  The 

fixative agent of 0.3 mL BDMA (benzyldimethylamine) was then added, and the mixture was again 

placed in a 60°C vacuum oven for ten minutes and allowed to outgass where it then turned amber in 

colour. Thin strips (1 mm) of the pump dried rGO assembly were placed in a fixative well plate and 

covered with the embedding medium and allowed to cure for 60 hours.  Conventional imaging and 

diffraction analysis were taken using a FEI Tecnai G2 T20 operating at 200 kV with a LaB6 emitter. 

Images were acquired with an Orius SCD200D wide-angle CCD camera (diffraction capable) and Orius 

SC600 high-resolution CCD camera.   

 

 Photon spectroscopy, diffraction, and scattering 

Raman spectroscopy  

Samples were prepared by cutting small sections from the centre region of the rGO films with a scalpel.  

These were laid flat on a glass slide for imaging and data acquisition.   Raman spectra were taken on a 

Witec Instrument 300R with 532 nm excitation wavelength (Si band used to calibrate the wavelength, 

no instrument broadening).  The laser probe with power of 1.25 mW for CCG and 0.40 mW for GO.  

Actual power at the sample will be 1/8 these values because of objectives and apertures (0.16 mW and 

0.05 mW for CCG and GO, respectively). The spot size is 500 nm with approximately 50 nm penetration 

(for 532 nm wavelength).  All scans were taken with a 5 sec integration time.  Image scanning area is 

21 µm2 and Raman maps were taken with 70 spots per line. 

X-ray photoelectron spectroscopy (XPS)  

Samples were prepared by cutting small sections from the centre region of the rGO films with a scalpel.  

These were affixed to the stub using two mechanical pins, held only at the edges of the film so that 

sample was held flat and secured against the stub.  The pump dried rGO samples used in this work are 

extremely smooth, and no difference in XPS signal was detected at various regions along the sample 

surface, indicating surface roughness did not impact the data.  Samples were placed into the ultra-low 

vacuum chamber and all thermal reduction steps were done in the chamber, without removing the 

samples at any point.  The carbon, oxygen, and nitrogen chemical species of the CCG films were 

characterized by XPS on the Soft X-ray Spectroscopy Beamline of the Australian Synchrotron.  

Quantitative XPS spectra were obtained at 1486.7 eV and used for elemental composition, while high 

resolution spectra were taken at 600 eV and used for the spectral line fitting to determine the type of 

bonding present.  A gold standard was used as a reference for calibrating the 600 eV spectra.  Valence 

band scans were taken at 150 eV.  
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X-ray diffraction (XRD)  

Samples were prepared by cutting small sections from the centre region of the rGO films with a scalpel.  

These were laid flat on a single crystal quartz slide for data acquisition.  The single crystal quartz was 

positioned so no diffraction signal would be produced, which would overshadow the weak signal of 

the broad rGO peak (note that amorphous material, such as fused quartz, cannot be used).  An X-ray 

reflectometer was used for the results in Chapter 5.  A Panalytical X'Pert Pro instrument operating at 

tube voltage of 45 kV with Cu Kα sealed tube source.  A slit was used to limit beam divergence to 

1/2degree and sample were mounted on a motorised XYZ, Phi sample stage.  XRD results were 

measured across the 2θ range of 4°-60° with a step size of 0.001 and measurement time of 0.5 seconds 

per step. 

Wide- and small angle scattering (WAXS/SAXS)  

Samples were prepared by cutting small sections from the centre region of the rGO films with a scalpel.  

These were placed in specialized sample holders to allow for structural investigation across a large 

angular range, as detailed in Section 3.2.  More details on sample preparation and conditions of data 

acquisition are also provided in Section 6.3.2.  All WAXS and SAXS data was collected on the 

SAXS/WAXS beamline at the Australian Synchrotron.  There are significant advantages to performing 

these characterization measurements on this beamline, namely the high flux source and extended q-

range. In addition, the small beam size (FWHM of 250 µm horizontal × 150 µm vertical) allows 

scattering data to be taken both through the surface and through-the-edge of the thin rGO assemblies.  

The SAXS/WAXS beamline is capable of utilising X-rays in the range of 5.2 to 20 KeV, and the camera 

length can be adjusted to optimize the accessible q-range.  The results of this work combine three 

camera lengths and also make use of the ability to adjust the wavelength of the incident beam in order 

to obtain scattering data from a very large q-range.   As shown in Figure 50, settings at location #1 of 

0.425 m (20 KeV, λ=0.62 Å), #2 of 1.529 m (12 KeV, λ=1.03 Å), and #3 of 7.262 m (12 KeV, λ=1.03 Å) 

result in a total q-range of 2 x 10-3 Å-1 to 3 Å-1.  For both WAXS and SAXS data acquisition, the Pilatus 

1M detector was used because it offers a much larger solid angle than the typical WAXS detector (seen 

mounted above the beamline in the top photo).  The Pilatus 1M has very low noise, a large dynamic 

range, and rapid data collection over a large active area.  The 2D scattering patterns were acquired in 

‘gapless mode’, where the dead space due to the inter-module gaps of the detector is eliminated by 

summation of three concurrent images taken with the detector slightly translate (offset).  The 

discussion here is limited because the specifics of the SAXS/WAXS data acquisition and reduction are 

discussed in much detail within the text of Chapter 6. 
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Figure 50.  Photographs of the SAXS/WAXS beamline at the Australian Synchrotron.  The photos show the configuration 
for the maximum (seven meter) camera length, with the numbers 1, 2, and 3 (top) corresponding to the three 
configurations reported in this work.  The lower left image shows the back of the Pilatus 1M and the lower right image 
indicates the region where the sample is placed, with the X-ray beam passing through the sample before entering the nose-
cone.  

 

 Neutron diffraction and scattering 

Samples were prepared by cutting 2-3 cm wide sections from the the rGO films with a scalpel.  Due to 

the small number of interaction events, multiple rGO films were stacked in order to have adequate 

sample in the beam.  The data was adjusted to account for differences in thickness, and accuracy was 

verified by the fact that the adjusted, absolute scattering intensity for different samples was equal at 

high q-values (further details provided within Section 6.3.1 and Section 6.3.3).  Materials were placed 

within specialized sample holders designed for each particular beamline. 

Neutron diffraction 

Neutron diffraction was performed on Wombat, a high intensity neutron diffractometer beamline 

running off the OPAL Neutron Guide Hall at the Bragg Institute at the Australian Centre for Neutron 

Scattering (ANSTO) [207].  Vertically focussing Ge 115 and 113 monochromator was configured to 

deliver a high flux neutron beam with wavelength 2.95 Å and q-range of 0.9-4.7 Å-1 (desirable to 
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overlap with QUOKKA SANS instrument with q-range up to 0.57 Å-1).  Data is acquired on a continuous 

detector bank consisting of eight curved panels with no gap between them, producing 120° of 

continuous coverage.  The panels have a spatial resolution of about 1.5 mm, and are 2D position 

sensitive along the curved and vertical direction.  Because the number of scattering events is much 

lower for neutrons than X-rays, six rGO films were stacked to obtain the neutron diffraction data in 

order to reduce the necessary acquisition time.  The instrument-specific, Gumtree data processing 

program was used to reduce the data using the 'WombatReductionUI' script. The general reduction 

procedure first normalizes the frames in the input data file according to monitor counts, subtracts a 

pre-defined background, applies an efficiency correction, and then sums the resulting frame(s) 

vertically to obtain a 1D spectral pattern. 

Small angle neutron scattering (SANS) 

SANS was performed on QUOKKA in the OPAL Neutron Guide Hall at the Bragg Institute at the 

Australian Centre for Neutron Scattering (ANSTO) [208].  QUOKKA offers a high neutron flux (4 x 107 

cm2 s-1) due to a brilliant cold source, relatively large beam cross-section, and a velocity selector of 

short rotor length and high transmission.  The extended range of the guide-to-sample distance can be 

continuously adjusted from 1 to 20 m, together with focussing optics, resulting in a tremendous q-

range of 6 x 10-4 Å-1 to 0.7 Å-1 when focusing lens optics are employed.  Typically measurements are 

made using wavelengths of 5 Å or 8 Å, and QUOKKA possesses a large solid angle area detector (active 

area 960 x 960 mm). 

Because of the lower incident flux and weaker interaction of neutrons with matter compared to that 

of X-rays, six rGO films were stacked to obtain the neutron scattering data in order to reduce the 

necessary acquisition time, resulting in transmission of 95% (>90% ensures no effects from multiple 

scattering).  A neutron beam of wavelength 5 Å and camera lengths of 20 m (q-range 1.0 x 10-3 Å-1 to 

20 x 10-3 Å-1), 14 m (q-range 3.6 x 10-3 Å-1 to 42.6 x 10-3 Å-1), and 1.3m (q-range 6.8 x 10-2 Å-1 to 48.0 x 

10- 2 Å- 1) were used to obtain the SANS results presented in Chapter 6.  Only data from scattering 

through-the-surface of the rGO assemblies was acquired with SANS because the beam size is too large, 

and rGO assemblies too thin, to make measurements of scattering through-the-edge possible using 

the neutron beam. Through-the-surface scattering results in an isotropic scattering pattern, and the 

2D data from each camera length was firstly normalized for the detector response to a flat scatterer 

(plexiglass) and then the incident neutron beam intensity, the intensity from a blocked beam 

subtracted (dark current measurement) and then finally the empty cell scattering (scaled by the 

transmission).  This reduced two dimensional image was finally radially averaged and then combined 

with the other camera lengths for the continuous data set across the extended q-range.  The 

instrument-specific Gumtree graphical user interface was used to set instrument conditions and collect 

data, while data was visualized and reduced to an absolute intensity scale using the Igor Pro macros 

from NIST [209] which has been modified to accept Quokka data. Igor Pro is propriety software 

published by Wavemetrics Inc. 

Ultra-small angle neutron scattering (USANS) 

USANS was performed on KOOKABURRA in the OPAL Neutron Guide Hall at the Bragg Institute at the 

Australian Centre for Neutron Scattering (ANSTO) [210].  The KOOKABURRA instrument significantly 

extended the small-angle range from that of QUOKKA, with the combination of USANS and SANS at 

ANSTO allowing for the characterisation of microstructure over 4 orders of magnitude in size (1 nm to 

10 µm).  KOOKABURRA is based on the classical Bonse–Hart method [211], which consists of using two 

multiple-reflection crystal systems arranged in a nondispersive geometry to achieve a steep decrease 

in the tails of the perfect crystal diffraction curves.  When a sample is inserted between these two 

components, small-angle scattering spreads the peak from that of the ideal crystal, and this broadening 

is representative of the sample material, quantified by the difference between the two rocking curves 
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of the analyser, with and without sample. As shown in Figure 51, the first crystal (premonochromator) 

is highly-oriented pyrolytic graphite (HOPG), aligned at a fixed Bragg angle of 45°, to provide neutrons 

of 4.74 Å, and the monochromator and analyser channel-cut perfect crystals are silicon with selection 

of reflection planes Si(111) at a fixed Bragg angle of 49.1°.  During data acquisition, the analyser crystal 

is rotated and data is collected at one value of q at a time, with this point-by-point measurement being 

performed in discrete angular steps, making the raw data one-dimensional (compared to that of the 

2D detector images which are subsequently reduced).  

Again, because the number of scattering events is much lower for neutrons than X-rays, six rGO films 

were stacked to obtain the neutron scattering data in order to reduce the necessary acquisition time, 

resulting in transmission of 98% (>90% ensures no effects from multiple scattering). Using the Si(111) 

reflection, a neutron beam of wavelength 4.74 Å was used to acquire data shown in Chapter 6, 

resulting in the extension of the q-range down to 3 x 10-5 Å-1.  USANS measurement has excellent 

horizontal resolution but very poor vertical resolution and results in a slit smearing [211] which is a 

particular type of instrumental convolution [212].  The smeared data could be simply fit as-is by using 

smeared models [209], but because it is desirable to link the USANS data to that of SANS, the 

desmearing process accounts for the different effects for slit-smeared USANS and pinhole-smeared 

SANS data, allowing data sets taken from the different instruments to be combined on one scattering 

curve. Desmearing of the USANS data was done using the NIST IGOR macro [209] which is based on 

Lake’s iterative method [213]. 

 

 
Figure 51. Diagram of the multiple-reflection crystal system used in the KOOKABURRA USANS instrument at ANSTO (from 
[210]). 

 

3.4 SAS Data Treatment 

Specific parameters and theoretical approach to the X-ray and neutron scattering data are detailed in 

Chapter 6.  The main programs used to reduce the 2D data from the scattering images were site-

specific, with Scatterbrain being developed by the SAXS/WAXS beamline at the Australian Synchrotron 

and Gumtree control system coupled with the IGOR Pro macro for reduction and desmearing 

developed by NIST [209].  Model fitting to the SAXS data was performed using SASfit [214]. 
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Chapter 4. The Chemical Structure of GO and rGO Sheets  

4.1 Introduction: Chemical Composition of GO and rGO Sheets  

Each batch of prepared GO can vary greatly in both the sheet length and chemical composition.  Since 

it is these sheet-like particles that become the building blocks for the dried and hydrogel rGO 

assemblies, it is necessary to ascertain how the chemical composition and structural features of the 

GO precursor impacts the resulting rGO bulk materials, if it is intended to have some control over the 

resulting material performance.   Regardless of the processing methods employed, these particulate 

systems result in a statistical distribution of properties, with a range of chemical compositions and 

sheet sizes. While exact parameters for individual rGO sheets are not representative of the bulk 

assembly, as would be the case for a typical polymer or crystalline material, understanding statistically 

significant parameters that influence the resulting rGO properties, structure, and chemical 

composition are of great importance in the field. For example, a typical dried film with thickness of 

4 μm and inter-sheet spacing of 4 Å equates to a total of 10,000 rGO sheets stacked within the plane, 

illustrating the complexity of this layered system which is dependent on the structure and chemical 

composition of each unique rGO sheet. A thorough analysis to determine the chemistry and electronic 

structure of the rGO sheets is necessary in order to go forward with interpretations of performance in 

the bulk porous assembly. 

The specific objectives of this chapter are thus to: determine the atomic concentration of carbon, 

oxygen, and nitrogen in different rGO samples; investigate if the original GO precursor has an impact 

on the chemical composition of the resulting rGO; and attempt to reveal connections between specific 

oxygen and nitrogen functional groups and the aromatic domains (sp2/sp3 ratio) within the rGO sheets.  

To these ends, high resolution XPS was used to determine the precise concentration and type of carbon, 

oxygen, and nitrogen bonds present on the surface and edges of rGO films prepared from GO 

synthesized with variations in temperature and reaction time, which are thought to impact the degree 

of oxidation [57, 58].  The evolution of both nitrogen and oxygen species in rGO will largely depend on 

reduction conditions and temperature.  Thus, changes in these chemical groups were monitored after 

further thermal reduction in order to evaluate the impact additional removal and/or evolution of 

oxygen and nitrogen groups has on the sp2/sp3 carbon bonds.  As discussed in the Literature Review 

(2.1.2.1), there is a range of debate regarding the type of nitrogen bonding present in hydrazine 

reduced rGO, and the results presented in this work highlight the limitations of assigning a distinct 

species based on the results of XPS alone.  Since XPS is a surface analysis technique (with a penetration 

depth ≈10 nm), energy dispersive X-ray spectroscopy (EDS or EDX) was also employed to quantify the 

elemental content to depths of over 1 μm and look for variation within the bulk rGO assembly.   

 

4.2 X-ray Photoelectron Spectroscopy 

 XPS applied to rGO assemblies 

X-ray photoelectron spectroscopy (XPS) is a commonly-used surface analysis technique to allow for the 

identification of the elements within a material and the type of bonding present [215].  It has the added 

advantages of high resolution and quantification for light elements, with carbon, oxygen and nitrogen 

content being easily assessed.  Elements present in the surface region of a sample will produce unique 

peaks on a full spectral scan, across all binding energies (0 to 1500 eV) and these peaks can be used to 

quantify the chemical species present.  Once these elements are identified, high resolution scans can 

then be used to retrace the peaks from the full spectral scan to discern a precise peak shape that 

relates to specific bonds for a given element. 
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Table 4. Chemical species present in rGO and the corresponding binding energy (BE) for the peak centre assigned to that 
particular bond as measured by XPS. 

Bond BE Comments on Peak Parameters 

Carbon   

C-C sp2 284.5 eV Peak fit with Donald Sunjic function 

C-C sp3 285.0 eV Disordered sp3 bonds broaden C-C peak 

C-N 

C-OH Hydroxyl 
285.8 eV 

Similar binding energies are combined into one peak (C-

N 285.9 eV and C-OH 285.5-285.7 eV) 

C-O-C Epoxy 286.7 eV Literature range 286.3-286.7 eV 

C=O Carbonyl 287.8 eV Literature range 287-288 eV 

C(O)OH Carboxyl 288.9 eV Literature range 288.9-289.1 eV 

π-π* satellite 290.4 eV Broader satellite feature from sp2 C-C bonds 

Oxygen   

C=O Carbonyl 531.0 eV Oxygen doubly bonded to aromatic carbon 

C(O)OH Carboxyl 

C-O-C Epoxy 

C-OH Hydroxyl 

532.2 eV Oxygen singly bonded to aliphatic carbon 

C-OH Phenol 533.4 eV Oxygen singly bonded to aromatic carbon 

Chemisorbed Water 534.7 eV None was present in the samples 

Nitrogen   

N1 398.7 eV Two-coordinated and bound to at least one sp2 carbon 

N2 399.9 eV Three-coordinated with sigma bonds (sp3 carbon) 

N3 401.1 eV Quaternary nitrogen/substituted at graphitic site 

N4 402.7 eV Nitrogen oxides 

   

 

The high resolution XPS spectra for C1s, O1s, and N1s regions is particularly useful in analysing bonding 

in rGO films because it can distinguish the type of carbon bonds present in the material, making 

quantitative analysis of both sp2/sp3 carbon content and residual oxygen groups possible.  The type of 

bonding present in rGO depends on both the initial oxidation conditions and the reduction process. In 

this work the rGO materials are reduced using hydrazine, ultimately exhibiting the possible bond 

configurations outlined in Table 4.  It should be noted that fitting high resolution XPS spectra in GO 

and rGO materials is highly subjective, and due to the overlapping nature of the peaks, the assignment 

of specific chemical species is dependent on the choice of parameters applied to the peak fitting. Much 

of the current literature draws conclusions about rGO performance based on XPS data, yet 

complications arise from conflicting reports for peak placement and variations in fitting methods 

applied with studies on GO- and rGO-based materials [66, 69, 71, 73, 216] .  Due to this uncertainty, 

the results presented here include a detailed discussion about the method used for peak fitting with 

the logic behind this explained in detail, resulting in an accurate and reproducible assessment of 

specific oxygen and nitrogen bonding present in the rGO materials. Table 4 lists the peak placement 

applied in this work, with the values for binding energy being based on the peak profile of these XPS 

results, extensive literature review of rGO XPS spectra [66, 69, 71, 73, 81, 93, 94, 96, 97, 100, 216-218], 

and knowledge of existing structural models for GO and rGO, as outlined in Section 2.1.2.1. 
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The valence band (VB) for rGO assemblies is also evaluated in order to gain insight on the conductivity 

and reactivity differences resulting from the varied elemental content measured in the full spectrum 

and high resolution XPS scans.  The VB scan is a complex composite spectra consisting of many 

overlapping component peaks. It is commonly referred to as the “signature” or “fingerprint” for a 

material, and for carbon-based materials, the region below 20 eV is the main area of interest.  Due to 

the complexity of factors contributing to slight peak shift and the fact that spectra for oxidized or 

doped carbons is highly dependent on the atomic composition [219], it is not possible to quantitatively 

evaluate bonding using the VB spectra alone.  As the precise peak placements are highly convoluted 

and depend on the excitation energy used, VB spectra are unlike the typical XPS results in that they 

cannot directly be compared with standards. However, combining other knowledge about the material 

composition, changes in the shape of the valence band and analysis of the unique “signature” can be 

used to qualitatively evaluate binding affinities in the material.  Further, the VB can be directly related 

to density of states (DOS) calculations and the band structure of materials [66, 219, 220], providing 

further insight on how chemical differences will impact performance, especially in regard to resistivity 

and reactivity. 

 

 Results and discussion 

 Full spectral scan results 

The spectral scans shown in Figure 52 are from rGO assemblies prepared from GO that was synthesized 

to produce sheets with various oxidation degree, as outlined in Chapter 3 (Methods and Materials).  

The area of each carbon, oxygen, and nitrogen 1s peak was used to produce the quantitative atomic 

percentage comparisons for each rGO assembly, as listed in Table 5.  The oxygen content in the as-

prepared rGO assemblies is similar to that reported from high temperature thermal reduction [69], 

and shows the hydrazine method used here was effective in reducing most oxygen species,  without 

the need for high temperatures. 

The results of the full spectral scans clearly show that the synthesis conditions for the original GO 

precursor has a significant impact on the resultant rGO materials.  Data from Figure 52 is listed in Table 

5 and shows that both high oxidized (HO-) samples contained less than 90% carbon before further 

thermal reduction, while both low oxidized (LO-) samples had an initial carbon content above 90%.  

Both of the high oxidized samples contain the same amount of oxygen (≈11%) which is almost twice 

that of both low oxidized samples (≈6.5%).  Even after heating to 550°C, the only sample that was able 

to achieve high purity (>95% carbon) was the rGO prepared from the extra low oxidation GO precursor 

(LOX).  Nitrogen is the least prevalent atomic species, but it is also the most variable between samples 

and is not directly related to the overall residual oxygen content.  
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Figure 52.  Full spectral scans at 1486 eV of rGO at room temperature, 250°C and 550°C showing the prevalence of oxygen 
functional groups on GO of varying oxidation levels.  Each scan shows characteristic peaks for oxygen, nitrogen and carbon.  

 

On initial inspection, this indicates that during the GO synthesis process, the temperature as well as 

the time for both oxidation processes will carry over to strongly impact the resulting rGO chemical 

composition.  Section  2.1.2.1 of the Literature Review discussed the structure of GO and rGO sheets 

and outlines the oxidation process as described by Kang et al. [57].  Step 2: hydrolysis is suspected to 

result in significantly larger defect density when the time and temperature in this step is increased.  

The results here show that this also translates to more residual oxygen content remaining in the 

resulting rGO after reduction.  This is likely to be due to the prevalence of exposed edges (from higher 

defect density) where oxygen functional groups most resistant to the initial hydrazine treatment are 

found.  In addition, Step 1: oxidation was much longer for HO4, and the published work showing that 

over-oxidation leads to increased epoxy and hydroxyl groups with and enhanced epoxy to hydroxyl 

ratio [68] offers an explanation for the higher nitrogen content in this sample when these changes in 

GO chemical composition are then related to the knowledge of the hydrazine and ammonia reduction 

process presented in detail within Section 2.1.2.1.    It is thought that the reaction mechanism for 

nitrogen doping in hydrazine-reduced GO can be attributed to interactions with epoxy groups [71, 73, 

76, 79, 80], with additional impacts from ammonia reacting with acidic groups [87, 90, 96].  In this case, 

the prolonged, eight hour over-oxidation conditions from Step 1: oxidation would be expected to 

increase epoxy content which could be the cause of increased nitrogen content in the HO4 assembly. 
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Table 5. Elemental composition and corresponding atomic percentage of each rGO assembly as determined by XPS full 
spectral scans.  Results for the material in the original state is compared to that after further thermal reduction at 250°C 
and 550°C.  Standard deviation in atomic percentage is 2% for carbon, 0.5% for oxygen, and 0.6% for nitrogen. The carbon 
to oxygen ratio (C/O) is also presented to compare with EDS data presented in the next section. 

Sample C1s O1s N1s C1s % O1s % N1s % 
C/O 

Ratio 

Original        

HO8 1 0.1292 0.0347 86 11.1 3.0 7.7 

HO4 1 0.1279 0.0625 84 10.7 5.2 7.9 

LOD 1 0.0683 0.0253 92 6.2 2.3 15 

LOX 1 0.0725 0.0112 92 6.7 1.0 14 

250°C        

HO8 1 0.0998 0.0186 89 8.9 1.7 10 

HO4 1 0.0746 0.0396 90 6.7 3.6 13 

LOD 1 0.0606 0.0292 92 5.6 2.7 16 

LOX 1 0.0424 0.0071 95 4.0 0.7 24 

550°C        

HO8 1 0.0699 0.0141 92 6.4 1.3 14 

HO4 1 0.0563 0.0303 92 5.2 2.8 18 

LOD 1 0.0421 0.0161 95 4.0 1.5 24 

LOX 1 0.0251 0.0018 97 2.4 0.2 40 

 

Using thermal reduction to better ascertain what type of residual oxygen groups are most prevalent 

and persistent in rGO indicates that major differences can be seen in the type and concentration of 

oxygen functional groups relative to the GO precursor.  The progressive reduction of the rGO 

assemblies can be seen more clearly in Figure 53. The rGO samples were heated to 250°C and then 

550°C under vacuum to assess the impact that further thermal reduction has on existing oxygen and 

nitrogen functional groups, as well as monitoring changes in sp2/sp3 carbon bonding.  As discussed in 

Chapter 2, the oxygen groups along the edges are much more strongly bound than those along the 

basal plane. Knowing that the initial reduction conditions of hydrazine treatment at 100°C will act 

mostly to reduce epoxy groups (a chemical reaction with hydrazine) and carboxyl groups (low 

temperature thermal reaction) [73, 76], it is of interest to determine which oxygen groups persist in 

rGO and if this can be effectively modified through further thermal treatment. Previous work [66] has 

shown that significant changes in basal-plane oxygen functionalities occur within the temperature 

regions applied here, specifically a large mass loss at 250°C and 550°C attributed to: i) reduction 

temperatures between 200-400°C quickly reduce carboxyl and epoxy, while concurrent formation of 

additional phenol groups on the basal plane can occur due to the close proximity of epoxy and hydroxyl 

groups and ii) reduction temperatures between 400-600°C further remove carbonyl moieties and some 

hydroxyl, yet many hydroxyl groups will persist even up to 1000°C. 

The extra low oxidation sample (LOX) had a significantly lower level of nitrogen doping occur during 

the reduction process.  While results show the initial GO oxidation level could impact the amount of 

nitrogen doping that occurs, this cannot be confirmed with the limited sample set and is contradicted 

by HO8 and LOD having very similar nitrogen concentrations. This makes it clear that a measure of the 

total oxygen content alone is not sufficient to explain the nitrogen species present. Results of the 

specific bonding with the rGO assemblies, as determined by the high-resolution XPS results, are also 

required.  A typical nitrogen concentration of 3% is found in rGO that has been reduced with hydrazine 
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or doped separately using chemical and thermal processes [221].  HO8 and LOD follow this trend, but 

HO4 and LOX have significantly higher and lower levels, respectively.  Literature reports vary in the 

assessment of which type of nitrogen doping occurs in rGO, and depending on the type of bond, the 

nitrogen content may or may not diminish upon further thermal treatment [76, 79, 91, 95, 96, 99, 100, 

222].  The results presented here show that nitrogen groups are removed from the rGO at 

temperatures below 250°C, indicating they are not strongly bound.  Accurate determination of the 

nitrogen bonding is important because this has significant impacts on the conductivity of the rGO 

sheets and resulting assemblies.  For example, the bond type and location of the nitrogen (basal plane 

or edge) is the main determinant of enhanced capacitance for N-doped rGO supercapacitors and 

catalysis [84, 222-224]. 

 

 
Figure 53. XPS results from the full spectral scan, showing changes in elemental composition as rGO is further reduced at 
high temperatures. 

 

Both the high and low oxidation samples follow the expected trend of decreased oxygen content after 

exposure to higher thermal reduction temperatures, demonstrating that all rGO samples can be 

further reduced.  In general, there was an average of 3% decrease in functional groups for each 

temperature step, with two exceptions: (i) the HO4 sample had an initial nitrogen content much higher 

than that seen in other samples and showed a greater loss of functional groups upon heating to 250°C; 

(ii) the LOD sample showed very little loss of functional groups upon heating to 250°C.  Because specific 

functional groups are removed at different temperatures, these slight differences in oxygen and 

nitrogen content after further thermal reduction requires a more quantitative assessment of exactly 

what functional groups are present in rGO assemblies and how they impact bonding within the carbon 

matrix.  This determination of the specific species present can be obtained by investigating differences 

in the binding energy within the carbon, oxygen, and nitrogen high resolution XPS spectra, and is 

discussed below.  
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 High resolution scans of C1s, O1s, and N1s regions 

4.2.2.2.1 Details of the high resolution peak fitting procedure 

Figure 56 to Figure 60 show high resolution C1s (a), O1s (b), and N1s (c) XPS results and peak 

deconvolution for the rGO assemblies. As mentioned, correct quantitative analysis of the XPS results 

is highly dependent on the profile fitting applied to the spectra, and thus a detailed discussion on the 

parameters is provided here.  Additional speculation has been minimized by rigorous cross-referencing 

with the literature to determine that changes in peak parameters follow known trends, while also 

tracking any changes across the different 1s spectra for each given bond during the peak fitting 

procedure.  Even after considering that there will be unavoidable discrepancies in the precise 

deconvolution scheme applied, the results clearly confirm major trends that correlate the specific 

functional groups and sp2/sp3 carbon with the original GO processing condition.  This knowledge, along 

with the details on further thermal reduction process in rGO, does give much insight and assists in 

answering the persistent research questions related to the performance of rGO materials. 

Unless otherwise mentioned, the fitting procedure was constrained to yield equivalent FWHM values 

of 1 eV for all species except for the highest energy C1s bond for C-O(OH), which broadened slightly to 

1.3 eV.  The specific peak positions held constant for all profiles (peaks centred at the binding energies 

indicated in Table 4), with standard deviations less than 0.10 eV for C1S spectra and 0.17 eV for O1s 

and N1s spectra. With the exception of the carbon-carbon peak, all spectra were deconvoluted using 

a Viogt peak shape with Gaussian–Lorentzian components (70:30) after performing a Shirley 

background subtraction using CasaXPS.   

The only exception to the Voigt (70:30) line shape is seen in the C1s carbon-carbon peak which, after 

extensive review of literature and fine adjustment to these peak parameters [216, 225], was broken 

into three different components.  

I. The carbon sp2 peak was fitted with a Donald Sunjic function (DS), with an asymmetry 

parameter of 0.04 and convolution width of 210 centred at 284.5 eV.  The DS peak shape 

parameters were determined by fitting an XPS high resolution scan of highly oriented pyrolytic 

graphite (HOPG) taken on the same beamline, as shown in Figure 54. The DS peak shape is far 

superior to a pure Voigt-type function and yields the best fit for the main carbon sp2 peak.  The 

only deviation between the DS fit and the carbon data is at the higher binding energy 

asymptote (above 286.5 eV), which somewhat overestimates this region of the line profile and 

is a probable cause for the slightly low estimates of C-O(OH) bonding, which is discussed later 

in this section.   

II. Fitting the carbon-carbon peak of the rGO with a DS profile alone was not sufficient for rGO 

assemblies because it characterizes the ordered, aromatic bonding within the carbon layers. 

The high level of disorder and presence of defects in rGO creates a second component to the 

carbon-carbon peak that is not related to pure, flat aromatic layering.  As with other porous 

and layered carbons discussed in the Literature Review, the oxygen groups, corrugation, and 

edges disturb the sp2 structure; thus, the peak also contains a significant contribution from 

disordered carbon and sp3 bonding.  The fitting process was optimized by adding an additional 

peak at 285 eV with adjusted Gaussian–Lorentzian components (10:90) with an exponential 

blend factor for tail broadening of 1.6 to account for the disordered carbon component of the 

profile.   

III. Finally, a π-π* satellite feature (often referred to as the sp2 shake-up peak in the literature) 

was added at 290-291 eV with a broadened FWHM of 2 eV. This peak is only seen in graphite-

like less defective rGO materials and is directly related to prevalent aromatic domains. 
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Figure 54. XPS high resolution scans for HOPG, at 80° and 140° with respect to the analyser, yield an ideal carbon sp2 signal 
that was used to optimize the C1s peak fitting procedure for the rGO materials using a Donald Sunjic (DS) function. 

 

Despite slightly differing reports in the literature, this work follows the most straightforward and 

generally accepted deconvolution scheme for O1s core level for all rGO assemblies, which suggests the 

three components at 531.0, 532.2, and 533.4 eV. Thus, the lowest binding energy corresponds to 

doubly-bonded oxygen (carbonyl) and other components at higher BE corresponding to singly-bonded 

oxygen.  This second category can be further broken into the two different components of oxygen 

groups bound to aliphatic carbon (which include carboxyl, hydroxyl, and epoxy) or oxygen groups 

bound to aromatic carbon (from basal bound phenol).  The shape of the O1s profile of rGO matches 

well with this fitting method, showing distinct changes in peaks assigned at these values that follows 

the main trends of thermally reduced GO [66, 69]. Further, the O1s peak components were combined 

with results from the atomic concentration determined in the full spectral scan to ensure the low 

intensity, overlapping carbon-oxygen bonds in the C1s spectra were accurately apportioned. 

Assignment of the nitrogen peaks was based on XPS databank assignments [226] and a detailed 

literature review.  A main peak at 400 eV is typically dominant in almost all nitrogen containing 

carbonaceous solids [94] and is consistent for nitrogen in an sp3 bonding environment, which can be 

associated with both pyrrolic and amine forms [93, 101], makeing precise chemical determination 

difficult [227].   Often, pyrrolic-N formation is attributed to nitrogen doped graphene [77, 83, 91], but 

the 400 eV peak has also been attributed more broadly to “pyrrole-like” species [82, 100], and has 

been more thoroughly characterized as an “amine-like” pyrazoline in rGO reduced with hydrazine [79-

81].  Analysis of chemical pathways based on calculations for reaction mechanisms and computer 

models predict the formation of hydrazino alcohols and/or amino aziridine [71, 76].  The ammonia 

used during the reduction process is also known to react with GO, where the oxygen groups act as 

strong binding sites [90]. Further, in rGO reacted with ammonia or urea, nitrogen content has been 

attributed to amine, amide, and imide [86, 95] which can then undergo dehydration to pyridine or 

pyridine [87].  These amine-like groups have also been shown to be prevalent in carbon fibers reacted 

with ammonium ions at the carbon surface [98]. 
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Reference to these bond types and methods of formation in rGO was discussed in the Literature 

Review (Section 2.1.2.1), and many of the possible nitrogen-carbon bonds shown there are coupled 

with the corresponding binding energies shown in Figure 55.  This highlights the impossibility of 

assigning a specific nitrogen group based on the position of the XPS peaks alone [99]. 

 

 

 

Figure 55.  Nitrogen functional groups typically present in carbonaceous materials and the corresponding binding energy, 
highlighting the impossibility of assigning unique species based on the peak position alone.  Reproduced from [99]. 

 

The formation of both nitrogen and oxygen bonds in rGO will largely depend on reaction conditions 

and temperature, and knowledge of this can be used to help distinguish which species is present.  

Jansen et al. [96] used XPS to study the surface groups on several types of nitrogen-containing 

activated carbons.  This work showed that amide, amine, imide and lactams are the principal nitrogen-

containing groups at low temperatures (< 400°C), while at high temperatures, nitrogen groups that are 

incorporated into the aromatic surface structure of the carbon (pyridine- and pyrrole-type groups) are 

more abundant and remain stable up to 900°C.  Further, amides were shown to be rather unstable and 

converted to pyrroles and pyridine or decomposed at temperatures above 400°C.  The main XPS peak 

at 400 eV is associated with lactam, imide, and/or amine, and the loss in total nitrogen content 

combined with a change in peak shape, showed these species decompose and/or convert to more 

stable structures during a temperatures increase from 200°C to 400°C. 

For the peak assignments for the N1s data presented here, the convention outlined by Titantah et al. 

[217] has been used because it is very flexible for use in different types of carbon materials and is 

discussed in context to the nitrogen atom bonding environment for clarity, as reported in Table 4.  

These peak assignments match well with the various bond types for specific nitrogen functional groups 

reported in literature and discussed above, but allow for greater flexibility during the data presentation, 

leaving the specific groups to be discussed after the presentation of results.  Here, the main N1s peaks 

occur at ≈ 398-399 eV (labelled as N1) for a nitrogen that is two-coordinated and bound to at least one 

sp2 carbon, ≈ 399-400 eV (labelled as N2) for a nitrogen that is three-coordinated with sigma bonds 

(bound to sp3 carbon), ≈ 400-402 eV (labelled as N3) for a quaternary nitrogen such as ammonium ions 

or a three-coordinated nitrogen substituted at a graphite site (graphitic), and ≈ 402-403 eV (labelled 

as N4) for nitrogen oxides.   The fitting method made a slight adjustment to the nitrogen oxide 

assignment of Titantah, instead adopting the peak assignments from publications on rGO [81, 101] and 

activated carbon [93]. In any case, the contribution from nitrogen-oxygen bonding was very small (less 
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than 0.5% of overall bonds which is detectable), and is not quantifiable within the error bounds of 

these measurements), so it has been largely ignored in further analysis.  

 

4.2.2.2.2 Presentation of high resolution XPS scans 

Firstly, a comparison of each rGO material in its original state at room temperature is shown in Figure 

56. Some general features of the materials are noticeable, with the most obvious being that the sp2 

carbon content is much higher for rGO assemblies made from the low oxidized GO precursor, and 

results indicate the aromatic regions along the rGO sheets are better preserved and contain less 

defects when prepared form LO-GO, compared with those reduced from HO-GO.  Comparing HO- and 

LO- materials, a major difference appears in the carboxyl feature in the C1s spectra which is much 

more prevalent in the HO- materials, and suggests that the prolonged reaction time in Step 2: 

hydrolysis allows for more carboxyls to remain in the rGO, again indicating that more edges and defects 

are present.  

Looking at the O1s spectra for LO- materials, there is a fairly even distribution of oxygen functional 

groups that follows a ratio of ≈25:40:35 for C=O, C-O(OH), and C-O bonds present. This suggests that 

rGO prepared from LO-GO precursors will result in a well predicted and stable distribution of specific 

oxygen groups.  Conversely, while both high oxide samples, HO8 and HO4, have the same overall 

oxygen content, the high resolution scans show distinct differences in the type of functional groups 

present.  The HO4 material exhibits unique features when compared to the other samples, with spectra 

showing a much higher contribution from phenol, epoxy, hydroxyl, and C-N bonds, further supporting 

the idea that the distinct processing conditions of prolonged time in Step 1: oxidation used to prepare 

HO4-GO strongly impacts both the basal bound phenol and epoxy/hydroxyl content as well as the 

resulting nitrogen doping.  It can also be seen from the N1s spectra that the nitrogen bonding is 

dominated by the 400 eV feature in all samples, regardless of the initial oxidation conditions. 

The successive figures follow changes in the high resolution spectra for HO8 (Figure 57), HO4 (Figure 

58), LOD (Figure 59), and LOX (Figure 60) after heating to 250°C, and then 550°C.  The results of the 

nitrogen, oxygen, and carbon bonding are then discussed in the corresponding sections below. 
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Figure 56.  High resolution C1s (a), O1s (b), and N1s (c) XPS results and peak deconvolution showing the percent area for 
each bond type within the rGO samples HO8, HO4, LOD, and LOX at room temperature. 
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Figure 57. High resolution C1s (a), O1s (b), and N1s (c) XPS results and peak deconvolution for rGO sample HO8 at room 
temperature (RT) and after further thermal reduction at 250°C and 550°C. 
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Figure 58. High resolution C1s (a), O1s (b), and N1s (c) XPS results and peak deconvolution for rGO sample HO4 at room 
temperature (RT) and after further thermal reduction at 250°C and 550°C. 
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Figure 59.  High resolution C1s (a), O1s (b), and N1s (c) XPS results and peak deconvolution for rGO sample LOD at room 
temperature (RT) and after further thermal reduction at 250°C and 550°C.  The O1s and N1s spectra are not as smooth in 
the LO- materials (compared to HO-) because the lower oxygen and nitrogen content results in a smaller signal to noise 
ratio. 
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Figure 60. High resolution C1s (a), O1s (b), and N1s (c) XPS results and peak deconvolution for rGO sample LOX at room 
temperature (RT) and after further thermal reduction at 250°C and 550°C.  The O1s and N1s spectra are not as smooth in 
the LO- materials (compared to HO-) because the lower oxygen and nitrogen content results in a smaller signal to noise 
ratio. 
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4.2.2.2.3 Results and discussion of N1s  

The dopant bond type plays an important role in the properties exhibited by nitrogen containing 

carbon materials [228], particularly in regard to conductivity and reactivity, with more specific impacts 

on material properties outlined in Section Chemical composition2.1.2.1 of the Literature Review. In 

the high resolution N1s spectra of rGO presented here, nitrogen-oxides are found at ≈ 403 eV and 

exhibit the smallest peaks (approximately 5% content) which represent a negligible contribution in the 

rGO material since the overall nitrogen content is less than 3%.  The peak at ≈ 401 eV is attributed to 

quaternary nitrogen or nitrogen substituted in the graphitic lattice [86, 91, 93, 94, 99, 101, 217] and 

makes up about 20% of the nitrogen bonds.  A slightly larger contribution of 30% is seen from the 

≈ 399 eV feature, which is attributed to a two-coordinated nitrogen that is bound to at least one sp2 

carbon [79, 81, 101, 217, 229].  By far, the most prevalent nitrogen peak is at ≈ 400 eV (approximately 

50%), which results from a three-coordinated nitrogen species with three sigma bonds (attached to 

sp3 carbon) [82, 86, 97, 98, 100, 217] and, thus, will likely cause the rGO assembly to have lower 

Coulombic efficiencies [222].   These results are also very similar to the typical N1s peak ratios 

displayed for rGO materials prepared via hydrothermal reduction with urea [87]. 

 

 

 

Figure 61.  Results from the N1s high resolution XPS peak fitting showing the prevalence of assiciated nitrogen peaks within 
each rGO sample and the evolution of each species after heating to 250°C and then to 550°C.  The N4 contribution is 
omitted from this comparison because it is only present in extremely small concentrations. 

 

These results do not show a direct relationship between the oxygen content and nitrogen 

concentration.  It is likely that the nitrogen doping is not directly related to the overall oxygen content 

in the material, but is instead related specifically to the presence of particular oxygen groups and 

reaction conditions in the initial GO.  This is supported by the fact that HO8 and LOD have similar 

overall nitrogen content, so while the total oxygen content and/or prevalence of edges and defects 

along the carbon lattice does play a role, it may not be as significant as the impacts resulting from the 

long reaction time of Step 1: oxidation, which is thought to produce epoxy-rich, over-oxidized GO [57, 

58].  Most studies on the nitrogen content in graphene materials have not been able to conclude if the 

enhanced N-bonding is due to an increase in oxygen groups or an increase in defects, because the two 

are often directly related.   

Different types of nitrogen bonds are indicative of carbon regions that are either sp2 or sp3 hybridized, 

and the diagrams given in Figure 13 through Figure 15, as well as Figure 55, demonstrate the placement 

of specific nitrogen groups along the carbon sheet, which can either be bound to aliphatic or aromatic 

carbon.  As shown in the N1s results presented in Figure 61, for all samples tested, the dominant 

bonding type is at the ≈ 400 eV peak, labelled N2.  Further, the thermal reduction conditions have 
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shown this N2 species is most easily removed, even at low temperatures (< 250°C), as would be 

expected for particular amine-like functionalities [86, 95, 96].  This N2 feature could result from the 

ammonia treatment [87, 90, 95, 100] and/or hydrazine reduction [76, 79], as a slight loss of nitrogen 

at 150°C has been reported in one work on rGO reduced with hydrazine in the absence of the highly 

basic, hydrothermal conditions [81].  Since HO4 has a much higher initial nitrogen concentration, it 

shows greater losses during both thermal treatment steps, but in general the other nitrogen content 

observed for all samples is rather stable at these temperatures.  Other than the instance of the N2 

peak in HO4, only a very slight decrease in all nitrogen peaks is measured, and while trends can be 

observed, quantitative results for these very small changes after heating are not significant within error 

bounds for these measurements. 

Taken together, these results indicate that the rGO materials examined here display very similar results 

to other work on rGO materials, exhibiting an overall nitrogen content of around 3% made up of 

nitrogen groups that remain largely stable at relatively high temperatures [99].  These groups appear 

to be a combination of “pyrrole-like” groups (such as pyrazoline [79-82] or hydrazone [73, 75, 76]) with 

some possible contributions from actual pyridinic, pyrrolic, and graphitic types [77, 83].  An exception 

to this is observed in HO4, where unstable amine-like moieties doubled the overall contribution from 

the N2 peak. 

Based on these XPS results alone, no definitive conclusion can be made because multiple nitrogen 

groups exhibit a binding energy at ≈ 400 eV and many of these could be present in rGO based on the 

reduction methods employed.  In spite of this, particular nitrogen species can be eliminated based on 

thermal reduction observations and features of the N1s spectra, especially when combined with 

details on the C1s spectra.  Because the N2 peak of HO4 was greatly reduced at 250°C, it does not 

result from an aromatic species (cannot be pyrrolic), yet because it is not completely reduced at 250°C, 

it cannot result from residual hydrazine which is unstable at temperatures just over 100°C [76] and 

would exhibit a feature at a much lower binding energies (close to 396 eV [101]).  Another possibility 

that can be eliminated is residual ammonia, because those peaks should again appear at lower binding 

energies of 398 eV [100], while ammonium ions appear at higher energies, reported at 402-406 eV [93, 

96, 100, 217].  Based on reported work with nitrogen containing activated carbons, likely sources of 

the N2 peak could be chemisorbed ammonia [229], amide (shown to be present in rGO reduced with 

urea [87] and to fully convert or be decomposed by 400°C [96]), or secondary [100] and tertiary [96] 

amine groups (prevalent in low temperature activated carbons and decompose at low temperatures).   

This then suggests the interaction with ammonia at acidic sites [90] is more likely be the source of the 

high N2 content in HO4, which may not be related to the hydrazine reduction process since this is 

known to produce more stable nitrogen species, as observed in the other rGO materials shown here.  

Further support for amine moieties in HO4 comes from the enhanced C1s features for HO4 (at 287 eV 

and 289 eV), which are characteristic of amine or pyridinuim groups in carbonaceous solids [100, 217].  

To fully evaluate the cause of this enhanced N2 feature, follow up work to compare HO3, HO4, and 

HO7 should be done in order to determine what impact the reaction time of Step 1 has on residual 

nitrogen content, if any. 

 

4.2.2.2.4 Results and discussion O1s 

Figure 62 shows the results for each type of oxygen group in the high-resolution O1s spectra for each 

rGO sample at RT and after heating to 250°C, and then to 550°C under high vacuum.  As prepared, RT 

rGO shows the prevalence of carbonyl (O=C) is similar for rGO prepared from both high and low 

oxidized GO precursors. However, with increasing oxidation of GO, more carboxyl, hydroxyl, and epoxy 

(O-C sp3) groups are formed and these groups lead to more residual oxygen content in the rGO 

materials, even after hydrazine reduction.  These results are consistent with what is known about the 
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formation [56, 59, 64] and reduction [65, 76, 228] of oxygen groups in GO, and indicates the HO 

samples have more carbon vacancies and edges as these residual oxygen groups are typically bound 

to dangling carbon bonds (aliphatic sp3 carbon).  The HO-rGO samples also have a higher amount of 

phenol groups (O-C sp2), which are particularly observed in HO4, and this is again consistent with the 

over-oxidised conditions in Step 1: oxidation [57].  While this would have introduced more epoxy and 

hydroxyl groups to the basal plane, reduction with hydrazine effectively reduces the epoxy groups, 

leaving behind phenol which can be stabilized on the basal plane (hydroxyl groups have been shown 

to be unstable without epoxy neighbours and will migrate to edges or pair to form phenol [16, 62, 65]).  

 

 
Figure 62. Results from the O1s high resolution XPS peak fitting which demonstrates the prevalence of specific oxygen 
bonding within each rGO sample and the evolution of each species after heating to 250°C, and then to 550°C. 

 

The shape of the O1s spectra after further thermal treatment, as shown in Figure 57 to Figure 60, all 

assemblies except HO8 follow the same pattern, with the oxygen bound to aromatic carbon 

predominating at higher temperatures, while the two lower energy peaks for oxygen bound to 

aliphatic carbon and carbonyl groups are less prevalent.  In this case, the largest loss of residual oxygen 

groups is with aliphatic bound oxygen, as would be expected, but the trend seen in HO8 clearly 

indicates there are more defects and edges present as aliphatic bonding on the edge, not on the basal 

plane, the latter being more stable at higher temperatures.  This finding is significant in showing the 

Step 2: hydrolysis conditions do, in-fact, result in increased carbon vacancies, as proposed by Kang et 

al. [57] and that these structural features will also strongly impact the resulting rGO materials. 

The evolution of specific oxygen groups upon further thermal reduction can be observed more clearly 

in Figure 63.  Carbonyls bound to edges of rGO are not very prevalent, and it is possible to reduce their 

concentration slightly with further thermal treatment in all but the HO4 sample.  It is likely that the 

removal of abundant nitrogen groups bound to sp3 carbon sites in HO4, along with the increased epoxy 

content, facilitated the formation of additional carbonyls, causing the slight increase seen after 250°C, 

which is in support of some current models for the thermal reduction of GO [65, 66].  As discussed, the 

rGO samples prepared from high oxidized GO had almost twice the concentration of sp3 carbon bound 

oxygen groups present at RT than low oxide rGO, and the results here follow the trend, showing that 

at temperatures of 200°C-400°C carboxyl and epoxide groups are removed.  A more detailed account 

of these sp3 carbon bound species is given below. 
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Figure 63. Results from the O1s high resolution XPS peak fitting showing the evolution of the specific oxygen functionalities 
at RT and after heating to 250°C and then to 550°C. 

 

The fact that carboxyl, epoxide, and hydroxyl groups have very different thermal reduction behaviour 

can be used to differentiate between the hydroxyl and epoxide groups contributing to the aliphatic O-

C peak.  The rapid reduction seen after heating to 250°C results from removal of carboxyl and epoxide 

groups only, since hydroxyl is more stable (especially when bound at graphene edges) where it is not 

removed until over 400°C, and can persist up to 700°C.  Thus, the final O-C aliphatic content is a good 

indication of how much edge-bound hydroxyl content is in the rGO assemblies. Differentiating 

between the hydroxyl and epoxide groups is useful, as it shows the rGO prepared from low oxidized 

GO does not have many epoxide groups bound to edge sites and consists of fairly equal parts carboxyl, 

carbonyl, and hydroxyl with negligible epoxy.  All samples follow the accepted trend showing the 

hydroxyl edge groups are highly thermally stable, as evidenced by the dominance of the C-O peak in 

the thermally reduced spectra.   

Further, the O-C aromatic  bonding shows phenolic basal plane groups are also present, but unlike 

reports of thermally reduced GO, these groups are more easily removed in these pre-reduced 

hydrazine materials, most probably because epoxy groups are not present to stabilize them.  

Comparing this to GO reduced with thermal means only (no initial hydrazine treatment) temperatures 

of over 500°C are necessary to effectively reduce the hydroxyl and phenol groups because they will 

decompose only after all the epoxy groups are removed [66]. This conclusion is supported by the HO4 

results, where there is a correlation between high epoxy content and more prevalent O-C aromatic 

bonds.  This is a significant finding as it is highly desirable to minimize the amount of phenol in rGO 

materials, and it appears that first reducing GO with hydrazine can inhibit this formation and offers 

further support for suggesting a two-step hydrazine followed by thermal reduction procedure. 

 

4.2.2.2.5 Results and discussion C1s 

It is difficult to effectively isolate and quantify the lower intensity peaks of the C1s spectra related to 

the oxygen and nitrogen bonds because they overlap and the high intensity carbon to carbon bond 

peaks dominate.  However, clear trends can be observed in the C1s spectra shown in Figure 56, Figure 

57, Figure 58, Figure 59, and Figure 60.  The C1s results support the conclusions drawn from the O1s 

profile and especially highlight the differences in the oxygen groups bound to sp3 carbon sites, 

specifically carboxyl, epoxy, and hydroxyl groups.  C1s spectra are able to differentiate between these 

bond types, indicating both HO samples have a much higher residual content of all three of these 

groups than the LO samples do.  Most notably, HO4 has a much higher carboxyl and epoxy content 

than the other materials, even after the 100°C hydrothermal reduction with hydrazine.  This indicates 

it may be necessary to adjust the reduction conditions when using GO materials that have been over-

oxidized in Step 1: oxidation by increasing the ratio of hydrazine to GO greater than the standard 7:10 

ratio which is commonly reported [15], allowing the reduction to continue for longer periods or be 



95 

 

performed at higher temperatures to remove the additional carboxyl groups.  Again, more prevalent 

sp3 bonding sites indicates both HO-rGO assemblies have a higher defect density than LO-materials, 

and this finding combined with the residual sp2/sp3 content after heating to 550°C verifies many of the 

theories discussed in Section 2.1.2.1 of the Literature Review regarding the oxidation process [57, 64]. 

The results presented here clearly show that GO reaction conditions do in fact impact the structure of 

the resulting rGO sheets and should be considered in any analysis of rGO assemblies, especially when 

using low temperature reduction methods (< 400°C [96]). 

The bonding within carbon (sp2 and sp3) is probably the most interesting feature of the C1s spectra. 

Figure 64 shows the atomic percentage of sp2 carbon bonds in each of the rGO materials and how this 

is impacted by further thermal reduction.  As expected, the rGO prepared from lower oxidized GO has 

more sp2 carbon present in the initial RT materials.  The large difference in the as-prepared, room 

temperature HO4 and HO8 materials with similar overall oxygen content show the large impact 

different oxygen functional groups will have on the aromaticity of the resulting rGO assembly. This is 

quite significant, as it shows the prevalence of sp2 carbon bonding, which will determine the 

conductivity of the sheet. This is dependent on both the amount and type of oxygen groups remaining.  

Further, the evolution of sp2 content upon further thermal reduction is an effective method to 

differentiate the sp3 contribution from oxygen bonding, and from defects within the carbon lattice 

itself. 

 

 
Figure 64. Percentage of sp2 bonds as determined by fitting the C1s high resolution XPS spectra and the corresponding 
total sp2 C-C content found from taking the sp2 percentage of total carbon present in each sample. 

 

The large difference between the sp2 peak for HO8 and HO4 suggest the nitrogen content and epoxy 

groups highly impact the sp2 fraction of the carbon lattice.  Both HO- samples have the same initial 

oxygen content, but very different electronic conjugation within the carbon bonds.  This residual 

oxygen bonding along the basal plane will have a large impact on the sp2 domain size and also impact 

the corrugation along rGO sheets [59].  Since these 400 eV amine-like nitrogen species bond to sp3 

carbon and occur along the edges, the large increase in sp3 and reduction in sp2 regions for the HO4 

material indicates the epoxy and nitrogen groups both act to reduce aromatic content in this sample.  

From Figure 53 and Figure 63, it is clear that HO4 loses a greater percentage of oxygen than HO8 after 

heating to 250°C, of which the sp3 carbon group makes up a large portion.  Knowing it is only basal 

plane bonds that are easily reduced at these temperatures, and because basal plane bonding has a 
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large influence on sp2 carbon hybridization, the residual oxygen bonding of epoxy groups on the basal 

plane is most likely the cause for differences in the sp2 carbon percentage within different samples, 

while the total amount of edges and defects is not as significant. 

It can be concluded from this comparison of different GO processing conditions that, in order to ensure 

a high degree of sp2 bonds, reducing the amount of amine-like nitrogen groups, as well as epoxy (most 

prevalent in HO4) and carboxyl (particularly in HO8) is necessary.  Even though the total oxygen 

content of HO4 after the 250°C thermal reduction was equal to that of LOX and LOD at initial RT 

(≈ 6.5%), there are pronounced differences in the amount of sp2 carbon present.  Correspondingly, 

both HO materials reach rather low oxygen and nitrogen contents after 550°C, but remain less sp2 

hybridized.  These results indicate the processing conditions for the original GO material will have 

lasting impacts on the defects within the resulting rGO assemblies that are not directly related to the 

presence of oxygen groups.  The harsher conditions applied during the Step 2: hydrolysis process for 

the HO assemblies must introduce significant and irreparable damage to the graphene lattice that 

carries over to rGO materials. 

As expected, the sp2 carbon content increases after thermal reduction, as shown in the total sp2 carbon 

content of each material of Figure 64.  However, it is interesting to note the LO samples had a higher 

percentage of initial sp2 carbon bonds within the RT C1s spectra.  This indicates the further thermal 

reduction of rGO prepared from low oxidized GO does not have much impact on restoring sp2 carbon 

bonds, and in the case of LOD, it will actually decrease sp2 content.  If higher sp2 content is desired for 

the rGO materials, because LOD and LOX have very few basal bound oxygen groups in the initial RT 

sample, additional reduction conditions would act only to remove edge groups (nitrogen or carboxyl), 

which will still leave behind a carbon edge that is not sp2 hybridized.  Thus, while the overall sp2 content 

slightly increases in LOX, it is not likely additional reduction would significantly enhance the 

conductivity of these LO materials unless very high thermal treatment was applied to initiate 

graphitization.  This would, in turn, significantly reduce the porosity and functionality of rGO 

assemblies as supercapacitors, but may be desirable for other rGO materials.   

Another interesting result is that after thermal reduction, all samples seem to converge to an sp2 

atomic percentage just above 70%, which could be standard for rGO materials and be directly related 

to the defect density and folding along the sheet produced during the original oxidation conditions.  

LOX displays the highest sp2 percentage, supporting the use of low temperature GO processing 

conditions if a more conductive rGO material is desired.  While differences are less prevalent under 

high temperature reduction conditions, this again highlights the importance of controlling and 

accounting for the GO processing conditions in order for correct comparisons and conclusions about 

the performance of rGO materials to be made.  This appears to be especially true for rGO materials 

prepared via reduction with hydrazine and ammonia (or urea), as the residual nitrogen content 

appears to have a large impact on sp2 carbon content in the case of HO4. Thus, the percentage of sp2 

bonding is likely directly correlated with the sheet corrugation, prevalence of amine-like nitrogen 

species, and persistent phenol groups that are strongly bound along the basal plane, not solely because 

of edges or defects in the carbon lattice. 
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Figure 65. Percentage of total sp3 C-C content present in each sample. 

 

Similarly, looking at the total sp3 content from Figure 65, it can be seen that there is a correlation 

between oxygen removal and increasing sp3 C-C bonds.  After 250°C thermal reduction, there is a slight 

decrease in aliphatic carbon in HO8, but for other materials, the composition is relatively constant.  

However, after the 550°C thermal reduction is applied there is an increase in sp3 C-C bonds, which 

supports the conclusion that this condition results in modified oxygen bonding (increased phenol 

groups) and/or defects in the carbon plane resulting from epoxy and hydroxyl groups, as predicted by 

computational models [65]. Thus, it is likely that reduction at temperatures above 250°C will only 

translate to increased sp3 carbon content and not improve the conductivity in rGO materials reduced 

using this combination of chemical and thermal procedures.  

A final feature to note is the small (π→π*) shake-up satellite peak at high binding energies which is 

related to the highly ordered sp2 bonds present.  While the area is difficult to quantify because of the 

overlapping carbon-oxygen peaks and tail of the DS function, the presence of the sp2 shake-up peak is 

directly related to the delocalized π conjugation in the aromatic carbon domains, indicating the 

prevalence of sp2 regions and restoration of the lattice seen in highly ordered carbon materials (as in 

HOPG) .  The clear emergence of this peak in the RT LOX sample indicates a much higher ordering is 

present in this material.  Even after further thermal reduction, when the overall sp2 content for all 

assemblies is similar, the shake-up feature is not detectable in the HO materials. 

 

 High resolution valence band (VB) spectra 

Valence-band XPS spectral scans for each sample were performed using beam energy of 150 eV over 

a range of 0-30 eV to determine the state of valence electrons and corresponding material properties 

related to bonding affinity and conductivity.  The unique the “signature” or “fingerprint” for the rGO 

materials analysed here are depicted in the VB spectra shown in Figure 66.  While the precise features 

of a materials’ VB spectra are highly variable and still not well understood, the results here are a 

preliminary application of this method to rGO assemblies.  Since it is the valence band itself that 

determines many of the properties of a material (conductivity, bonding affinity, etc.), it is worthwhile 

to develop methods to interpret the features present in rGO VB spectra and correlate them with 

material performance, and thus this analysis follows. 

With regard to the VB spectra, the enlarged view close to the Fermi level shown in Figure 67 indicates 

the materials are all slightly shifted from zero (≈0.20-0.13 eV), with the magnitude of the shift related 

to the insulating nature of the material.  The conductivity can also be characterized by the steepness 

of the VB spectra, just above the Fermi edge between 0-2 eV, which is directly related to the π-derived 

density of states (DOS). The first feature seen around 3eV is associated with C2p-π bands in all carbon 

materials [220], and the peak intensity implies larger graphene domains.  From this, it can be seen that 

of the as-prepared room temperature rGO samples without further thermal reduction,  the LO- 
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assemblies have slightly better conductive properties, yet all samples other than HO4 have very similar 

DOS and C2p-π band intensity.  The large difference seen in HO4 is related to the larger concentration 

of epoxy and nitrogen bonding. 

 

 
Figure 66. Valence band spectra showing a unique “signature” for each rGO sample at room temperature and after further 
thermal reduction at 250°C and 550°C. VB spectra here have been overlaid in order to compare peak intensities for different 
valence band energy regions described in the text, and the features are more clearly explained within the figures to follow 
(spectra for HO4 at 550°C is not available). 

 

 
Figure 67.  Enlarged view of the valence band spectra at the Fermi level for each sample at room temperature.  The slope 
at 0-2 eV corresponds to the DOS, with the feature at 3 eV associated with C2p-π bands in all carbon materials. The black 
arrow highlights 0 eV and shows all spectra are slightly shifted to 0.20-0.13 eV. 

 

The impact of further thermal reduction can be seen in Figure 68, where the increased slope and shift 

to take-off BE is closer to zero, and it is clear that conductivity increases in all rGO materials as they 
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are further reduced.  There is no further increase in the slope for HO8 or LOD after 250°C, and it seems 

LOD even exhibits a decrease after heating to 550°C ,which could be due to the introduction of 

additional hole-type defects and strain in the aromatic regions from forced removal of additional 

oxygen groups, as discussed in the previous section.  These results support the findings discussed in 

the C1s spectral results presented previously, that imply disruption of this type is not restorable until 

graphitization occurs [46, 219, 220].   

Combining these features seen in Figure 68 with the presence of the shoulder seen at 3 eV in Figure 

66, it can be proposed that the LO- assemblies are more conductive than HO- because of the increased 

DOS. Further, LOX is the only material to show a very large enhancement in conductivity after 550°C, 

with a much higher DOS and extension of the valence band to the Fermi edge at 0eV.  This is likely 

related to larger aromatic domains and/or a higher degree of alignment within and between rGO layers 

– features that will be investigated in subsequent chapters.  While the removal of oxygen and 

restoration of the sp2 lattice will improve conductivity, it is likely to have a negative impact on the 

porosity of the assembly, which highlights the multitude of factors that should be considered when 

selecting rGO processing conditions for a given application. 

 

 
Figure 68. The evolution of valence band spectra at the Fermi Edge for all rGO materials at RT and after further thermal 
reduction at 250°C and 550°C. The ordinate axis is kept constant across each temperature, in order to highlight changes in 
the slope at low binding energy. 

 

The valence band for oxidized carbon materials is most often broken into three characteristic regions 

for the major electron orbitals: i) C2p at 2-12 eV above the Fermi level, ii) C2s in the region of 12-22 eV, 

and iii) O2s from 22-30 eV. In addition, these regions can consist of hybrid p and s orbitals, as well as 

containing specific features for nitrogen-doped carbon materials.  The full VB spectra for each material 

at room temperature and after further thermal reduction are shown in Figure 69 to Figure 71.  It is 

clear that the VB for these rGO materials exhibits features that are characteristic of C2p, C2s, and O2s 

regions in carbon bonding.   

The C2s and C2p regions are extremely important for carbon-based materials, and are best understood 

looking at the band structure of graphene and other carbon materials. In addition to the slope of the 

VB close to the Fermi Edge, the shoulder at 3 eV is related to the π-π bonds and can be correlated with 

other general features in the VB that describe structural properties of carbon materials depending on 

the type of carbon-carbon bonds present.  The major spectral features depicted in Figure 69 to Figure 

71 consist of two broad regions centred around 9 eV and 17 eV, and are typically associated with 

activated carbons, while the sharper feature at 13 eV is more pronounced in graphite [230].   
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Figure 69.  Overlapping valence band spectra for each of the rGO samples HO8, HO4, LOD, and LOX at room temperature 
to show the different “signature” patterns for each material. 

 

 

 
Figure 70. Overlapping valence band spectra for each of the rGO samples HO8, HO4, LOD, and LOX after further thermal 
reduction at 250°C, to demonstrate how the different “signature” patterns have changed after removal of oxygen and 
nitrogen groups. 
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Figure 71. Overlapping valence band spectra for each of the rGO samples HO8, HO4, LOD, and LOX after further thermal 
reduction at 550°C to show how the different “signature” patterns have changed after removal of oxygen and nitrogen 
groups (spectra for HO4 at 550°C is not available). 

 

While some VB spectral features are common in all rGO samples, HO4 has a very unique “signature,” 

most likely attributable to the higher prevalence of epoxy and nitrogen bonding previously identified 

in the high resolution XPS results. The distinct features of this sample can be used to identify more 

precise peak placement for the C2p and C2s spectral regions, markers which have remained elusive 

and limited VB spectra as a method to characterize carbon materials. Eleven distinct peaks could be 

identified in the HO4 VB profile and were fit using a deconvolution scheme built on knowledge of the 

band structure for various carbon materials, as shown in Figure 72. While it cannot be used as a 

quantitative method, the changes in specific peaks are more easily viewed after this peak fitting model 

is applied across the rGO assemblies with constrained peak widths and positions.  The main features 

are marked A-K in an effort to de-code the VB “signature” of rGO and interpret the impacts of oxygen 

and nitrogen bonding on the C2s and C2p valence band.  Comparison between the peak placement 

here and results from some notable works are listed in Table 6. 

The C2p region, at about 2-12 eV, extends just above the Fermi level after the initial rise from the DOS. 

An increased π-peak intensity at 3 eV, combined with a steep rise in DOS reflects restoration of the π-

conjugated aromatic structure. It is clear in Figure 69 to Figure 71 that the π-peak intensity is higher 

for rGO with lower oxygen content and this feature intensifies after further thermal reduction. The 

feature marked A in Figure 72 clearly shows that the π-π bonding becomes particularly prominent in 

LOX, after heating to 550°C.  A shoulder at 8eV has been associated with strong σ-bonding states in 

carbons [66], but other sources break this region into a  C2p-σ component at 6-7 eV and C2s-C2p mixed 

component peak at 9-10 eV [231, 232].  The sharp peak intensity marked C is seen in all samples at 

7eV.  This is most likely due to C2p-σ bands, as those in graphitic carbons, and indicates the presence 

of substantial sp2 ordering [220]. Again, this feature is quite distinct in the thermally reduced LOX, 

where the nitrogen and oxygen content has been minimized.  The combination of enhanced features 

at both 3 eV (C2p-π bands) and 7eV (C2p-σ bands) implies larger aromatic domains with ordered 

stacking, and possible 3-fold coordination.  This claim is supported by the feature marked E at 13 eV 
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that is characteristic of highly aromatic and graphitic carbons. McFeeley et al. [220] conducted an in-

depth investigation on the VB of different types of carbon (diamond, graphite, and glassy carbon) and 

assigned the peak at 13.8 eV with a high density of states near P1 in the Brillouin Zone and the width 

of the valley representing the separation of sigma bands at symmetry point P. 

 

 
Figure 72. Deconvolution of the VB spectra for HO4 at room temperature, showing distinct peaks that are applied to LOX 
at RT and after heating to 550°C to highlight the features most strongly impacted by oxygen and nitrogen bonding which 
impact the electronic structure of the carbon lattice. 

 

Using the peaks identified in HO4, it is clear the nitrogen content has a significant impact on the valence 

band and enhances the C2s and C2p features.  The feature marked B in Figure 72 follows other results 

for nitrogen-functionalized carbon materials which show a shoulder or peak at 4.6 eV alongside a valley 

between this peak and the C2p-σ peak at 7 eV (marked C) that increases with higher nitrogen content 

[231].  This is further evident in the presentation of the VB after thermal reduction, where this 5 eV 

feature is not present in LOX once the nitrogen content fell below 1%.  The enhancement to the RT 

HO4 peak at 7 eV can be attributed to C-N π-bonds and at 11 eV (marked D) from C-N σ-bonds [233].  

These features are also present in the C2s region, with the 17 eV feature marked F being associated 

with nitrogen doped carbon materials.  It is also associated with π-σ bonding in activated carbons, and 

is enhanced in LOX after thermal reduction.  Thus, the nitrogen groups strongly impact the valence 
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structure in the carbon network if present at high enough concentrations.  The features seen in HO4 

are not as noticeable in the other rGO assemblies, which indicates the nitrogen bonding must be 

present in concentrations close to 5% before the effect on VB spectra can be observed. 

 

Table 6. Bands identified in the VB spectra labelled A-K in Figure 20 are assigned with physical meaning and compared with 
literature values for binding energies in the C2s and C2p region for carbon materials. 

BE 

(eV) 

Bands in Figure 72 Reference [231] Reference [230] Reference [232] 

Label Assignment eV Assignment eV Assignment eV Assignment 

3 A π-π 4.6 π-π   3 π-π 

5 B Nitrogen   5 Nitrogen   

7 C π-σ 7.2 π-σ   6.3 π-σ 

10 D 
Nitrogen 

hybrid s-p 
9.6 hybrid s-p 10 Cσ-Nitrogen 10 hybrid s-p 

13 E C2s 13.5 C2s 13.5 C2s 13.5 C2s 

17 F 
Nitrogen 

π-σ  
17 Nitrogen   17 Nitrogen 

19 G hybrid s-p 

 

21 H  

23 I Oxygen 

26 J -COOH 

28 K Oxygen  

 
 

The O2s region is most readily evaluated by comparing the broad peak intensity to the amount of 

oxygen bonding in each material.  As expected, this region has a higher intensity for rGO with higher 

oxygen content (as determined by the XPS results shown previously), with the differences in intensity 

clear in Figure 66.  The loss of oxygen will yield a decrease in peak intensity within the O2s VB region 

and should correlate with an increased slope in the region 0-2 eV just above the Fermi edge, 

demonstrating that the presence of residual oxygen groups is related to the conductivity.  This trend 

can be seen in data presented here, with the O2s region is virtually flat in the 550°C VB spectra. The 

HO- assemblies show a persistent peak closer to 25-26 eV, marked J, which is likely related to the 

increased carboxyl groups present in these materials. An interesting double-peak feature appears after 

heating to 250°C for the rGO prepared from low oxidized GO only and is likely due to the type of oxygen 

bonding present in those samples. This finding further supports the proposition that additional phenol 

groups have formed, as shown in Figure 63.  

 

4.3 Energy Dispersive Spectroscopy 

 EDS applied to rGO assemblies 

Energy Dispersive X-ray Spectroscopy (EDS, EDX or XEDS) is another useful tool to provide information 

on the composition of chemical elements present in GO and rGO materials.  EDS can be used as both 

a qualitative and quantitative (if known standards are employed) technique for elements with an 
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atomic number greater than three (Z>3).  X-rays are produced via the incoming electron beam used in 

a scanning or transmission electron microscope (SEM or TEM).  Within an SEM, the electron beam is 

focused on the surface of a sample and along with the backscattered and secondary electrons used for 

imaging, two types of X-rays also result from the interaction.  The first type is a background signal (later 

subtracted) which is generated from continuum (Bremsstrahlung) X-rays resulting from the 

deceleration of electrons in the primary beam as they approach the sample.  The spectra from 

Bremsstrahlung X-rays is subtracted for elemental analysis, as it is not useful for chemical identification 

because it contains a broad energy range up to that of the incoming electron beam.  Characteristic X-

rays are the second type of X-rays produced and can be used for qualitative and quantitative analysis, 

and elemental identification will depend on the accelerating voltage used and the interaction volume 

(dependent mostly to the mean atomic number and thickness of the sample but also related to beam 

resolution).  In the SEM, EDS spatial resolution is usually on the order of microns.   

When the energy of the incident electron beam is sufficiently greater than the ionization energy 

required to dislodge an electron from its shell, an electron from a higher shell will drop down to fill the 

vacancy and generate an X-ray with a specific energy characteristic of a particular element.  An energy 

dispersive X-ray detector (typically a silicon drift detector (SDD)) records the number of X-rays 

generated at a given energy and the signal is displayed as a spectrum of intensity versus X-ray energy. 

The elements making up the GO and rGO samples are identified by the energy (KeV) of the 

Characteristic X-rays, while the concentrations of each element can be quantified by the intensity of 

the peaks (if compared to standards). The detection limit of EDS in the SEM is in the range 0.1-0.5 wt%, 

but is dependent on the type of sample being analysed.  While EDS is effective for elemental analysis, 

large discrepancies can arise when fitting of the spectra, and this is why standards must be use for 

accurate background subtraction and quantitative peak fitting. 

 

 
Figure 73. Monte Carlo simulations to estimate the interaction volume of the layered films for GO (top) and rGO (bottom) 
using an electron beam with accelerating voltage of 5 keV (left) or 10 keV (right).  Each box has a height of 2 µm and length 
of 3 µm. 

 

EDS is not able to differentiate between different types of chemical bonds or produce results with the 

quantitative precision of XPS for the light elements of interest here (carbon, nitrogen, and oxygen), 
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but it has the advantage of probing a much large interaction volume at depths in the micron range.  

Combining the enlarged interaction volume with the ease of data acquisition allows more area within 

the GO materials to be sampled to determine if the GO and rGO assemblies are relatively homogenous 

or contain any residual contamination from the initial oxidation procedure.  To determine which 

portion of the material is contributing to the EDS signal, the penetration depth and interaction volume 

can be determined using a Monte Carlo simulation program [234], as shown in Figure 73.  The 

interaction volumes are slightly different for GO and rGO because of the difference in density, but as 

seen in the results presented here, a 5 KeV beam will generate characteristic X-rays from up to 500 nm 

below the surface and a 10 keV beam will penetrate to depths well over a micron.  Because the dried 

assemblies are about 6 µm thick, probing various sites along a sample with these interaction volumes 

should prove representative of these materials. Spectra from 10 keV and 5 keV showed no differences 

in the atomic percentage of species identified, thus in order to reduce charging or damage to the 

material, a 5 keV beam was used for analysis and imaging. 

 

 Results and discussion 

The elements making up the GO and rGO samples are shown in Figure 74. Unlike the high precision of 

XPS, quantitative data from EDS for light elements can be problematic, as the peaks for carbon, 

nitrogen and oxygen overlap in this low energy range.  Nevertheless, EDS is a useful tool to compare 

the relative carbon and oxygen content in GO, as well as in subsequent GO over a range of oxidation 

levels. The results from XPS are compared to those of EDS in Table 7, and it can be seen that the atomic 

percentage of oxygen differs by just under a factor of two (12% and 20% for EDS or 7% and 11% for 

XPS for low and high oxidized rGO, respectively).  This is most likely due to the penetration depth 

differences of the two techniques.  While XPS yields extremely precise quantitative data, it is only able 

to probe a small area at the very surface of the rGO assembly with a depth of a few nanometers.  This 

small interaction volume may not be characteristic of the bulk, and it is possible that more oxygen 

functional groups are bound to the rGO sheets deeper within the layered assembly.  EDS is able to 

generate characteristic X-rays in rGO assemblies from up to 500 nm below the surface with a 5 keV 

beam.  Since the assemblies are less than 5 µm thick, this technique is able to probe a much larger 

percentage of the overall sample volume.  In addition to this, there is likely to be some contribution 

from adsorbed water measured using EDS resulting from the small amount of water content at the 

surfaces throughout the assembly, or perhaps trapped within the bulk due to the filtration processing 

of the films.  Because measurement is done under high vacuum conditions, adsorbed water content is 

minimal, and would not be near enough to explain the differences seen in XPS compared to EDS.  

Therefore, the main reason for these observed differences in oxygen content must be due to 

differences between the surface and the bulk of the material, where the surface species measured 

with XPS can be completely attributed to the chemical composition at the surface, while the species 

measured with EDS are attributed to the chemical composition of the bulk, which includes a slight 

contribution from adsorbed water at surfaces, as well as potential for small pockets of water that have 

been trapped between rGO layers (homogeneity of the bulk will be investigated in Chapters 5 and 6).   
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Figure 74. EDS for GO (left) and rGO (right) materials showing the elemental composition present. 

 

Table 7. Comparison of XPS and EDS results for the rGO samples prepared from the highest and lowest oxidized GO.  The 
table includes the atomic percentage calculated from spectra peaks of carbon and oxygen as well as the resulting C/O 
atomic ratio. 

Sample 
XPS EDS 

C1s % O1s % C/O Ratio C % O % C/O Ratio 

HO8 86 11.1 7.7 80 20.1 4.0 

LOX 92 6.7 14 88 11.8 7.4 

 

Due to the ease of data acquisition, a wider range of samples was evaluated, and spectra for assemblies 

consisting of the original GO along with the corresponding rGO assemblies were collected for 

comparison.  EDS data was acquired and compared at three or more different sites along each sample, 

and it was found that within each assembly, all sites produced similar elemental ratios with a standard 

deviation in carbon and oxygen atomic percentages of less than 2%.  These results indicate that all GO 

and rGO assemblies have homogenously distributed elemental compositions.  The atomic percentage 

for carbon and oxygen, as well as the corresponding elemental ratio, is given in Table 8 and the data 

shown graphically in Figure 75. 

 

Table 8. Atomic percent concentrations of carbon and oxygen in GO and corresponding rGO assemblies prepared using GO 
synthesized with variations of the Hummer’s method to modify oxidation degree. 

Sample 
GO rGO 

C % O % C/O Ratio C % O % C/O Ratio 

HO8 56.8 42.6 1.33 ± 0.03 79.9 20.1 3.98 ± 0.03 

 HO7 54.5 44.3 1.23 ± 0.01 81.2 18.8 4.31 ± 0.05 

HO3 55.0 43.8 1.25 ± 0.02 80.7 19.3 4.18 ± 0.02 

LOD 56.8 42.6 1.33 ± 0.01 81.3 18.8 4.32 ± 0.03 

LOX 57.0 40.7 1.40 ± 0.05  88.1 11.8 7.44 ± 0.03 

 

The trend in Figure 75 showing slight increases in atomic percentage of oxygen for the GO assemblies 

does not appear to hold for HO8, indicating there could be different types of oxygen groups present 

(as observed with XPS).  However, the C/O ratio remains relatively constant for all GO materials, at a 

value of around 1.3.  After reduction, all rGO assemblies contain an equivalent amount of oxygen, 

except for LOX which has significantly less.  Again, results show the oxidation process used for LOX 

introduces oxygen species that can be more easily removed through reduction with hydrazine.  LOX 

was synthesized from graphite with a larger mesh/sheet size and, similar to the XPS results, the much 

greater reduction seen in LOX is likely due to the difficulty in reducing edge-group located carboxyl and 
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hydroxyl moieties, which are less prevalent when low temperature chemical processing and larger 

graphite particle size is used.   

 

 
Figure 75. Atomic percent concentrations oxygen (top)  alongside the carbon/oxygen ratio (bottom) for GO and rGO 
assemblies prepared from GO with modifications to the oxidation process 

 

Other than LOX, the EDS data for both GO and rGO assemblies demonstrate that there does not appear 

to be substantial variance in the oxygen content of the GO materials synthesized using different 

conditions, nor does there seem to be large differences measured after the reduction process.  The 

total oxygen content was reduced from an average of 43% in GO to 19% in rGO, indicating there are 

still many oxygen groups contributing to the mass and structure of rGO assemblies.  

In addition to carbon and oxygen, EDS identified the presence of nitrogen in all rGO assemblies.  

Further, small amounts aluminium, phosphorus, and sulphur were present in the GO materials, as 

shown in Figure 74.  Nitrogen content is difficult to evaluate quantitatively with EDS because the light 

elements in rGO produce a highly overlapped spectra, and the results that were acquired seemed to 

overestimate the nitrogen content at 10-12% for all rGO assemblies, a value significantly higher than 

the 3% identified with XPS. The aluminium seen in the GO spectra is a contaminant introduced during 

the membrane filtration process, which uses Anodisk aluminium oxide filters as the support the GO 

and rGO filters are built upon. It is only present in the resultant films, not in the GO or rGO solutions.  

In rGO assemblies, the dispersion of aluminium is not uniform across the surface and is present only 

in very small concentrations (<1%).  High resolution SEM images indicate the contamination is due to 

small fragments of the filter breaking off onto the surface of the rGO assemblies. However, in the GO 

assemblies, the atomic percent of aluminium comprises 1-2% of the material and could be due to 

breakage at the surface, as well as doping from alumina ions resulting from corrosion caused by the 
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acidic GO solution.  It was previously found these alumina ions act to stabilize the GO films [235] and 

it is possible to exploit this method of ionic doping in future work.   

The other contaminants in GO assemblies are present at very small concentrations and this is residual 

contamination from the synthesis of the GO solution which was not entirely removed during the 

dialysis procedure.  In most GO assemblies, phosphorus and sulphur contribute a total of 0.3 ± 0.1 

atomic percent, which is not significant, but this value is much larger in LOX GO (1.3%). This indicates 

there are other differences resulting from the synthesis method for this solution.  It can be seen that 

any phosphorus and sulphur contribution is removed during the reduction process, as no signal is 

visible in the rGO materials, and these elements will be neglected in future discussion on the chemical 

composition of rGO assembles. 

The XPS results were able to highlight differences in these materials that are not apparent using EDS 

(such as the type of nitrogen doping in rGO sheets and what oxygen functional groups remaining after 

further thermal reduction), and further work needs to be done to determine additional ways various 

synthesis methods for GO and reduction conditions of rGO can tailor the resulting surface chemistry.  

The main conclusions from the EDS results are: i) there is a significant amount of elemental oxygen 

remaining in rGO assemblies which falls within the range of 10-20%, with rGO from LOX containing 

substantially less oxygen content than the other materials; ii) the amount of nitrogen in rGO assemblies 

could be as high as 10% and may vary considerably between different rGO assemblies; iii) the rGO 

assemblies show a homogeneous surface chemistry and do not contain unexpected contaminants that 

would influence structural and/or transport results presented in future chapters of this work. 

 

4.4 Conclusions  

The findings in this chapter assist in determining if there are measurable differences resulting from 

variations in reaction conditions of GO on the chemical composition of the resulting rGO materials.  

These findings can then be used to deepen understanding on how these differences may impact the 

performance for rGO materials.   Reports often overlook GO processing conditions when assessing the 

performance of rGO materials, and do not directly account for the specific chemical elements present, 

assuming that similar processing conditions will result in graphene-like sheets, without substantial 

differences.  The results shown here indicate there are direct links between both the original GO 

synthesis procedures and reduction conditions on the resulting rGO sheets.  It was also shown that it 

could be possible to tailor the chemistry of rGO across a wide range based on the original GO 

processing conditions and particular thermal reduction procedures applied following hydrothermal 

reduction using hydrazine.   Further investigation along these lines, especially if combined with direct 

measures for material performance, should prove very useful for work on supercapacitors as the 

oxygen and nitrogen content, as well as what specific chemical species are present, will highly impact 

the performance [69]. 

Variations in the Step 1: oxidation and Step 2: hydrolysis process were expected to play a large role in 

determining the type of oxygen groups present in GO as well as the amount of damage to the carbon 

lattice.  The results here verify that these conditions do carry over to the chemical composition of the 

rGO.  This could be most clearly seen in the LOX assembly, which was the only sample to reach high 

purity, with room temperature C:O rations comparable to other rGO materials undergoing thermal 

reduction at 1000°C.  The low temperature conditions used in both oxidation steps should be highly 

advantageous in producing rGO with both low oxygen content and less defective graphene sheets, as 

much of the damage to the aromatic domains is a result of harsh oxidizing and reduction conditions 

that can be avoided in this combination of low temperature synthesis and hydrazine reduction.  

Because these conditions can be achieved without the need of further thermal reduction/annealing, 

processing conditions used for LOX would produce a high purity material that is able to retain high 
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porosity, as higher temperatures are known to cause the collapse of expanded regions in rGO materials 

[17].  

There were also measureable differences in the oxygen and nitrogen content which seem to be most 

closely linked with the reaction time for Step 2: hydrolysis and Step 1: oxidation, respectively.  LOD had 

the same reaction temperature as HO4 and HO8, yet the rGO had significantly less residual oxygen 

content.  Limiting Step 2: hydrolysis to 15 minutes likely prevents over-oxidation of the GO and results 

in a much higher purity rGO material.  Interestingly, it appears long reaction times for Step 1: oxidation, 

where HO4 was kept at this step for 8 hours, could be the cause of the much higher nitrogen content 

of this sample, which may relate to additional epoxy groups that formed during this over-oxidized step.  

Results indicate that these additional epoxy groups can act to both facilitate more edge bound nitrogen 

groups to form during reduction and stabilize oxygen groups bound to the basal plane – both of which 

will strongly impact the rGO sheet properties. 

Since hydrazine reduction acts on the epoxy groups which are bound to the basal plane, the evolution 

of additional, more thermally stable basal plane groups seen in thermal reduction methods can be 

hindered, and thus the presence of epoxy is necessary to facilitate this reaction [66].  Further, the 

evolution of basal plane oxygen groups can result in the removal of carbon atoms, producing additional 

defects and reactive edge groups and/or facilitate the transition to strongly bound phenol groups [65].  

Since hydrazine de-epoxidation and thermal de-hydroxylation act on different oxygen moieties at 

different temperatures, a combination of these techniques can be used to tailor the oxygen content 

and defect density of rGO sheets [27].  For low oxygen content, less defective materials, hydrazine 

treatment can be followed by thermal treatment, as demonstrated in hydrothermal methods 

producing rGO with exceptionally high conductance [75].  Conversely, if more defects and residual 

oxygen groups are desired, over-oxidation is attainable by increasing the reaction times during GO 

synthesis. High temperature GO processing combined with thermal reduction will produce a stable, 

yet highly defective rGO sheet that could prove more useful for functionalization or building composite 

materials. 

Nitrogen content in rGO materials reduced using hydrazine in a hydrothermal solution with ammonia 

was clearly present, a feature that is important when evaluating impacts on the material performance 

of rGO assemblies.  These amine-like moieties, bound to sp3 carbon regions, were shown to dominate 

the N1s spectra, and these species are not likely to add to the desirable properties of graphene-based 

materials as the added resistance would likely impede performance.  Thus, for these applications an 

alternative reduction route should be employed, or the rGO assemblies should be exposed to higher 

temperatures in order to remove these less stable groups and transition the remaining nitrogen 

species to aromatic moieties [79, 86, 94, 96, 99].  Further, acetic acid [60] and borohydride [236] are 

well-known alternatives that result in C:O ratios around 13:1, or another alternative is electrochemical 

reduction which is a less utilized, but promising, alternative that can produce high purity carbon (24:1) 

at 0.60-0.87 V [56]. 

The surface chemistry of rGO sheets will also impact the morphology, which then translates to impacts 

on the structure of the overall assembly.  Not only will there be expansion in the interlayer-distance to 

adjust for the residual oxygen groups, the basal plane hydroxyl and phenol groups will induce more 

pronounced corrugation and strain along the sheet.  This will have a significant impact on the aromatic 

domain size and electron transport in these materials. Further, residual oxygen groups will interact 

with the surrounding environment by drawing water and/or other species into the assembly, which 

has significant structural and performance considerations. These issues will be investigated in the next 

chapter which is focused on constructing a basic structural unit (BSU) for rGO assemblies that can 

account for differences in aromaticity and structural defects, as these rGO sheets come together to 

form hierarchal structures. 
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Chapter 5. The Basic Structural Unit of rGO Assemblies  

5.1 Introduction: Concept of a Basic Structural Unit in the Microporous 

Region (<2 nm) 

This chapter combines direct imaging with TEM with spectroscopy and diffraction in order to design a 

basic structural unit (BSU) for the rGO assemblies.  Similar to the function of a unit cell for crystalline 

materials, the BSU serves to act as the most basic building block for describing the structure of more 

disordered materials. Since the BSU is not a 3D crystal, it is not a true unit cell (a term with very specific 

meaning in crystallography), yet it serves the same conceptual purpose, acting a measure of the most 

basic repeating structural unit within the bulk material.  Ascertaining an accurate model of the BSU is 

important as it serves as the base for designing all future structural models for rGO materials, and this 

basic unit can be more easily compared with other BSU models in layered or porous carbon materials 

[31, 32, 150, 237].  Further, the arrangement of these microstructural elements also plays a role in the 

electrical and chemical behaviour of carbon materials because graphitic segments have highly 

anisotropic properties.  Thus, comparing features of the BSU for various rGO assemblies will allow for 

a deeper understanding of how structural features impact material performance. An example of this 

can be seen in the direct connection between the dimensions of a graphene layer and the oxidative 

reactivity of the material because the carbon atoms within basal plane sites are much less reactive 

than those at edge sites [32, 134, 228, 238, 239].  Thus, since graphitization results in an increase of 

defect-free graphene segments, it correspondingly leads to decreased reactivity; while increased 

disorder within the graphene segments correspondingly leads to increased reactivity.  The specific 

features making up the BSU can therefore be directly linked to aspects of material performance. 

 

 
Figure 76. Diagram to represent the elements making up the basic structural unit for different types of carbons, as 
proposed by Oberlin et al. [156].  The BSU of total length, La, is composed of stacked, graphene-like layers with aromatic 
domain length (l, in pink) and corrugation from stacking faults, defects (white rings), and oxygenated edge groups (dots) 
which impact the stacking order along Lc (left).  These units are assembled to form the larger, bulk carbon structure which 
may consist of larger meso- and macropores and contain a given degree of order between different BSUs (right).  

 

Currently, no clear BSU model exists for rGO assemblies, but the rich scientific history of other carbon 

materials provides the general theory required to interpret experimental data by comparing the results 

for rGO materials to the BSUs developed for other bulk carbons [30-32, 150, 167, 168, 240, 241].  Many 

porous carbons fall into an intermediate region, somewhere between uniformly layered and highly 

disordered, containing aromatic domains and corrugation along the basal plane as well as oxygenated 

edge groups, as shown in Figure 76 [30, 150, 156].  Following this physical model developed by Oberlin 
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[156], this chapter utilizes a variety of experimental techniques to build a comprehensive picture of a 

BSU for rGO assemblies, comparing the features to that of other carbon bulk materials (such as 

graphite, coal, and pyrocarbons) where the structure has been better established due to the much 

longer history of research that has been well documented in textbooks [30-32, 45, 242].  Firstly, TEM 

provides a qualitative understanding of the structure by directly imaging the layered rGO sheets to 

sub-nm resolution.  These images can then guide interpretation of Raman and XRD results, where data 

analysis can be somewhat ambiguous, and correct interpretation is highly dependent on the specific 

physical features of the carbon material under investigation [32, 170].  The sections presented here 

include a detailed critique and provide a best-practice approach to the analysis of Raman and XRD 

results for rGO materials, which, if applied, should prove to be a useful guide to those working with 

these materials. 

As discussed in the Literature Review, pure graphite is a three dimensional atomic crystal structure, 

with ABAB stacking of the 2D graphene planes.  Any deviation from the ABAB stacking order is a 

stacking fault that gives rise to a small increase in the interlayer distance ((002) plane). As greater 

disorder is introduced along the graphene sheets from defects/corrugation in the aromatic regions 

and/or binding of chemical groups to the carbon sheets, the stacking between sheets becomes more 

and more uncorrelated.  It is known that turbostratic carbon (where graphene layers are rotated so 

the unit cell does not follow ABAB stacking), has an interlayer distance greater than 3.42 Å, and this is 

the value used to determine if the rotation of the graphene layers are completely uncorrelated (values 

between 3.35 Å and 3.42 Å are partially graphitized carbons [46, 168]).  From this, the interlayer 

distance continues to increase in proportion to the stacking disorder, until eventually the material will 

become an amorphous carbon with completely random stacking.  

It is necessary to quantify the disorder in rGO assemblies (as deviated from a perfect graphite crystal) 

in terms of: i) intra-layer carbon bonding (sp2, sp3, defects, and oxygen groups); and ii) inter-layer 

spacing and orientation (the (002) plane of graphene stacks).  The size of the aromatic domains along 

the rGO sheet will influence the conductivity and corrugation of the sheets, and Raman spectroscopy 

is a well utilized tool to investigate bonding and disorder in carbon materials ranging from pure 

graphite to amorphous carbons [124, 125, 137, 170, 171, 243, 244].  In graphene-based materials, 

Raman spectroscopy can be used to quantify the size of the aromatic regions along the plane as well 

as determine the proportion of defective domains present along the sheet, leading to a more complete 

intra-sheet characterization of the BSU.  

To support the choice of fitting and interpretation of the Raman results, generalizations made when 

interpreting the data are built on the real-space, high-resolution electron imaging also reported here.  

Further, the precise measurement of the inter-sheet spacing and alignment of the rGO sheets can be 

determined from the corresponding TEM selected area electron diffraction pattern (SAED) in 

reciprocal-space. Additionally, the layered, graphitic regions will contribute to XRD peaks produced by 

the periodicity between (inter) and within (intra) the graphene lamella, depending on the longer-range 

order and stacking of the graphene sheets.  The shape and broadening of XRD line profiles provides 

microstructural information related to many structural properties including strain, aromaticity, and 

bonding type.  These methods have long been applied to a variety of carbon structures ranging from 

coal [108] to pyrocarbons [32, 183] and, thus, provide a solid framework to expand these methods to 

application in graphene-based materials analysis.  
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5.2 Transmission Electron Microscopy  

 TEM applied to rGO assemblies 

For dry assemblies, the rGO sheet alignment and other features in the microporous region (< 2 nm) 

can be investigated with TEM, as shown in Figure 77.  To determine the structure of carbon layers, 

TEM imaging and the corresponding selected area diffraction pattern (SAED) have proven to be useful 

analysis techniques for dry and structurally stable carbon materials [131, 154, 183]. While dry rGO 

assemblies can be investigated and compared with other carbon materials using these methods, the 

sample preparation required for TEM imaging of rGO assemblies involves embedding in resin and then 

microtoming thin cross sections, which can distort the original structure.  Furthermore, the small 

region within the assembly investigated with TEM may not be characteristic of the bulk, so this method 

alone is not appropriate for a full characterization of the rGO assemblies.  Another large drawback is 

that without the use of cryo-microscopy facilities, this method cannot be applied to the hydrogel 

assemblies. In spite of these limitations, TEM remains a powerful characterization tool, and these TEM 

images along with the SAED pattern are integral parts of this initial investigation in order ensure the 

main parameters of the BSU are based on actual physical features.  It is well known, and encouraged, 

that direct imaging and scattering techniques should be used in tandem, as the images are very 

complimentary to the more ambiguous data presented using other techniques. 

 

 
Figure 77.  The TEM image (left) and SAED pattern (right) of the cross-section of a dry rGO assembly show crystalline 
coherent domains along with meso-scale disorder in inter-sheet alignment (radial intensity spread of (002) ring).  

 

Lattice fringe analysis has long been used to evaluate the layered structure and graphitization of 

various carbons [245] and serves as a starting point for BSU design. High-magnification phase-contrast 

images are very useful in identifying ordered planes and interfaces within material, even in materials 

of uniform elemental composition.  A slightly defocused TEM image (under-focus condition) will show 

atoms that appear dark relative to their surroundings.  The regular spacing of layers, especially when 

they are parallel to the incident electron beam, allows these features to be seen directly in the TEM 

image because the electrons passing through the space between atomic columns retain their phase 

while those travelling down the column will be significantly inhibited. This dark-to-light pattern seen 

in Figure 77 indicates where the graphene planes are aligned. While this technique does not allow for 

a comprehensive evaluation of the alignment throughout the rGO assemblies, it does provide basic 

insight on some structural parameters. 
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Electron diffraction makes use of the wave properties of electrons and is effectively the same 

mechanism as that discussed with X-rays presented in Figure 33 [183]. The wavelength of the electron 

is determined by the de Broglie relation: 

 

 𝜆 =
ℎ

𝑝
 5.1 

 

where p is the momentum, λ is the wavelength, and h is Plank’s constant (4.136 × 10-15 eVs).  In a TEM, 

the electrons will be accelerated to a desired velocity: 

 

 𝑣 = √
2𝑒𝑈

𝑚𝑒
 5.2 

 

where e is the elementary charge (1.602 × 10−19 C) accelerated by an electric field, U, and me is the 

mass of an electron (9.109 × 10-31 kg). Thus, the wavelength is dependent on the accelerating voltage 

used, and in a typical TEM (200 kV accelerating voltage) the electron will reach approximately 70% the 

speed of light, so it is necessary to take relativistic effects into account. Thus, the wavelength of an 

electron used for a typical SAED pattern can be defined by substituting mev for momentum and 

combining the normal expression with the relativistic correction factor: 

 

 𝜆 = (
ℎ

√2𝑒𝑈𝑚𝑒
)

(

 
1
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𝑒𝑈
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  5.3 

which yields an electron with wavelength 2.5 pm.  Comparing this to the Cu Kα wavelength of 154 pm 

used in most X-ray diffraction measurements illustrates why the SAED is such a powerful tool in 

defining order and crystallinity at the atomic scale. 

The two dimensional SAED is also much more efficient than techniques employing a point detector, as 

all forward scattering within a rather wide angular spread can be acquired at once.  As shown in Figure 

77, all crystalline features are revealed in one pattern, including those that are more diffuse, and these 

can all be analysed easily using radial and azimuthal intensity fluctuations.  Further, the anisotropy of 

layered carbons can be quantified based on standard terminology and material properties applied to 

pyrocarbons [246].  Figure 78 shows the methods used to evaluate the orientation angle (OA) of a 

layered carbon by using the (002) plane in the SAED which has been well developed by Bourrat [31] 

and colleagues over the years.  
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Figure 78. Method to measure the orientation angle (OA) of the (002) plane in layered carbons using the SAED, where the 
FWHM can be used to classify material into one of four levels of texture (from [247]). 

 

 Results and discussion 

A lattice fringe analysis of a region in the HO3-rGO cross-section is shown in Figure 79, where the 

intensity fluctuations in the TEM image indicate regions where the graphene planes are more or less 

aligned.  For reference, the precise details on the sample preparation procedure were given in Chapter 

3.  Areas where the edges of the carbon planes align create contrasting dark-light fringes, while the 

more amorphous areas appear grey.  A region where the fringes appear can be used to create an 

intensity versus distance plot that measures the stacking distance of the (002) planes within the 

selected region.  The region within the red box contains six distinguishable layers, with an average 

interlayer distance of 3.64 Å.  Other methods, such as XRD, are better suited for obtaining a statistical 

average, but fringe analysis allows for added insight into the variations within each of the individual 

ordered regions.  It is apparent that even within the highly ordered regions, the stacking is far from 

uniform, ranging from the lowest possible value of 3.34 Å (graphitic spacing) to 4.12 Å across a local 

selected area. 

The TEM images presented here show that the structure of the dry rGO assemblies are very similar to 

many layered pyrocarbon materials [49], yet the rGO layers are clearly much more curved and 

disordered than most current literature about graphene-based materials assumes them to be.  Since 

imaging alone does not provide the comprehensive information needed to build an accurate BSU 

model, the SAED pattern can be used to more quantitatively define the structure.  As illustrated in 

Figure 80, the distinct diffraction rings demonstrate there is a high level of spatial order, and these 

features can be used to quantify the bond lengths and alignment within the rGO assembly. The two 

outer rings are produced by the crystallographic intra-sheet carbon bonds, depicted diffraction planes 

corresponding to the (100) plane at 0.213 nm and (110) plane at 0.123 nm which reconstruct to make 

the real space hexagon of graphene with aC-C=1.42 Å shown in Figure 80.  The inner ring corresponds 
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to the inter-sheet spacing of the (002) lamellar planes and shows an expansion from the π-staking 

distance in crystalline graphite which is 3.35 Å.  The distribution in the distance of the (002) ring from 

the beam centre (FWHM) can be attributed to the variation in inter-sheet spacing and/or strain present 

in the material, while the brighter spots are used to measure the longer-range of alignment of the 

layers.  

 

 
Figure 79.  The fringe analysis technique measures fluctuations in intensity along a linear region of interest (shown in the 
red box on left image).  A series of peaks is used to measure the distance between points of maximum intensity, which 
correspond to the interlayer distance (right). 

 

 

 
Figure 80.  Diagram relating the rings seen in the SAED pattern to the unit cell of graphite (from [248]).  The outer rings 
(marked A in blue) result from the intra-sheet carbon bonds while the inner ring and bright spots (marked B in orange) 
result from inter-sheet stacking of multiple basal planes. 

 

Because the SAED pattern is anisotropic, it is best evaluated in sectors which correspond to the 

stacking direction in the rGO.  As shown in Figure 81, a full 360° radial average is compared to the radial 

average within four sectors – two outlined in orange (1 and 3 where the (002) plane has highest 

intensity) and two outlined in blue (2 and 4 where the (002) plane has the lowest intensity).  The bright 

regions in Figure 80(B) that are circled in orange exhibit the highest intensity and correspond to the 

stacking direction of the rGO sheets.  There is a more defined, yet faint, ring extending across the full 

360° which corresponds to a real-space periodicity measuring 4.0 Å (2.51 nm-1).  Even though this 

feature is close to the (002) ring region, it is an artefact produced from the carbon support film on the 
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TEM grid and is not a result of a physical feature within rGO assembly.  After subtracting the 

background, a full 360° radial average, inter-sheet dominant orange sectors, and intra-sheet dominant 

blue sectors have each been fit with five peaks (A-E) to evaluate and compare the bond lengths, as 

reported in Table 9 and Table 10. 

 

 
Figure 81.  Inter-sheet lamellar stacking has enhanced intensity in sectors 1 and 3 (orange), while intra-sheet bonding is 
slightly enhanced in sectors 2 and 4 (blue).   Radial intensity curves for each sector are plotted alongside the full 360° radial 
average to illustrate peak intensity is dependent on orientation. Peak fitting for the full 360° as well as sectors 1&3 and 
2&4 was performed to obtain the values listed in Table 9. 

 

Table 9. Results from fitting the SAED pattern to determine bond length, order, and alignment in the rGO assembly. 

Peak (hkl) Height (a.u.) Centre (nm-1) FWHM (nm-1) 

 360° 1 & 3 2 & 4 360° 1 & 3 2 & 4 360° 1 & 3 2 & 4 

A (002) 605 938 261 2.59 2.59 2.55 0.868 0.837 0.906 

B (100) 95 75 123 4.71 4.70 4.69 0.461 0.458 0.473 

C (110) 47 37 57 8.14 8.12 8.10 0.647 0.649 0.598 

D (004) 60 70 49 5.20 5.28 5.12 1.11 1.05 0.941 

E (200) 29 23 32 9.03 8.97 8.95 2.21 1.69 1.68 

 

Comparing the height of the peaks, shown in the first three columns of Table 9, indicates there is a 

strong preferential alignment within the rGO assembly, as would be expected in a layered carbon 

material.  Comparing the difference in intensity values for sectors 1 and 3 versus sectors 2 and 4 make 
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it clear the inter- and intra- sheet bonds are relatively perpendicular to each other, with the (002) plane 

having a higher intensity within sectors 1 and 3, while the (100) and (110) planes are more pronounced 

in sectors 2 and 4. Further analysis of the SAED pattern can quantify the long-range alignment (curving 

of the layers) which produces the macro-disorder of the lamellar structure by measuring this radial 

intensity fluctuation along the (002) ring, as shown in Figure 82.  This intensity spread is used to 

quantify what is referred to as the orientation angle (OA), and this value has been used to compare 

anisotropy relating to (002) plane fluctuations in different types of layered carbons [130, 131, 249, 

250].   

 

 
Figure 82. Measurement of intensity flections along the (002) ring are used to classify the long-range alignment of the rGO 
layers (region between orange rings).  This azimuthal intensity scan has been fitted with two Gaussians and the FWHM of 
72° is a direct measure of the orientation angle (OA) used to classify layered carbon systems.   

 

The OA is measured by taking an azimuthal intensity scan across the (002) ring of the SAED pattern, as 

depicted in Figure 82.  Since the carbon sheets can be modelled as plates, or thin disks, a higher degree 

of alignment between the plates will produce two distinctly defined spots, while a purely disordered 

structure will produce an isotropic ring of constant intensity.  If there is any alignment between the 

sheets, the (002) ring will be anisotropic and a plot of the azimuthal intensity will contain two peaks.  

From this, the FWHM can be used to categorize the carbon within the four assigned classes of high, 

medium, low, or isotropic [246].  For the rGO assembly tested here, the FWHM value of 75° shows it 

falls within the medium classification (OA values 50° to 80°). 

The middle three columns in Table 9 compare the (00l) and (hk) reflections of the diffraction radii, 

which is determined by the bond length for each indices, and these values remain fairly constant within 

all sectors.  The SAED results are an average value of all the material probed in the viewing locus and 

are more representative of the whole than that measured with fringe analysis which samples only a 

very localized region over a few stacked clusters of rGO layers.  The SAED pattern is also able to account 

for periodicity extending into regions of the image that visually appear disordered, and gives a more 

accurate measure of (002) spacing than using image analysis alone.  This explains why the values in 

Table 10 are greater than the average interlayer spacing calculated from fringe analysis in Figure 79, 

and highlights these fluctuations in stacking height.  It is clear that the more ordered regions achieve 

the minimum value for turbostratic stacking of 3.44 Å, yet the majority of the more disordered bulk 

consists of expanded interlayer spacing closer to 4 Å.  The (100) and (110) reflections show the intra-

sheet bonds between carbon atoms match those for graphite and pure graphene (hexagon with aC-

C=1.42 Å and =120°), and these values are equivalent in Table 10.  This supports the view that the 
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rGO sheets retain a high level of structural integrity within the clusters, with six-ring carbon bonds 

being the dominant bond-type making up the coherent domains even after reduction. 

 

Table 10. Corresponding values for d(hkl) from the SAED pattern of rGO assemblies compared to those of graphite, with the 
Lc values highlighted for (002) and (004) reflections being the most accurate measurement for the coherence length of the 
BSU along the c-axis, as discussed in the text. 

Peak (hkl) d-space (nm) Coherence Length (nm) 

 Graphite 360° 1 & 3 2 & 4 360° 1 & 3 2 & 4 

A (002) 0.335 0.387 0.386 0.392 2.05 2.13 1.96 

B (100) 0.213 0.212 0.213 0.213 7.98 8.04 7.78 

C (110) 0.123 0.123 0.123 0.124 5.69 5.67 6.15 

D (004) 0.168 0.192 0.189 0.195 1.60 1.70 1.89 

E (200) 0.107 0.111 0.112 0.112 1.67 2.18 2.19 

 

The Scherrer equation (equations 2.8 and 2.9)  can be applied to the FWHM values in the later columns 

of Table 9 in order to estimate the lower bound for the length of the coherent domains, and these 

results are shown in Table 10.  Initial analysis indicates the measure of layered stacking along the c-

axis making up each coherent unit, Lc, extends for 2 nm, which equates to an average of 5 graphene 

sheets, given the average of 3.9 Å per interlayer spacing.  The value for Lc is slightly reduced in the (004) 

peak, where the smaller domains equate to 4 layers, and because size broadening is independent of 

the diffraction angle, there must be a contribution from strain broadening present in the peak profile 

as well.  Based on the Viogt fitting parameters, the peak shape for the (002) reflection is half Lorentzian 

(size broadening) and half Gaussian (strain broadening), and it is clear the Gaussian component plays 

a more dominant role in the (004) peak profile.  Applying equation 2.10 to estimate the strain 

contribution to broadening, for spectra in the sectors for the direction perpendicular to the (00l) plane 

(1&3), indicates strain could be contributing up to 30% of the peak broadening, which is expected in 

materials with sub-micron sized crystallites and stacking faults [45, 130, 251, 252].  Revaluating the 

results for Lc with this in mind implies the coherent domains along the c-axis most likely consist of 7-8 

rGO layers per stack. 

The narrower (100) and (110) peaks suggests a much larger coherent region along the aromatic planes 

with La values of 6-8 nm.  This is rather large for a porous turbostratic carbon, especially without 

annealing, as most materials have a typical La close to 1 nm in length [30, 170].  This could be a major 

reason for the improved performance of rGO assemblies (as compared to typical porous carbons), as 

it is known that larger values of La significantly contribute to increasing the conductivity in layered 

carbon materials [104, 133, 253]. Difficulties in accurately assessing these peak profiles arise because 

they overlap with the (004) and (200) reflections which are broadened further from the strain 

mentioned previously.  It is clear there is significant asymmetry in the peaks from the (hk) reflections 

in rGO assemblies resulting from the two-dimensional crystallinity, which is expected for disordered 

carbons and/or nano-graphitic crystallites [31, 169, 183].  This was discussed in Chapter 2 (section 

2.2.3.2 page 43), and lattice reflections of this type exhibit a sharp rise at the position of the Bragg 

plane that then falls off slowly toward large angles and is highly dependent on the alignment between 

the (hk) planes and incoming beam, as was detailed in Figure 32.   
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Figure 83.  The maximum peak height was used to determine the location of the peak centre and breadth of the (002), 
(100), and (110) planes from the SAED pattern.  The full 360° radial average is shown on the left and a comparison between 
sectors 1&3 (dotted) to sectors 2&4 (solid) is shown on the plot to the right.  

 

For layered carbons that can be oriented with the layer planes parallel to the incoming beam (not 

powder diffraction samples), a simplified approach using the different sectors from the SAED is applied 

where the peak centre and broadening are directly measured from sectors within the curve itself [169, 

183], as shown in Figure 83.  As expected, in all cases, the peak centre is not significantly affected by 

the chosen method or by the sector analysed, but, there are pronounced differences in the values 

obtained for peak broadening depending on the method of measurement and the sector being 

analysed.  This is related to the overlapping of the (100) and (004) peaks, as well as the broadening 

toward higher angles of the (hk) intensity distribution [183], and has large implications for determining 

the size of the coherence domains, as shown in Table 11.   Sectors 2 and 4 are a direct measure of the 

(hk) indices, where the (100) reflection shows the largest difference in FWHM depending on the sector. 

 

Table 11. Comparison of peak parameters and corresponding real-space values for data taken from the curve fitting or 
directly from the reduced SAED spectra, with the values in the final column being the most accurate assessment of La, as 
discussed in the text. 

 Curve Fitting Direct Spectra Figure 83 Figure 84 

Peak 

(hkl) 
Centre FWHM Centre β 360° Centre β 2&4 β 2&4 

A (002) 2.59 0.868 2.57 0.84 2.58 0.84 N/A 

B (100) 4.71 0.461 4.74 0.75 4.70 0.55 0.60 

C (110) 8.14 0.647 8.11 0.93 8.11 0.95 0.80 

Real 

Space 
D (nm) L (nm) D (nm) L (nm) D (nm) L (nm) L (nm) 

Lc 0.386 2.05 0.389 2.12 0.388 2.09 N/A 

La(10) 0.212 7.98 0.211 4.91 0.213 6.69 6.13 

La(11) 0.123 5.69 0.123 3.92 0.123 3.87 4.60 

 

In order to avoid more complicated fitting procedures [176], the anisotropic pattern allows that the 

SAED be analysed directly across the (hk) reflection eliminates the peak broadening contribution from 

the “fountain-like” spreading in these bands [183].  Measurement of the peaks across the narrowly 
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defined region shown retain the rod-like diffraction pattern, as shown by White and Germer [183] and 

reproduced in Figure 33.  The resulting pattern from the narrow region selected in Figure 84 has more 

clearly defined (hk) bands, and the results shown in the last column Table 11 are thus most accurate 

in determining the length of the La coherence domain in this rGO assembly. 

 

 
Figure 84. Measurement of the anisotropic SAED pattern across a very narrow range (5° spread between the pink and blue 
arrows) which corresponds to the (hk) reflections allows for the (10) and (11) peaks to be analysed without broadening 
due to the “fountain-like” spread from two-dimensional crystals.  The sharp feature at 2.51 nm-1 is an artefact from the 
TEM support grid and is ignored in the rGO structural analysis.  

 

To compare these calculations with direct imaging, the structure of the aromatic domains and stacked 

layers can be better visualized after modifying the TEM image using software such as ImageJ [254], as 

shown in Figure 85.  Visual modifications that highlight the edges of the carbon planes (top right) make 

the ordered domains more clearly visible, and this shows a complex mix of ordered and disordered 

regions. Using the modified image (top right), eighty sites were used to measure the aromatic and 

stacked regions within the image, as demonstrated with the pink (stacking) and green (aromatic) lines 

denoting how the areas were measured (bottom left).  It should be noted that this technique is to gain 

insight on the structure within the coherent domains, not to be used as a definitive measurement 

method.  Nevertheless, the histograms in Figure 85 (bottom right) clearly show the most prevalent 

cluster size contains three to five layers and appear to have an aromatic domain just under 1nm.  The 

average values give slightly larger results, with ordered clusters having an average stacking height of 

2.0 ± 0.9 nm (approximately 5 layers) and aromatic domain lengths of 1.1 ± 0.4 nm. 

Assessing these results in context to the model for porous carbons put forth by Oberlin et al. [156] 

shown in Figure 76, it appears the SAED results are a measure of the coherence length, Lc, while the 

measurements for the fringe length in the coherence domains appearing in the TEM images are 

representative of the smaller aromatic units, labelled as l.  To verify this, and clarify the precise 

elements making up the BSU of rGO assemblies, an in-depth investigation into measuring the aromatic 

domain using Raman spectroscopy is presented in the next section, as it offers a more direct measure 

of the aromatic domain length, l, what is also termed the “inter-defect distance” in graphene sheets 

[107]. Further analysis on the aromatic domain length will continue throughout this chapter, and much 

discussion is devoted to this because there are many open questions regarding how to most accurately 

assign quantitative La values to the (hk) planes in rGO assemblies. 
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Figure 85.  Original TEM image (top left) that was then modified using ImageJ [254] to highlight the stacked aromatic 
regions (top right).  The image was further modified and then measurements were taken to quantify the domain length 
and number of stacked layers (bottom). 

 

The TEM results indicate the dry rGO assemblies are very similar to other layered carbons and can be 

characterized using longstanding data interpretation methods to classify order within the material [30, 

31, 150].  The results here also act as a guide for interpreting data presented in the following sections 

as it is clear there are no graphite nano-crystallites in the rGO assembly, and instead the material is 

made up of extended and roughly-aligned rGO sheets that assemble to form an continuous network 

with ordered, mosaic cluster regions surrounded by a more disordered carbon matrix (these elements 

are not referenced using the more common term, mosaic crystal, because they contain no three-

dimensional crystallinity). Distortions within the mosaic clusters are due to perturbations in the sheets 

(corrugations) and translation, while the disordered matrix results from long-range misorientation 

produced by strain and variations in composition (defects or oxygen functionalities). The inter-sheet 

spacing of dry rGO assemblies within the coherent mosaic cluster domains is relatively constant, 

without much deviation from the expected values of a turbostratic structure, while the more 

disordered regions are slightly expanded to values closer to 4 Å. These stacked regions are not 

accessible to ions and will also block passage into expanded regions within the material – effectively 

diminishing overall surface area and decreasing accessible porosity.   

Another aspect of interest is the general sheet size of the graphene making up the rGO assemblies, as 

this strongly contributes to the overall conductivity of the bulk material [133].  While the SAED pattern 

gives detailed information on the stacking distance, bond lengths, and overall orientation of the layers, 

it can only be used to estimate the length of the coherence (ordered) domains, as the highly distorted 

layers seen in the TEM image cannot be used to accurately measure the lateral sheet dimensions.  As 
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shown in Figure 86, it is difficult to track each graphene layer outside of the coherent domains where 

fringes can be seen.  It is not clear whether the sheets are highly corrugated but intact, or if they 

contain rips and defects that cleave the planes.  High-resolution SEM imaging clearly shows the 

individual rGO sheets are indeed continuous, extending across hundreds of nanometres without any 

detectable rips or defects other than corrugation and wrinkling.  This explains how the rGO assemblies 

remain stable as free standing films in the hydrated and dried condition, since the overlapping of large, 

corrugated layers facilitates many contact points. The combination of these two techniques leads to 

the conclusion that the defective areas appearing in the TEM image are due to corrugation and 

disorder which produce expanded stacking faults in the carbon network.  The fringes in TEM are likely 

to correlate with the “aromatic regions”, l, along the rGO sheets, and this can be used to assist in the 

interpretation the results from Raman spectroscopy discussed in the next section. 

 

Figure 86.  Edge-on images of rGO assemblies from TEM (left) can be better interpreted alongside high-resolution SEM 
(right) imaging which shows the very small lattice fringe lengths in TEM (< 5 nm) are due to disorder and stacking faults as 
SEM shows the size of rGO sheets extends to hundreds of nanometres. 

 

 

5.3 Raman Spectroscopy 

 RMS applied to rGO assemblies  

The author acknowledges this section is quite lengthy and detailed.  There is good cause for this, as 

there is much confusion in the current literature on how best to interpret the results of Raman spectra 

from disordered graphene-based materials.  Since RMS is one of the most widely applied methods 

used to understand the carbon bonding in rGO sheets, and because the parameters it identifies are of 

the utmost importance in determining fundamental causes of structure-property relationships in many 

carbon materials, the detailed analysis presented here is necessary to correctly interpret the results 

that follow.  Further, within a broader context, this in-depth analysis aims to make a contribution 

toward understanding how the spectral features of various carbon forms can be directly tied to 

structural elements in rGO assemblies. 

 Raman spectra for graphene  

Raman is a useful tool for characterizing bonding in carbon materials and has been extensively used to 

study the properties of graphene.  First order Raman scattering involves phonons with wave vector q 

≈ 0 (G-band) while higher order Raman processes involve phonons with q ≠ 0 (D-bands). Due to the 

high symmetry of sp2 carbons, Raman spectroscopy is the most sensitive technique to characterize 
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disorder in the carbon network, providing information on any symmetry-breaking defects within the 

system. As shown in Figure 87, the main features in the Raman spectra of graphene and other layered 

carbon materials are commonly the G band, D band, D’ band, 2D (also known as G’) band, and the D+G 

(or D+D’ depending on interpretation) band.  

 

 
Figure 87.  Example of Raman spectra for pristine graphene (top) and defective graphene (bottom), highlighting the main 
features used for structural analysis and interpretation (from [124]). 

 

As shown in Figure 87, the Raman spectra for defective graphene materials can be described based on 

two main regions: one ranging from 1100 cm-1 to 1700 cm-1 (first-order) and another from 2400 cm-1  

to 3200 cm-1(second-order).  The most prominent peak in monolayer graphene and graphite is the G 

peak, which is seen at 1580 cm-1 within the first-order region (graphite at 1580 cm-1, GO at 1594 cm-1).  

This band is directly related to sp2 bond structure seen in graphene materials (six ring aromatic carbon 

sheets but is also active for chain-like bonding) and does not depend on the number of stacked 

graphene layers. Broadening of the G peak is directly related to the disorder along the graphene plane, 

and slight shifts in position (as small as 3-5 cm-1) are due to chemical doping or strain.  The other peak 

in this region seen at 1350 cm-1 is the main D band which is directly related to disruption of the sp2 

symmetry in six ring aromatic bonding a pure G band material.  Both the G and D bands result from 

six-member carbon rings, but the D band becomes active only when there is a disruption in the 

symmetry induced by an edge or a defect within the basal plane.  Unlike the G band, the position of 

the D band is dependent on the laser excitation energy used. Graphene and graphite materials also 

exhibit a band that overlaps with G at 1620 cm-1, termed D’, which becomes active due to phonon 

confinement induced by edges only, and thus, is associated with finite-size graphitic crystals.  In more 

disordered carbon materials, the D’ band is masked by the much broader G band and cannot be used 

directly in the analysis of crystallite size. 

The second-order region includes less prevalent features resulting from combinations of the other 

modes.  The 2D (or G’) band is often used in analysis of multilayered graphene materials, as it is Raman 



124 

 

active for crystalline aromatic domains in the graphitic material (π-states), and can be directly related 

to the number of stacked graphene layers [243]. Due to this method of activation, it is important to 

note that the absence of Bernel stacking between graphene layers (as in turbostratic graphite) will 

produce a 2D peak with shape and position equal to that of single layer graphene. Nano-graphitic 

crystals have a strong 2D peak because of the large edge to plane ratio, and bilayer graphene has a 

much broader and upshifted 2D band with respect to single layer. Thus, some aspects of stacking 

structure within layered carbon materials can be determined by the line shape of the 2D feature. 

 

 Raman spectra for carbon materials 

While most of the recent publications on the structure and properties of graphene-based assemblies 

approach RMS results from a pristine graphene perspective, the nature of the defect induced bands in 

carbon materials is quite complex and has been an area of rigorous research for many years [125, 134, 

170, 255-257].  Further, the more disordered the carbon material, the more difficult it is to clearly 

interpret the structural elements producing specific features in the spectra.  This complexity increases 

as defective layers combine to form assemblies, and the Raman spectra for many porous carbons show 

even more features than those outlined in Figure 87.  Only recently have there been in-depth studies 

that apply knowledge of these lesser-known Raman features to graphene oxide [258], and the analysis 

on rGO presented here aims to contribute to this field.  

To begin the discussion on layered carbons, graphite is used as a standard because it is considered the 

most ordered, crystalline form while all other types will vary in both structure and composition. As 

previously discussed, the term ‘crystallite’ is often misused when describing the structure of porous 

carbons, as it should only be applied to three dimensional crystalline graphitic domains within the 

porous carbon material.  Thus, using RMS to identify crystallite size refers to two separate 

crystallographic dimensions which are often uncorrelated. In the x-y plane, there is La used to define 

the length of the aromatic domain along the graphene sheet, while in the z direction there is Lc, defined 

by a precise number of Bernel stacked graphene layers with oriented stacking in the (002) direction.  A 

detailed analysis of the 2D (also termed G’) peak performed by Cancado et al. [259] resulted in a 

method to determine the out-of-plane lattice parameter from the Raman spectra and thus count the 

number of stacked graphene layers making up the crystallite structure.  This can become confusing as 

the aromatic length defined by Raman spectra is defined as La in the literature, but it actually 

corresponds to the measure of l as defined by diffraction and image analysis contributing to Oberlin’s 

model [156] shown in Figure 76.  This section will hold to the typical RMS referencing of La in order to 

more clearly discuss and compare the results of existing literature, and then make a clear distinction 

between the two elements, La and l, in the concluding remarks. 

While it is known that the 2D peak is indicative of highly ordered π-bonding and indicates the number 

of stacked graphene layers within the assembly, this is only true when crystallographic (002) plane 

Bernel stacking is present [125].  If the original graphite material is completely exfoliated during the 

oxidation process, no graphite remains and the restacked GO and rGO sheets within the assemblies 

will contain only turbostratic domains of stacked graphene layers.  Thus, the resulting 2D peak will 

resemble that of single-layer graphene, as depicted in Figure 88. Turbostratic carbons and single layer 

graphene will have a single Lorentzian 2D band (centred at approximately 2780 cm-1 if using 2.41 eV), 

but turbostratic multi-layer graphene typically has decreased relative intensity and a much larger 

linewidth compared to that of single-layer (FWHM of 45-60 cm-1 and 24 cm-1 respectively).  However, 

the intensity of the 2D band in different turbostratic materials provides insight on the prevalence of 

stacked regions, and the combination of X-ray diffraction analysis and Raman spectroscopy can be used 

to evaluate a corresponding coherence length from alignment along the (002) axis.  Again, while the 

coherence domain is a measurement for the size of ordered structures composing the rGO assembly, 
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care should be taken to not label these regions as crystallites because no three dimensional crystallinity 

exists. 

 

 
Figure 88.  Comparison of the 2D (also termed G') Raman band taken with 2.41 eV laser energy for HOPG and 1-4 layers of 
graphene with Bernel stacking [125]. 

 

For all disordered carbons, regardless of the relative graphitic ordering, the Raman spectra is 

dominated by the D and G features resulting from sp2 sites.  While the G band is usually associated 

with ‘graphitic’ content, it is active with the motion of pairs of sp2 atoms and does not actually require 

the presence of sixfold aromatic rings.  As discussed, the D peak only becomes active in the presence 

of broken symmetry, however its intensity is related to the presence of sixfold aromatic rings.  This fact 

can be easily misunderstood when conceptualizing the structure of disordered carbon from Raman 

results, with the aromatic domains are commonly defined incorrectly using the Tuinstra and Koenig 

(TK) model where the ratio of the D and G peak intensities is inversely proportional to the size of 

aromatic domains (La), or in-plane crystalline regions within the carbon network [255].  While the TK 

relationship holds for graphite clusters and other carbons with larger aromatic domains (La>10 nm as 

in HOPG, graphene, etc.), the situation becomes more complex in disordered systems and warrants a 

more detailed discussion on interpretation of the features in rGO assemblies. 
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Figure 89. Evolution of first- and second-order Raman spectrum for HOPG and graphite crystallites of decreasing size, 
highlighting the presence of the D-band (1355 cm-1) and broadening in second-order peaks as La decreases (from [260]). 

 

Much work has been done using graphite and HOPG to show the effects of how the relative size of 

graphitic crystallites impacts both the first- and second-order spectral features, as shown in Figure 89.  

The spectra track the evolution from crystalline graphite and HOPG through nanocrystalline graphite 

to what they label “glassy” carbon [260].  It is clear that a transition takes place from the 13 nm to 2.5 

nm crystallites, with the 2.5 nm material being much more closely related to glassy carbon – a 

characteristic also seen in rGO assemblies.  These features were first explained in the work of Tuinstra 

and Koenig [255]. Not only were they the first to report the Raman spectra for graphite, Tuinstra and 

Koenig also correctly attributed the D band to the breakdown of the k-selection rule and correlated 

the relative intensities of the D and G peaks with the amount of ‘unorganized’ carbon and graphite 

crystal size.  Quantitative values for the length of the crystallite, La, could then be found using the 

Tuinstra–Koenig (TK) relation:  

 
𝐼𝐷
𝐼𝐺
=
𝐶(𝐸𝑙𝑎𝑠𝑒𝑟)

𝐿𝑎
 5.4 

 

where C(Elaser) is a constant that depends on the energy of the laser.  Unfortunately, this equation is 

often incorrectly applied to more disordered carbon materials (as will be shown in detail throughout 

this section), and in spite of the much deeper understanding of Raman spectra of carbons available 

today, many authors continue to incorrectly apply the TK relation when evaluating graphene based 

assemblies and other porous, defective, or disordered carbons [170]. 

Knight and White [261] compared Raman spectral features across a broad range of carbon materials 

to discern relationships between peak profiles and real-space structural features, as shown in Figure 

90.   By examining materials with various types of carbon bonding and defects, they were able to 

correlate the peak width of the G-band with disorder, but found the TK relationship between the D/G 

intensity ratio and La did not hold for many types of graphitic and non-graphitic carbons.  Further, the 

comparison of various graphitic carbons with different types of bonding allowed for insight on how 

various amounts of sp2 and sp3 regions influence the spectra. This work is especially valuable when 

assessing new types of carbon assemblies, such as the rGO investigated here, because the overall 

spectral shapes are a good guide in deciding what features are best suited for structural 
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characterization.  For example, comparing the spectral shapes in Figure 90 to results of this work on 

rGO assemblies shows rGO is most similar to glassy carbon, a material that is not normally referenced 

when analysing Raman spectra for graphene-based assemblies.  It should be noted that at the time of 

Knight and White’s publication, it was thought glassy carbon was an amorphous carbon containing 

both sp2 and sp3 bonds, but now IUPAC designates it cannot be classed as amorphous and is known to 

be purely sp2 consisting of a fullerene type structure [262]. 

 

 
Figure 90. Raman spectra for various noncrystalline, mainly graphitic, amorphous carbons (left) compared with those for 
crystalline graphitic carbons (right) [261]. 

 

To clarify the origin of the D band, Wang et al. [256] published another detailed comparison between 

graphite and related sp2 carbon materials including glassy carbon, single crystal graphite, varieties of 

HOPG, and 0.6% boron-doped HOPG (B-HOPG).  The authors include a wide range of spectra alongside 

tables listing peak features for results taken with different laser wavelengths.  This comprehensive 

report is extremely useful as it significantly reduced the ambiguity of analysis by presenting spectral 

features of diverse carbon materials in tandem.  At the time, there was not a clear consensus of the 

origin of the D-band, with some authors attributing its appearance at 1360 cm-1 to specific vibrations 

at the edges of graphene layers. Wang’s work [256] showed that the D-band is not directly related to 

carbon edges nor is it related to the presence of edge bonded functional groups, and instead fully 
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ascribed the D-band to vibrations in the hexagonal lattice alone.  While the vibrations are impacted by 

edges, and in this case correlate with the size of aromatic regions (La), it was shown that this is not the 

only condition where the D-band is observed.   

A comparison between HOPG and B-HOPG gave significant insight into how the nature and origin of 

the D band can be fully ascribed to symmetry breaking.  Results showed the vibrational frequencies 

seen in HOPG are accompanied by previously unseen ‘defect’ bands at 1367 cm-1 (D), 1620 cm-1 (D’), 

2950 cm-1 (D+G) for B-HOPG. Since the introduction of boron into the carbon lattice has no significant 

effect on the lattice parameters, nor does it create any edges, authors conclude the defect bands 

become optically active under any condition where the K=0 selection rule breaks down, not only 

because of edges or crystallite dimensions. Further evaluating the impact of oxidation, they show the 

D-band is not impacted by intercalated oxygen groups or oxidative edge groups, as this doesn’t change 

the size of the aromatic domain.  Further, results for carbons containing large amounts of oxygen 

bound along the basal plane were shown to be very similar to that of glassy carbon, a less-ordered 

carbon materials with minimal oxygen content – again supporting the assertion that the D-band can 

be fully ascribed to symmetry breaking vibrations in the hexagonal lattice.  

 

 
Figure 91. Graphic depiction of the sp2 and sp3 configurations in the three stage amorphization trajectory from graphite, 
to nanocrystalline graphite, to amorphous carbon (a-C) and tetrahedral amorphous carbon (ta-C) proposed by Ferrari and 
Robertson [171]. 

 

In 2000, Ferrari and Robertson, now longstanding experts in interpreting the Raman spectra of carbon 

materials, proposed the three-stage model depicted in Figure 91 to describe the amorphization 

trajectory from graphite (pure sp2 bonding) to pure sp3 amorphous carbon [170].  During Stage One, 

the graphite layers become smaller and the in-plane correlation length is reduced. As more topological 

disorder is introduced during Stage Two, the TK relation is no longer valid because while there are still 

aromatic rings, little long-range order exists along the graphene sheets. During the final stage, the sp2 

sites are converted from rings to chains, alongside a sharp increase in sp3 bonding.  Figure 92 shows 

how this model relates known physical processes to the size and position of the D and G peaks, and, 

under the restricted range of conditions given for the model, this method can be used to derive the 

sp3 content in many different carbon materials containing various degrees of disorder. This work and 

future publications [171, 243, 263] not only provided useful models to understand the dynamic 

structural changes in various carbon systems, but it also showed how to use different aspects of the 

Raman spectra to determine the structure and composition of ordered and disordered carbon 

materials. 
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Figure 92. Three-stage model for the amorphization trajectory of carbons proposed by Ferrari and Robertson [170].  The 
position of the G band as well as the intensity ratio of the D to G band is related to the amount of sp3 carbon present in 
graphite, nanocrystalline graphite, amorphous carbon (a-C), and tetrahedral amorphous carbon (ta-C). 

 

In carbon materials with more disorder, the in-plane sp2 clusters will become smaller and more 

distorted due to bond-bending, defects, and edges – lessening the number of sixfold aromatic rings 

contributing to the D peak.  Even though the G peak is used to describe graphitic materials, it is related 

to the relative motion of carbon sp2 atoms whether aromatic clusters are present or not. This is 

particularly relevant in amorphous carbons as the development of a D peak actually indicates ordering, 

a very different meaning than that seen with graphite. Thus, at a particular (La) during Stage Two, the 

TK relationship no longer holds and Ferrari and Robertson proposed ID/IG is instead proportional to La
2 

for very small clusters, as shown in Figure 93 [170] and equation 5.5.  Further, the broadening of the 

D peak can be correlated with the overall disorder resulting from the distribution of sp2 clusters with 

different sizes and orientations.   

 
𝐼𝐷
𝐼𝐺
= 𝐶(𝐸𝑙𝑎𝑠𝑒𝑟) ∗ 𝐿𝑎

2  5.5 

 

All too often, publications on rGO misinterpret Raman spectra by making the assumption that a higher 

D peak intensity always equates to more defects.  For example, a well-known work on the structure of 

GO and rGO materials by Stankovich et al. [71], which has been cited almost 8,000 times, does correctly 

interpret the increased intensity of the D peak to the presence of more aromatic domains, but then 

incorrectly claims the higher ID/IG ratio in rGO is due to a smaller La and an increase in sp3 bonds.  

Without applying the work of Ferrari and Robertson and recognizing the difference for materials with 
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La less than 4 nm, the inverse dependence on ID/IG has not been considered. Further, as evidenced with 

glassy carbon, a pure sp2 material, the large ID/IG peak ratio cannot be attributed to sp3 bonding.  

Unfortunately, many other works have built upon this incorrect assumption that the removal of oxygen 

groups in GO increases the defect density in rGO [66]. 

 

 
Figure 93.  Relationship between the I(D)/I(G) peak ratio and aromatic domain length, La, for graphitic material (labelled 
nc-G where the TK equation holds) and amorphous carbons (labelled a-C where the TK relationship is no longer valid) [170]. 

 

Ferrari and Robertson’s model was the first to clearly outline the three specific size regimes where the 

ID/IG curve has distinguishable patterns.  These initial La values have since been adjusted slightly to 

show that for La up to approximately 4 nm, ID/IG increases to a maximum value, and then decreases 

until La values of about 20 nm where it becomes rather flat. Much of the more recent work has focused 

on developing more accurate models for the regions where the TK relation fails (La < 4 nm and/or 4 nm 

< La< 10 nm). Understanding that Stage One and Stage Two carbons have different relationships 

between the D and G peak features, is paramount to calculating La. This conceptual model has been 

adjusted to account for two features that contribute to a defect: the defect itself and the extension 

due to electronic impacts from the defect.  This extension, or activated region, is related to the 2 nm 

electron relaxation length in graphene (when using 2.4 eV excitation), and an exact measure of this 

region has been further supported by measurements on the coherence length of a photoexcited 

electron which was confirmed to be 3-4 nm [264, 265].  Thus, in carbon assemblies, when the aromatic 

regions become smaller than ≈4 nm because of a high density of defects, the D peak intensity breaks 

from the traditional T-K relation. 

A much deeper understanding of how materials with La < 4 nm can be modelled became possible with 

experiments conducted on graphene. Lucchese et al. [266] measured the effect of disorder in Raman 

spectra of graphene bombarded with Ar+ ions.  As shown in Figure 93, two distinct regions are defined 

that give rise to the presence of the D band.  The defect point itself (termed the ‘structurally disordered’ 

region, with radius rS, shown in red) does not contain aromatic rings and, thus, does not contribute to 
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the D band intensity.  The area surrounding rS (termed the ‘activated’ region, with radius rA, shown in 

green) is what contributes to the enhancement of the D band.  A high density of defects leads to 

competing mechanisms, and when the inter-defect distance, LD, becomes less than 4 nm, the activated 

regions are overtaken by the structurally disordered regions, resulting in the decrease of the ID/IG ratio.  

These measurements on graphene were compared with the TK relation [255] at larger LD and the work 

of Ferrari and Robertson [170] for small LD to produce a model that fits the entire length scale based 

on the new definitions for defective regions as shown below. 

 

 
𝐼𝐷
𝐼𝐺
= 𝐶𝐴

𝑟𝐴
2 − 𝑟𝑆

2

𝑟𝐴
2 − 2𝑟𝑆

2 [𝑒𝑥𝑝 (−𝜋
𝑟𝑆
2

𝐿𝐷
2 ) − 𝑒𝑥𝑝 (−𝜋

𝑟𝐴
2 − 𝑟𝑆

2

𝐿𝐷
2 )] + 𝐶𝑆 [1 − 𝑒𝑥𝑝 (−𝜋

𝑟𝑆
2

𝐿𝐷
2 )] 5.6 

 

While the proportionality constants (CA and CS) and the size of the activated region (rA) are dependent 

on the excitation wavelength, data here (using λ=514 nm) was fitted with values for CA = (4.2±0.1), CS 

= (0.87±0.05), rA = (3.00±0.03 nm), and rS = (1.00±0.04 nm) [266]. 

 

 
Figure 94.  Work by Lucchese et al. [266] created a full model of the ID/IG dependence to the density of defects and inter-
defect distance, LD, from micro down to sub-nm scale.  The new model defined both a “structurally disordered” region, rS, 
alongside “activated” region, ra, from which the D band arises (A). Depending on the defect density, the activated regions 
will overlap and the D band intensity will be influenced accordingly (B-E). 

 

Cancado et al. [267] expanded on this model for application at different excitation energies.  They 

approximate the relationship as: 

 
𝐼𝐷
𝐼𝐺
≅ 𝐶𝐴

𝜋(𝑟𝐴
2 − 𝑟𝑆

2)

𝐿𝐷
2  5.7 

 

with rA=3.1 nm, rs=1 nm, and the relation CA=(160±48)EL
-4.  This model is meant to apply directly for 

graphene and graphitic materials with an LD of 10 nm or larger, but the method to adjust the constant, 

CA, is useful in applying to any equation in order to adjust the constant for spectra taken at different 

excitation energies.  This work further compared the relationship between the FWHM of the D, G, and 

2D bands with LD across a range of excitation energies.  These results are shown in Figure 95.  In both 

models, the relations are based on the Raman spectra of ion-bombarded samples and adjustments for 
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other carbons or defect types have not been fully investigated.  In spite of this, theories considering 

both the defect and activated area will always apply, and the equations should be valid for Raman 

active point defects, especially for larger values of LD, where the nature of the defect will not have as 

strong of an influence on the ID/IG ratio. However, for the range of LD < 10 nm (especially LD < 4 nm), 

some uncertainty about the correct interpretation of Raman results remains, and, thus, alternative 

approaches are discussed here. 

 

 
Figure 95.  Cancado et al. [267] extended the model relating ID/IG with the inter-defect distance, LD, to apply at different 

excitation energies by adjusting the coefficient, CA, as shown in the inset with solid curve is given by CA = 160EL
-4 (A). 

Relationship between the FWHM of the D and 2D bands to LD at different excitation energies (B). Comparison of the FWHM 
of the G band to LD at different excitation energies (C). 

 

It has long been suggested that the width of the G band should be a more reliable means than the ID/IG 

ratio to determine the size of aromatic clusters.  More recently other authors have come to a 

consensus that the width of the G band may be the most accurate way to describe the structure, 

especially when comparing diverse types of carbon materials [244, 268].  This is because the 

broadening of the G peak is a direct measure of disorder that increases continuously as the sp2 grain 

size decreases [263], as shown in Figure 96.  Further, discrepancies arising from dependence of the D 

band on the of excitation energy used are reduced because neither the position nor width of the G 

band is dependent on excitation energy, as shown in Figure 97. Mallet-Ladeira et al. [269] followed the 

work of Lucchese to investigate pyrocarbons with crystallite size in the 2-5 nm range.  Results based 

on the ID/IG ratio were compared to an alternative approach using the HWHM of the G band.  It was 

proposed, for La in the 2-10 nm range, less ambiguous results were obtained by using the relation 

below.  

 𝐻𝑊𝐻𝑀𝐺 = (68 ± 4) − (5.2 ± 0.5) 𝐿𝑎 5.8 

 

However, actually plotting the results presented in Figure 97(B) shows a much larger discrepancy 

between the results and the proposed model, indicating Mallet’s method is not as accurate as the 
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model proposed by Cancado.  Further, the results of Mallet do not adequately address the region of 

LD  < 4 nm, which is of interest for oxidized and/or highly disordered carbon materials.  

 
Figure 96. Early work of Ferrari and Robertson showing the relationship between the FWHM of the G band to known La 
values for a variety of carbon materials [263]. 

 

 
Figure 97. Mallet-Ladeira et al. [268] argue for using the HWHM of the G band to determine La in pyrocarbons and cokes, 
siting the distinct relationship in the 2-10 nm region (A) and independence from excitation energy (B) as advantages over 
the ID/IG ratio.  

 

Published work on RMS analysis of carbon materials such as coal or activated carbon has often been 

overlooked by those focusing on graphene, GO, and rGO.  Seong et al. [270] conducted a detailed 

analysis on soots of varied oxygen content and crystallite size and found neither the typical T-K 

relationship nor the empirical formulas of Knight and White [261] or Canca̧do [271] applied to 

disordered carbons like soot and carbon black with characteristically wide D bands.  Ganesan et al. 

[216] effectively determined the structure of nano-graphitic carbons by using the broadening of the D 

and G bands to first determine if the carbon was in Stage One or Stage Two, and then applied the 

corresponding model to measure La. Correct measurement of the aromatic structural features was 

then able to explain why materials with the same ID/IG ratio exhibited large differences in chemistry 

and electronic properties. 

Extending Raman theory from graphite and pure graphene to rGO assemblies requires important 

considerations because the defect types in rGO are significantly different from the uniform holes 

produced from Ar+ ion bombardment in crystalline carbons.   Only few recent publications have used 
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a more appropriate approach of comparing the structure and properties of reduced GO materials with 

amorphous, oxidized, or nano-structured carbons.  Following the results from activated carbon shown 

in Figure 98 [137], interpreting the rGO spectra based on knowledge of disordered carbons [170, 171, 

256], carbon black [272], and pyrocarbons [131, 268, 273] allows for a much more thorough 

understanding of the bonding and carbon structure in these materials.  In addition to the main 

graphitic (G and 2D peaks at 1580 cm-1 and 2700 cm-1) and disorder (D and D+G peaks  at 1350 cm-1  

and 2900 cm-1) features discussed above, spectral fitting for rGO in the region between 1100 cm-1 to 

1700 cm-1  should also include features related to the amount of disordered and amorphous sp3 carbon 

present. 

 

 
Figure 98. Typical Raman spectra features for graphite, activated carbon (AC), and thermally reduced GO (TRGO) (A) taken 
from reference [137].  A similar comparison of pyrocarbon (PyC) and graphite (Gr) Raman spectra (B) with the suggested 
curve fitting (C) taken from reference [273].  

 

For a complete understanding of rGO materials, Schwan et al. [274] performed a detailed analysis on 

the spectral features in amorphous carbons which provides valuable insight on how best to combine 

Raman analysis of graphene with the disorder, defects, and chemical bonds in rGO.  These additional 

features include the less characteristic peaks shown in Figure 98(C), with the broad peaks at 1150 cm- 1 

(I band) and 1480 cm-1 (D’’ band) being reliable indicators for the amount of sp3 (I) and disordered (D’’) 

bonding present in various types of carbon [171, 270, 272].  In rGO assemblies, carbon groups bonded 

to nitrogen will also contribute to the features at 1150 cm-1 (I band) and 3200 cm-1 (2D’ band), and 

these peaks can be seen in all reports from nitrogen doped graphene materials [77, 78, 222, 275], 

although the cause was not fully understood. Combining knowledge of Raman features for disordered 

carbons [274] where these peaks have been attributed to sp3 bonding resulting from hydrogen content 

in molecules like polyacetylene [170] helps to answer questions on the origin of peaks in nitrogen 

doped graphene.  As the presence of nitrogen bonded to sp3 carbon also enhances the I and 2D’ peaks, 
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this can be interpreted with reference to the edge group bonding structure being similar to the 

hydrogen groups seen in molecules like polyacetylene. 

 Results and discussion 

Now that a complete understanding of the structural features that contribute to the Raman spectra 

for various forms of carbon materials has been established, it is possible to accurately assess the results 

for rGO assemblies.  After first establishing that the RMS results are reproducible across large areas of 

the surface (homogeneity) and that no artefacts have been introduced to these data from the laser, 

qualitative and quantitative results for the overall disorder and aromatic domains for rGO of different 

oxidation levels are presented and discussed in detail. 

 

 Consistency of results 

To verify homogeneity across each sample surface, Raman maps of ID/IG peak ratios (shown in Figure 

99) were used to determine if the defective and aromatic domains had any long range order and/or 

inconsistencies. As shown, the ID/IG peak ratio fluctuates from 1.3 to 1.9 with randomly dispersed 

domains, showing the sp2 domains and defects are distributed homogeneously across the surface of 

rGO assemblies and no structural irregularities were observed. To prevent artefacts due to laser 

induced structural changes, spectra were taken at five different sites along each sample (across the 

total surface of the assembly with diameter ≈3.5 cm).  It was found that spectral line shapes were 

identical at all five positions – thus, there are no variance values associated with the results. Extra 

precautions were taken for the GO assemblies, as the energy from the incident laser could remove the 

oxygen groups and impact data on the sp2 domains and defects.  Optical images of the surface showed 

a slight darkening at the laser site for GO prepared from HO8 and LOH (the two samples with highest 

oxidation) after interaction with the beam, but after rescanning the same spot, the spectrum did not 

change, indicating there was little to no laser induced damage influencing the results. 

 

 
Figure 99. Raman map of D/G peak ratio across the surface of the HO8-rGO assembly, showing a homogeneous distribution 
of sp2 domains and defects across the sample surface. 

  

 Comparison of spectral shapes for GO and rGO 

The Raman spectra for the GO and corresponding rGO assemblies of varied oxidation degree are shown 

in Figure 100 after being normalized to the background and offset for visual clarity.  All spectra contain 

features within the two main regions that are typical of porous carbons: The first-order features 

ranging from 1100 cm-1 to 1700 cm-1 and the second-order features ranging from 2400 cm-1  to 3200 

cm-1.  Interestingly, the spectral shapes for GO are very similar to those of activated carbon [137], 
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charcoal [261], and soot [270], while the rGO spectra are more akin to glassy carbon [261], nano-

graphitic carbons [216], and pyrolytic films [273].   

 
Figure 100. Raman spectra for GO (bottom) and rGO (top) samples prepared with various levels of oxidation. 

 

The peaks for all GO assemblies are less pronounced, but after reduction to rGO, the peak intensity is 

clearly enhanced.  The main peak parameters in the region from 1100 cm-1 to 1700 cm-1, are displayed 

in Table 12 and shown visually for comparison in Figure 101.  There are very clear trends in both GO 

and rGO assemblies which appear to be directly related to the amount of oxidation.  The shifts in 

position for the D and G peaks are consistent with discussion related to oxidation, doping and strain 

mentioned previously.  The lowest oxidized material, rGO LOX, has a G position closest to the 1582 

cm- 1 value expected for pure graphene and graphite, and the decrease in the FWHMD values as the 

oxidation level goes down shows that disorder along the aromatic domain (graphene sheet surface) is 

directly related to oxidation.  

The G peak parameters for the GO LOA sample do not follow the expected trend, and this is most likely 

due to the fitting procedure.  The Raman spectra for the GO materials has a high level of noise and 

because low laser power must be used while acquiring results (to prevent reduction), this cannot be 

improved.  Results for fitting the G peak in GO are highly variable depending on the chosen procedures, 
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and a less ambiguous approach compares results for both the FWHMG and the ID/IG peak ratio to 

conclude all GO assemblies have very similar structural features. 

 

Table 12. Comparison of the main peak parameters in the region from 1100 cm-1 to 1700 cm-1 for GO and rGO assemblies 
prepared from GO solutions with different oxidation levels. 

Sample Peak Position (cm-1) Ratio FWHM (cm-1) 

 
D G ID/IG D G 

GO rGO GO rGO GO rGO GO rGO GO rGO 

HO8 1356.0 1346.2 1602.0 1588.3 1.07 1.31 99.5 110.6 70.0 64.5 

LOH 1355.0 1347.9 1601.4 1587.5 1.04 1.39 95.7 92.5 69.0 63.8 

LOA 1354.8 1347.4 1604.1 1585.4 1.05 1.43 95.9 83.6 65.2 63.8 

LOX 1354.8 1346.9 1601.0 1583.3 1.06 1.53 91.4 67.8 68.6 62.5 

 

 
Figure 101. Comparison of the values from the table above, showing clear trends in the peak parameters for GO and rGO 
assemblies prepared from GO solutions with different oxidation levels. 

 

While the D and G peak intensities are approximately equal for GO (ID/IG peak ratio ≈ 1), the D peak 

becomes dominant after reduction. This indicates the removal of oxygen groups during the reduction 

process results in an increase of the ID/IG peak ratio.  In order to apply the correct models for 

interpreting the Raman spectra, the GO and rGO results are compared with the work of Knight and 

White [261] as well as Ferrari and Robertson [170, 171].  Knowing the chemical structure of GO and 
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rGO and that only basal plane oxygen bonding and defects will influence the D band, as shown by the 

work of Wang et al. [256] discussed previously, the increased D band intensity in rGO could be 

interpreted in three ways: there is a change in the size of the aromatic domains (ID/IG peak ratio), there 

is an increase in the prevalence of aromatic domains (D peak intensity), or there is a combination of 

both of these factors.  

An analysis beginning with the G band is more easily correlated with physical features, because the 

broadening of the G peak is a direct measure of disorder that increases continuously as the sp2 grain 

size decreases.  The fact that rGO has only a slightly smaller FWHMG than GO but a much larger 

intensity, indicates that the sp2 domains are not changing much in size, but the number of sp2 bonds 

greatly increases after reduction. Further, knowing GO has many more basal plane oxygen groups than 

rGO, the increased FWHMG supports the rationality that La should be smaller in GO than it is in rGO.  

As assumed with the XPS results, it again appears that all GO materials reach a saturation point where 

all available basal plane sites are bonded to oxygen functionalities.  Using the amorphization trajectory 

of Ferrari and Robertson [170], this would place both GO and rGO assemblies in Stage Two, where the 

TK relation should not be used to determine the size of the aromatic domains present in rGO.  Instead, 

these materials are better analysed using methods applied to defective and amorphous carbons, 

where the models for La smaller than 4 nm presented by Lucchese et al. [266] should be applied.  This 

follows along with conclusions drawn from XPS, showing much more oxygen and nitrogen was present 

in GO8 compared to LOX after reduction.   

Based on this additional insight, it is now clear that the increased D peak intensity for lower oxidized 

samples is largely attributed to the increased prevalence of aromatic domains, with only slight 

differences in the size of La for each sample. Here, being a Stage Two carbon, the increasing ID/IG ratio 

does not imply more defects and in fact relates to slightly larger aromatic domains. A more complete 

analysis of all the peak features in the rGO assemblies will now be discussed with exact measurements 

of La to follow. 

 

 Raman peak fitting 

 
Figure 102.  Raman spectra for rGO assemblies normalized to the G-peak intensity highlights the differences in all other 
peaks directly relates to the oxidation level.  
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To more clearly highlight the differences in rGO assemblies, overlaid spectra are presented in Figure 

102.  It is clear that if the intensity of the G peak is kept constant, the intensity of all other peaks 

increases as the oxidation level decreases.  In addition, the valley between the D and G peaks deepens 

with lower oxidized rGO, indicating the broad I and D’’ peaks that results from chemical doping and/or 

sp3 bonding are correlated with the level of oxidation.  It is also interesting to note the much more 

pronounced 2D peak in LOX. In order for these spectral features to more precisely interpreted, correct 

peak fitting methods specific for more disordered porous carbons must be applied.  

The fitting methods and data interpretation for the Raman spectra of rGO assemblies are based on an 

extensive literature review to find the best methods applicable for more complex and/or disordered 

carbon materials [257, 261, 270, 273].  Ideally, the high intensity G and D peaks should be fitted with 

a BWF and Lorentzian line pair no matter the carbon type [170].  This BWF component was also applied 

for the XPS fitting of the sp2 carbon component in Chapter 4.  While this does give the best fit of the 

spectral line, the BFW line parameters cannot be used to directly extract the useful G peak parameters, 

namely the FWHM and intensity. Therefore, the most suitable approach is to first use two Lorentzians 

to fit the D and G peaks alone in order to directly compare and interpret features related to the FWHM 

and intensity ratios (as was done in the section above comparing GO and rGO), and then follow this 

with a more complex fit to include all the features outlined in Figure 87 and Figure 98(C).   

 

 
Figure 103.  Summary of curve fitting options outlined by Seong on spectra of soot: (a) 2 Lorentzian and 1 Gaussian, (b) 3 
Lorentzian, (c) 3 Lorentzian and 1 Gaussian, (d) 4 Lorentzian, (e) 4 Lorentzian and 1 Gaussian, (f) 5 Lorentzian [257].  

 

The full spectral fitting combines the BFW with up to four Lorentzians (and/or one Gaussian) in the 

region from 1100 cm-1 to 1700 cm-1 and another four Lorentzians (and/or one Gaussian) in the region 

from 2400 cm-1 to 3200 cm-1.  This method will account for all features of interest in most porous 

carbons, and the fitting methods discussed here have been analytically compared in many Raman 
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investigations on carbon materials – with notable work related to rGO assemblies being that of Seong 

to investigate the reactivity of soot [270], Sadezky to compare features of carbonaceous materials 

[273], Knight and White to determine bonding in disordered carbons [261], Vallerot to measure 

coherence domains in pyrocarbons[131], and Mallet on measuring aromatic domains in 

nanocrystalline pitch coke [269].  Mallet suggested an alternative method to that presented here, and 

instead uses two Lorentzians for D and G along with a broad Gaussian to account for all the disordered 

peaks.   

Correctly choosing a fitting method depends on what information needs to be obtained and the 

specific features present in the spectra, and as shown earlier in Figure 90, this varies greatly depending 

on the carbon material.  A comparison of possible fitting methods conducted by Seong [270] is shown 

in Figure 103. It is clear from a visual inspection of the spectra for rGO in Figure 102 that the I and D’’ 

features are present, and the shoulder on the outer side of the G peak results from the D’ feature.  

Accounting for these additional peaks can yield valuable insight into the material structure and are 

often overlooked in current publications. Thus, the analysis follows the approach shown in Figure 

103(e), except the BFW shape is used for the G peak because the asymmetric broadening accounts for 

the physical process of coupling a discrete mode to a continuum as is the case for the sp2 feature.  The 

BFW also reduces overestimation of the I and D’’ features. A Gaussian is used for the D’’ feature 

because this shape is expected for a random distribution of phonon lifetimes as is the case in 

disordered bonding seen in amorphous sp2  and sp3 carbon materials. A final step is to extend this 

procedure for all first order features into the second-order region as shown in Figure 104. 

 

 
Figure 104.  Example of fitting second-order spectral features for graphene materials with various degrees of defects and 
disorder (from [276]). 

 

The fitting approach applied to the rGO assemblies is shown for LOX in Figure 105, along with the 

corresponding peak labels for the first- and second-order regions.  It is clear that the additional 
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features are necessary for a good spectral fit.  This method of combining a BFW (G), Gaussian (D’’), and 

three Lorentzian (I, D, D’) peaks for the first-order spectral region one Gaussian (combination of 2D’ 

and G+D’) with and three Lorentzian (D+D’’, 2D, D+G) peaks for the second-order spectral region was 

applied to all rGO assemblies and is shown in Figure 106.  The significant extractable parameters are 

listed in Table 13 and relevant peak ratios are compared in Table 14 – both will be used to guide 

discussion in the following sections. 

 

 

 
Figure 105. Details of the fitting procedure are labelled for the LOX assembly showing the BFW (G), Gaussian (D’’), and 
three Lorentzian (I, D, D’) peaks for the first-order spectral region (top) and the three Lorentzian (D+I, 2D, D+G) and one 
Gaussian (combination of 2D’ and G+D’) peaks for the second-order spectral region (bottom). 
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Figure 106. Peak fitting for the first- (left) and second-order (right) regions of the Raman spectra for rGO assemblies.  All 
fits converged with a χ2 tolerance value of 1E-6 reached (reduced χ2 ranged from 8.9E-6 to 4.4E-5 and adjusted R2>0.999). 

 

 

Table 13. Relevant parameters extracted from the peak fitting procedure applied to all rGO assemblies. 

Sample Peak Position (cm-1) FWHM (cm-1) Area (cm-2) 

 D G 2D D G 2D D G I D’’ 

rGO HO8 1346.2 1588.3 2681.6 110.6 64.5 255.7 202 89.8 50.5 15.4 

rGO LOH 1347.9 1587.5 2685.6 92.5 63.8 187.8 187 93.0 18.7 11.7 

rGO LOA 1347.4 1585.4 2684.7 83.6 63.8 175.3 180 95.8 15.7 9.02 

rGO LOX 1346.9 1583.3 2684.5 67.8 62.5 149.4 163 98.3 15.5 8.91 
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 Interpretation of peak fitting 

5.3.2.4.1 Position of the dominant bands 

The position of the D peak is the same for all samples, and matches the expected value for defective 

carbons. The placement of the G band for both graphite and single sheet graphene is centred at 1582 

cm-1 and is unaffected by the number of stacked layers. Oxygen-containing carbons have a G band that 

is typically upshifted, with a frequency closer to the 1600 cm-1 usually reported for GO.  Since the G 

band only shifts due to lattice strain or in-plane doping, the trend observed in Figure 107 clearly 

indicates the peak position correlates with the oxidation degree.  Thus, the G-peak position in rGO 

assemblies can be used to indicate the amount of residual oxygen groups, and this, in turn, gives rise 

to additional lattice strain within the material.  The G peak position is highly dependent on stress and 

measurements on strained graphene sheets show the G peak can drop up to 20cm-1 after the stress is 

removed [274].  Results here indicate as more oxygen is removed, the rGO sheets become less strained, 

and the G position approaches that of graphite and graphene.  

 

 
Figure 107. Comparison of D, G, and 2D peak positions for all rGO assemblies. 

 

This shift in G peak position can be attributed directly to dopant concentration in nitrogen-doped 

graphene [221].  Because both doping and strain contribute to the shift, these effects can be 

distinguished using the 2D peak position, as nitrogen doping causes a shift to lower frequencies.  The 

results here indicate that HO8 is impacted by both strain and nitrogen doping while the LO- assemblies 

differ solely due to different levels of strain in the material.  Further, the position and shape of the 2D 

band is directly related to the number of Bernel stacked layers in carbon materials.  The single, yet 

broadened, Lorentzian centred close to 2685 cm-1 indicates all the rGO assemblies consist of 

turbostratic graphene layers.  The enhanced intensity of the 2D band for LOX indicates there is a larger 

interplanar coherence length in this material, which would be expected as the removal of oxygen 

groups and strain allows for more uniform stacking between aromatic domains.  

 

5.3.2.4.2 Broadening of the dominant bands 

The width of the Raman peaks also provides useful insight on the structure of rGO materials and how 

this is relates to oxidation level, and clear trends are visible in Figure 108.  If the aromatic domains in 

disordered carbon materials are considered as small clusters of ordered regions [274], the broadening 

of the D and G bands can be attributed to differences in cluster size, cluster distribution, cluster 

orientation, and/or the influence of stress and chemical bonding.   The G peak is a direct measure of 

disorder in sp2 clusters and increases continuously as the disorder increases, but it is important to 

recognize this signal results from both aromatic and chain-like bonds where the D peak is a measure 

of only intact aromatic rings.  The high variability in the FWHMD compared to that of the FWHMG 

indicates that while rGO assemblies contain sp2 clusters of relatively similar size (FWHMG ∝ La), there 
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is a direct correlation between higher oxidation and the ordering of the aromatic clusters (FWHMD ∝ 

staking of the planes).   

It has been shown that in disordered soots and carbon blacks, materials with vastly different oxidative 

reactivity properties will have identical FWHMG values solely because the bond lengths and angle 

distortions in the sp2 clusters are similar [270]. Therefore, even though the broadening of the G peak 

is a direct measure of disorder, the FWHMG for all assemblies is rather consistent, a trait often seen in 

defective and activated carbons [107], and indicates aromatic domains of roughly the same size, with 

the more defined G peak in LOX indicating the slightly larger La which would be consistent with less 

residual oxygen groups remaining in the lowest oxidized sample.  Combining this conclusion with the 

comparative intensities in Figure 102, shows the increasing D peak intensity pairs with decreasing 

FWHMG, indicating aromatic regions are both more prevalent and slightly larger in less oxidized 

material. 

 

 
Figure 108. Comparison of D, G, and 2D FWHM values for all rGO assemblies. 

 

It has also been shown that for almost every type of carbon material (from nano-graphitic crystallites 

to glassy carbon), a FWHMD that is more than three times that of the FWHMG indicates very small 

aromatic domains where La < 4 nm [107]. Further, it has also been shown that the D peak broadening 

becomes even more significant in highly defective carbon materials because the phonon coherence 

length becomes extremely small [276].  Therefore, for rGO assemblies, it appears the disorder is more 

directly comparative with the FWHMD, and there is a distinct trend between decreasing FWHMD and 

decreasing oxidation, similar to that seen in soot [270].  This indicates that the aromatic clusters in 

assemblies with less oxidation are more uniformly oriented, and this enhanced alignment is also 

reflected in the 2D peak which also shows more intense and less broadened peaks as the oxidation 

level decreases.  

From this, in can be concluded that the oxidation level of the rGO contributes to the size and 

prevalence of aromatic clusters, which then directly impacts on the stacking of graphene sheets in the 

assembly.  This supports the previous statements linking oxidation with levels of strain in the 

assemblies. 

 

5.3.2.4.3 Area of the dominant and less prominent bands 

There is a clear and direct trend between the total area of both the D and G peaks with the oxidation 

level. At lower oxidation levels, the area of the D peak decreases, while the area of the G peak increases.  

This trend follows the much more traditional thinking about Raman spectra of graphitic materials, and 

the D band indicates defects and disorder while the G band is associated with graphitic domains. Using 

the area of the D and G bands as a direct qualitative measure of structural order in rGO assemblies 

appears to be the most direct parameter.  However, care should be taken not to draw conclusions 

from this alone, and converting the area to an overall percentage reveals there are differences in the 

type of disorder present in the different assemblies. 
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In line with discussion on the increased prevalence of aromatic domains in LOX, graphitic regions (G 

band) have a larger overall percent contribution in lower oxidized assemblies.  Further, the relatively 

constant contribution from defect regions (D band) is consistent with Ferrari and Robertson’s 

amorphization trajectory for disordered carbons [170] and Lucchese’s model of high density of 

activated regions in defective graphene proposed by [266], since it is clear from the other peak features 

that rGO assemblies have La in the unique length scale of less than 4 nm, where the defect density is 

extremely high and the crossover from sp2 to sp3 is initiated.  The slight increase in percent area of the 

D peak follows the expected trend for oxidation in the LO- materials, but the decrease seen in HO8 

indicates some of the aromatic domains contributing to the D peak signal are lost, as would be 

expected if the defects were contributing to sp3 bonds.  Support for this is seen in the I band and is 

discussed below. 

 

 
Figure 109. Comparison of the D, G, D’, I, and D’’ peak area values for all rGO assemblies. 

 

Analysis of the less prominent spectral peaks provides additional structural information and it is clear 

from data in Figure 109 that these peak features are correlated with oxidation levels. As discussed, 

these additional peaks include the I peak (≈1180 cm-1) and D’’ peak (≈1500 cm-1). The I peak is directly 

related to the amount of sp3 carbon present.  This can result from C-C bonds in diamond-like carbons 

or be a measure of impurities, and in soots it has been attributed specifically to C-O bonding [277]. The 

results here show a clear distinction between HO- and LO- preparation methods and this correlates 

strongly with the XPS results identifying twice as much oxygen remains in HO-rGO, with HO8 containing 

more residual epoxy and carboxyl oxygen groups.  It appears there is only one, more recent published 

work on rGO that utilizes the I band Raman feature to identify structural elements [258], even though 

it is a simple and straightforward approach to assess the presence of residual oxygen groups.  The I 

band can also act as a measure of the sp2/sp3 bond ratio, and these results indicate sp3 bonding is 

present in all materials, but only at very small levels for all LO- assemblies.  This is very constant with 

the interpretation of the D band discussed above.  

Expressing the area as a total percentage, the I band indicates there is 2-3 times more sp3 bonding in 

HO8 than the low oxidized samples, again consistent with chemical measurements presented in the 

previous chapter. Thus, it can be assumed that for higher oxidized rGO, the additional basal plane 

oxygen groups present in HO- materials, as identified in XPS, increase the amount of sp3 bonding by 

disturbing the aromatic regions.  This is also evident in the decreased area of the G peak, linking the I 

feature with G peak properties through the physical formation of basal plane epoxy and/or residual 

hydroxyl functionalities to in-plane defects that combine with wrinkling and strain to decrease the sp2 

content.  All of these structural features are similar to observations in other types of porous and 

layered carbons [66, 130, 273]. 
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The D’’ band has been shown to correlate well with the amount of amorphous sp2 carbon [171], C-H 

vibrations[274], and oxidative reactivity [270] even in materials with identical La. As expected, there is 

a stronger D’’ signal in the higher oxidized assemblies.  However, the overall contribution of the D’’ 

peak is quite small for all materials (3-5%), signifying rGO assemblies contain disordered, but not 

amorphous, structural regions.  This further validates why the rGO spectra are so similar to that of 

glassy carbon.  While glassy carbon can be considered a disordered carbon with very small aromatic 

domains, it is not actually amorphous and contains purely sp2 bonding. 

 

5.3.2.4.4 Peak Ratios 

Various peak ratios can be used to unveil the exact nature of defects present in graphene materials, 

and those most widely applied for studies on carbon materials are listed in Table 14 and shown 

graphically within the discussion to follow. These ratios play an important role for both qualitative and 

quantitative assessments. Important considerations are required when interpreting the results 

because correct judgement regarding the defect type and amorphization stage of the carbon is 

necessary to obtain accurate structural parameters.  

 

Table 14. Relevant peak ratios extracted from the fitting procedure applied for all rGO assemblies. 

Sample  Related to rGO Related to defect 

 ID/IG I2D/ID+G I2D/IG ID’/IG ID/ID’ AD/AD’ 

rGO HO8 1.31 0.98 0.09 0.33 4.2 13.1 

rGO LOH 1.39 1.04 0.10 0.37 3.9 11.9 

rGO LOA 1.43 1.15 0.11 0.35 4.3 12.5 

rGO LOX 1.53 1.52 0.16 0.39 4.2 9.3 

 

 

D/D’ 

To compare differences between boundary, vacancy, and sp3 defects, it was found that the ID/ID’ ratio 

can be used to evaluate the nature of the defects in graphene and HOPG [278]. The results are shown 

in Figure 110, for specific types of carbon defects in graphene, and the trend relating the ID/ID’ ratio is 

easily distinguishable in Stage One carbons (three separate dashed lines on the figure), but at the 

crossover into Stage Two where there is an extremely high concentration of defects, the nature of the 

defect can be lost and the parameters no longer show a clear relation to a specific type of defect 

(cluster of data points at top right).  While the ID/ID’ value for rGO assemblies shown in Figure 111 

(values of 3.9-4.3) is closest to that of boundary defects (figure inset showing ratio of 3.5 is indicative 

of boundary defects in HOPG), comparing it to data for defective graphene sheets plotted in Figure 

110, the rGO results fall closely in line with the red data, especially that of oxidized graphene.  This 

intermediate value of ≈ 4 has been reported for other nano-graphitic carbons [216] and is attributed 

to contributions from both boundary-like defects (majority) and other vacancy-like defects (minority).  

It has been established that sp2 carbon bonds are dominant in the rGO assemblies, and this indicates 

that besides the residual oxygen groups (more prevalent in HO8 which also shows highest sp3 content), 

the majority of defects preserve the sp2 structure.  It follows that boundaries resulting from basal plane 

defects (5-7-7-5 and 5-8-5 clusters) [279] and corrugation resulting from graphene wrinkling [48] are 

the larger contributors to the high defect density.  Of these, knowing the rGO retains a large sheet size 

(low edge to basal plane ratio), it is most probable that wrinkling is the dominant defect present.  A 
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highly corrugated structure is supported by both the TEM and Raman analysis and can be used to 

explain the presence of strain in the rGO assemblies as well as correlate with material properties such 

as mechanical strength [280] and reactivity [281, 282]. 

 

 
Figure 110. Graphene and HOPG with different types of defects are compared to show a relationship between ID’/IG and 
and ID/IG that translates into ID/ID’ values that can differentiate boundary-, vacancy-, and sp3-like defects – each shown by 
the data points of black hexagons (graphite edge), stars (ion induced holes), and red dots (chemical bonding), respectively 
(from [278]). 

 

 
Figure 111.  Comparison of the ID/ID’ and AD/AD’ peak ratios for all rGO assemblies. 

 

For Stage Two carbons, it has been suggested the integrated area is a better parameter to apply in this 

case because at high defect concentrations the D band can become extensively broadened [258, 269, 

270, 276].  Using AD/AD’, the linear trend distinguishing defect types can be preserved when crossing 
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from Stage One to Stage Two carbons, and the AD/AD’ ratio is able to highlight differences in sp3 like 

defects between samples. The trend follows what would be expected in regard to bonding from oxygen, 

nitrogen, and hydrogen groups on higher oxidized materials, as discussed with the XPS results 

presented in Chapter 4. 

It should also be noted that the D’ peak has been found to be more prominent in nitrogen doped 

graphene as it is highly dependent on defects along edges [221].  Since all rGO samples prepared using 

the hydrazine method will contain nitrogen as well as edge bonded oxygen groups, it is expected this 

will be the most significant contribution to the D’ peak signal.  It is probable that the rGO assemblies 

exhibit a combination of effects resulting from edges and edge bonded functional groups (nitrogen 

and oxygen) as well as basal plane defects and wrinkling, which can be seen in the AD/AD’ and ID/ID’ 

ratios respectively.  Considering this, data is in line with the XPS results of the previous chapter which 

showed the basal plane oxygen content and level of nitrogen doping is significantly lower in LOX.  

 

D/G 

One of the most relevant parameters resulting from the Raman spectra is determination of La.  As 

discussed, there have been many approaches suggested for determining this for carbon materials, and 

applying the most relevant model for carbons with small aromatic domains, like rGO assemblies, is still 

an area of ongoing research. Decisions on how to approach the problem can be guided based on a 

qualitative understanding of the particular carbon or graphene system being analysed.  The meaning 

of the ID/IG peak ratios for GO and rGO materials could be interpreted differently depending on 

assumptions about the nature and density of the defects. Materials with a high degree of amorphous 

carbon will require a different approach than a nano-graphitic carbon, and it is not yet known which 

methods are best suited for analysis of rGO assemblies. For example, depending on the choice of model 

and assumptions made about the structure, an ID/IG peak ratio of 1 could result from La of 1 nm, 10 nm, 

or 40 nm [170, 266].   

 

Table 15.  Results for La based on different calculation methods.  Three are based on the ID/IG ratio, including the original 
Tuinstra-Koenig model [255], modified T-K relation for Stage Two carbons from Ferrari and Robertson [170], and the 
graphene activation area model developed by Lucchese [266]. These are compared to results from an alternative model 
using the broadening of the G-band proposed by Mallet [268]. 

 Method to Calculate La (nm) 

Sample ID/IG T-K Ferrari Lucchese Mallet 

GO (avg) 1.06 4.76 1.30 0.86 3.94 

rGO HO8 1.31 3.84 1.44 1.09 6.87 

rGO LOH 1.39 3.63 1.49 1.14 6.94 

rGO LOA 1.43 3.52 1.51 1.16 6.94 

rGO LOX 1.53 3.30 1.56 1.22 7.07 

Based on ID/IG Ratio FWHMG 

 

Due to the large variability in methods used to calculate La, the results here are based on a comparison 

of different approaches in the literature and highlight how applying the incorrect model will strongly 

impact the results – both qualitatively and quantitatively. Table 15 lists the results for La based on 

different calculation methods these are compared graphically in Figure 112.  The first three columns 

use methods based on the ID/IG peak ratio while the fourth makes use of the broadening of the G band 
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as an alternative approach.  All calculations using the ID/IG ratio include constants that have been 

adjusted for energy dependence [267, 271]. 

Among the first three models listed, the traditional T-K relation [255] is most widely reported in GO 

and rGO literature, even though it does not account for differences due to the amorphization trajectory.  

It is clear that if assuming GO and rGO are in Stage One (where T-K holds), all samples have aromatic 

domains of over 3 nm which is over twice that calculated using other models and much larger than 

TEM results indicate.  Further, the T-K results do not qualitatively align with what is known to be true 

regarding the disorder and chemical bonding in the materials. The T-K model is the only one that 

assigns smaller aromatic domains to lower oxidized materials, implying oxidation creates a more 

ordered material.  Conversely, the models of Ferrari, Lucchese, and Mallet all align with the conceptual 

understanding that higher oxidation material is more defective, a claim that is further validated by 

other Raman features as well as the XPS results reported in Chapter 4. 

 

 
Figure 112. Comparison of the calculated La results, based on different models for GO and rGO assemblies. 

 

Showing the T-K relation is invalid for rGO assemblies, and instead applying the knowledge that Stage 

Two carbons have an ID/IG ratio that is proportional to La
2, as shown by Ferrari and Robertson [170], 

the size of the aromatic domains using Ferrari’s model comes very close to that from the TEM fringe 

length measurements (1.3-1.5 nm compared to the TEM estimated length of 1.1 ± 0.4 nm).   This length 

of ≈1 nm also matches values that would be expected for highly disordered sp2 carbon materials [107].  

The trend of decreasing La with increasing oxidation level is also in line with what is expected, further 

supporting the conclusion that rGO assemblies fall within Stage Two of the amorphization trajectory.  

This relation does not depend on specified size for the activated region (rA) or defect type (rS) as the 

Lucchese [266] model does and is suggested as the most straightforward approach to measure La in 

Stage Two carbons, especially when the defect parameters are not known. 

Lucchese’s model [266] allows for greater precision when measuring La, especially when comparing 

carbon materials with different types of defects.  Again, the results here account for the conceptual 

understanding that the aromatic domains in LOX should be larger than those in HO8 and GO.  La values 

in Table 7 result from adjusting the proportionality constants and activated region in equation 5.6 to 

account for 2.33 eV excitation energy [267] (CA = 4.81, CS = 0.996, and rA=3.43 nm), while the size of 

the defect (rS) was kept at 1 nm.  As the defect size in rGO materials has not been directly measured 

by STM or AFM like with Ar+ experiments, it is estimated the defect size is similar based on the analysis 

of the ID/ID’ ratio discussed above along with the TEM images.  The disordered regions in the TEM image 

analysis from Figure 85 would imply the defects may be smaller, but definitely not larger, than 1 nm.  
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Placing the values in Table 7 as the upper limit and adjusting rS to 0.75 nm causes La to decrease by 

0.2 nm.  Combining this with the results using Ferrari and Robertson’s model, a safe approximation of 

±0.2 nm was added in Figure 113 for variance in the measurement.   

 

 
Figure 113. Calculation of La based on Lucchese’s model [266] with error bars to account for possible variance due to 
estimation of defect size. 

 

It should be noted that while the exact measurement of La as determined by Lucchese’s method does 

depend on the type of defect, it is a systematic variance and the trend, as well as the relative difference, 

measured in GO and rGO materials will not be impacted by this.  Thus, all La values are indeed unique 

for each rGO assembly, but they all fall within the range of 1.2±0.3 nm.  Further, incorporating the 

fluctuations in the ID/IG peak ratio across the rGO sample surface (1.3 to 1.9 as shown in the Raman 

map from Figure 99) does not require additional variance to be added to these values as this range 

falls within the tolerance provided. Conversely, GO assemblies do not exhibit unique measures of La, 

despite the varied oxidation levels, and again it appears that GO materials reach a saturation point 

where all available basal plane sites are bonded to oxygen functionalities. The chemical structure was 

detailed in the Literature Review, and based on the bond configuration of GO, the distance between 

basal plane oxygen groups should be less than 1 nm, supporting the results shown here.   

 

 
Figure 114. Data and linear fit that Mallet’s model [268] is based on compared with results for rGO and GO using La 
values resulting from Lucchese’s model [266]. 

 

The use of the FWHMG to determine La has been suggested as a less ambiguous approach, and the 

results from the ID/IG peak ratio are compared to the model proposed by Mallet [268, 269].  While this 
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method follows the expected trend of decreasing La with increasing oxidation level, it greatly 

overestimates the size of the aromatic domains when compared to TEM results and the other Raman 

based models, as shown in Figure 114.  Because the FWHMG is a direct measure of disorder, it appears 

there are different mechanisms impacting the disorder, not only the size of the aromatic domains. 

It has been shown that for amorphous carbon, the crossover point where the TK relation no longer 

occurs (ID/IG ratio shifts from being proportional to 1/ La to La
2) when the FWHMG becomes greater 

than 50 cm-1 and corresponds to La values close to 1 nm [274]. Even though no data in Figure 115 is 

from amorphous carbon, it clearly follows this model, and again emphasizes the need to distinguish 

between carbons in Stage One or Stage Two. This behaviour can also be related to the specific disorder 

in the material as seen in Knight and White’s work investigating spectral shapes for graphitic, 

amorphous, and glassy carbon [261].  

Because Mallet designed this model based on nano-graphitic carbons with suspected La in the 2-10 nm 

range, he did not account for differences between Stage One and Stage Two carbons.  As discussed, 

there is a pronounced shift in Raman spectral features when carbons are extremely disordered and/or 

have aromatic domains of less than 4 nm.  Assuming the independent measurements for La are correct, 

Mallet’s material appears to retain a Stage One nano-graphitic structure with La as small as 2.8 nm, 

which can be the case in highly crystalline carbon materials (pyrocarbons and graphite) [171] where 

only edge defects are present and nano-graphitic domains are undisturbed. Figure 115 combines 

Mallet’s data with Ganesan’s work [216] on both Stage One and Stage Two nano-graphitic carbons in 

a similar size regime.  With this, a trend appears that indicates a modification should be applied 

between Stage One and Stage Two carbons, similar to the approach using the ID/IG ratio. 

 

 

Figure 115. Comparison of GO and rGO assemblies with nano-graphitic carbons investigated by Mallet [268] and 
Ganesan’s work [216] on both Stage One and Stage Two nano-graphitic carbons in a similar size region. 

 

A direct comparison between the original FWHMG model presented by Mallet and the linear fits for 

data in Stage One and Stage Two from Figure 115 is compared below: 

𝑀𝑎𝑙𝑙𝑒𝑡:  𝐹𝑊𝐻𝑀𝐺 = (136 ± 8) − (10.4 ± 1.0) 𝐿𝑎 

𝑆𝑡𝑎𝑔𝑒 𝑜𝑛𝑒:   𝐹𝑊𝐻𝑀𝐺 = (138) − (11.9) 𝐿𝑎 

𝑆𝑡𝑎𝑔𝑒 𝑡𝑤𝑜:   𝐹𝑊𝐻𝑀𝐺 = (77) − (11.1) 𝐿𝑎 

 

These results indicate the model holds for other types of Stage One nano-graphitic carbons with La in 

the 4-10 nm range.  More data is needed to predict the behaviour of specific carbons at the cross-over 

region between Stage One and Stage Two (La of 2-4 nm), and it is clear another relationship develops 
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for Stage Two carbons.  Interestingly, the slope of the trendlines for Stage One and Stage Two are 

equivalent, it is only the intercept that requires adjustment by a factor of approximately one-half.  This 

indicates that depending on the type and density of defects, a maximum FWHMG is reached during 

Stage One and once a material’s level of disorder passes this, there is a distinct change in the shape of 

the G peak feature.  It seems possible to calculate La using the FWHMG as long as two distinct models 

were applied for Stage One or Stage Two carbons, but more results are needed to ensure the validity. 

 

2D/D+G and 2D/G 

The higher order peaks can also be used to evaluate strain and disorder within the rGO assemblies. 

Comparing the 2D peak with the G and D+G features provides a clear insight into the aromatic 

structural order. The 2D peak is related to the edge to plane ratio of nano-graphitic carbons and relates 

to the overall dimensions of the ordered domains in rGO.  As seen in Figure 116, both of these ratios 

follow almost identical trends related to the oxidation level of the materials. The I2D/IG ratio is only 

affected by disorganization within the hexagonal network, so a decrease seen here is directly related 

to increased disorder [276].  Because the 2D peak will become more pronounced if larger ordered 

regions are allowed to form (more edges surrounding coherent domains), these ratios are highly 

dependent on the geometry of the defect, where strain related corrugation and protruding bonds 

(such as with the nitrogen and oxygen present in rGO) will strongly attenuate the 2D signal [221].  

 

 
Figure 116. Comparison of the I2D/ID+G and I2D/IG peak ratios for all rGO assemblies 

 

Further, since the I2D/ID+G ratio relates the aromatic structural order (2D) with lattice disorder (D+G), it 

can be a direct indicator of electronic conjugation [126]. This ratio has been shown to increase upon 

annealing when aromatic structure is restored after heating [66], as was seen with the XPS results for 

rGO assemblies.  Thus, this ratio is clearly linked with the amount of residual oxygen groups and sheet 

corrugation, with the results here showing the aromatic regions in lower oxidized materials are able 

to form larger, ordered units with interplanar coherence domains, with an exceptionally high degree 

of stacking in LOX.  Translating this to probable material performance indicates that while LOX is likely 

to have higher conductivity, much of the surface will not be accessible because of more the aromatic 

domains are stacked together.  Also of interest is to notice while the ID/IG ratio follows a linear trend, 

the I2D/ID+G values do not, showing the overall order (as related to the ability of rGO to form larger 

stacked regions) is not solely dependent of the size of La and is most likely related to the specific oxygen 

and nitrogen groups present, as revealed with XPS. 

 

 RMS of rGO hydrogel assemblies 

RMS is an extremely applicable tool to investigate the structure of the hydrated rGO assemblies 

because it does not require vacuum conditions and can easily probe structural changes in situ as the 

material dries.  In this current section, the methods described above used on dried rGO assemblies are 

applied to wet hydrogel films prepared at the standard 100°C reduction temperature and also a 
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hydrothermal assembly prepared at 180°C.  As discussed in the Literature Review, hydrated and 

hydrothermally prepared materials are presumed to have different pore structures than the dried rGO 

assemblies, as demonstrated by electrochemical and permeation experiments conducted on them [17, 

22, 25].  While the unique properties of these materials have been observed, direct measurement of 

the structural features determining this has not yet been reported, these results aim to better 

understand the role of water and hydrothermal processing in determining rGO assembly performance. 

 

 
Figure 117.  Optical images of the rGO hydrogels used for Raman analysis, showing both of the hydrated films prepared at 
100°C (A) and 180°C (B) have a very smooth surface which becomes very rough as the water evaporates (C).  The blue scale 
bars indicate 20 μm. 

 

Both hydrogel assemblies were prepared from HO4-GO solutions and were reduced with hydrazine, 

like those of the dried materials discussed previously.  The rGO solutions were then vacuum filtrated, 

as outlined in Methods, to produce free-standing films, but not allowed to dry and kept hydrated by 

submerging them in water until RMS testing. As shown in Figure 117, the surface of both hydrogel 

assemblies is very smooth.  As the water is removed, a high level of roughness is observed which 

indicates that the level of hydration and drying conditions will have a significant impact on the resulting 

pore structure of the material.  While the pore network itself will be better characterized in the 

following chapter, it is first appropriate to determine if the hydration and/or hydrothermal treatment 

has significant impacts on the rGO sheets themselves.  It is not known if the drying process causes 

changes to the size of the aromatic domains of the rGO sheets.  Thus, the method developed for the 

dry rGO assemblies has been applied to hydrogels with the following results. 

The full RMS spectra for two rGO hydrogels is shown in Figure 118 and exhibit a very similar profile to 

the dried rGO assemblies in Figure 100, suggesting hydrogel materials also fall into Stage Two of the 

amorphization trajectory.  The comparison shown in Figure 119 highlights the only obvious differences 

are seen in the higher order region where the D+I feature has a much more pronounced peak at 2450 

cm-1 and additional enhancement of the G+D’ feature at 3200 cm-1.  It can also be seen that the 

intensity of the D+G peak is higher than the 2D peak, a different relationship than that seen in the dry 

assemblies where the I2D/ID+G ratio was greater than or equal to one.  Looking back at Figure 89, it is 

clear that the 2450 cm-1 feature is more pronounced in graphitic materials with decreasing aromatic 

domain size, signalling the presence of crystalline order and/or pronounced edge groups.  If this were 

the case, it is expected that the D’ feature would also be enhanced, and this is supported by the 

correspondingly enlarged D+D’ feature.  In order to make a direct measure of the D’ peak itself, the 

first order region has been deconvoluted and is discussed below. 
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Figure 118.  Full RMS spectra for HO4 rGO hydrogel assemblies prepared at different reduction temperatures.  The inset 
highlights the higher order region which exhibits different properties than the dried assemblies, most notably the 
enhanced feature at 2450 cm-1. 

 

 

 
Figure 119.  Comparison of the Raman spectra for the HO4 hydrogel and LOX pump dried assembly, both reduced at 100°C, 
to highlight the dry and hydrogel assemblies show very similar spectral features. 
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Figure 120.  Fitting procedure applied to the first order RMS region for HO4 hydrogel assembles prepared at the different 
reduction temperatures of 100°C and 180°C. 

 

After applying the peak fitting procedure, the resulting first order RMS profiles are shown in Figure 

120.  Again, the enlarged D’ feature is detected, especially in the hydrogel reduced at 180°C. From the 

XPS results, HO4 rGO has a much higher nitrogen content than other materials (5.2% in HO4, < 3% for 

HO8, LOD, and LOX), and as discussed, this edge-bound species is known to enhance the D’ feature 

[263]. The other relevant spectral features are listed in Table 16, and they indicate the structure of rGO 

sheets making up the hydrogels is quite similar to the dried materials and is also consistent with the 

previous discussion about common structural features seen in disordered porous carbons.  The main 

difference is seen in the position of the D and G peaks, which both show a shift to higher values (as 

compared to ~1347 cm- 1 and ~1588 cm- 1 dried rGO assemblies displayed in Table 12) – both factors 

indicative of strain and oxidation.  These values are similar to the dry HO8 assembly with highest 

oxygen content, and this suggests the Raman shift is likely due to the increased basal plane oxygen 

groups present in HO4, which is supported by the XPS results from Chapter 4.  The fact that the G band 

falls back toward expected values for low oxidized rGO when reduced at the higher, 180°C, 

temperature supports that this strain is due to oxidation.   

 

Table 16. Relevant parameters extracted from the peak fitting procedure applied for all rGO assemblies. 

Sample Peak Position (cm-1) FWHM(cm-1) Area(cm-2)  (nm) 

HO4 D G D G D I D’’ ID/IG La 

100°C 1350.7 1597.9 98.3 65.8 177 3.6 18.9 1.28 1.07 

180°C 1350.8 1592.7 93.4 65.0 181 7.7 13.9 1.49 1.20 

 

Since the hydrated rGO sheets are largely separated by intercalated water molecules, they have not 

been stacked back into dense turbostratic layers, and these results indicate the strain and disorder 

present in rGO results from the chemistry, not the drying process or constricted entanglement from 

surrounding sheets. The FWHM and area values for the D and D’’ peaks fall directly in line with the 

trends presented in the discussion on dried assemblies relating the disorder to the oxidation level of 

the original GO, and implying that the amount of aromatic carbon present is similar to that in dry 

materials.  The area of the I peak is much less than would be expected with this HO- material, and 

indicates the presence of water may play a role in reducing the amount of sp3 carbon bonds, however 

more work would need to be done to investigate this. 

Applying equation 5.6 (Lucchese et al. [266]) to the ID/IG ratio, the length of the aromatic domain in 

the HO4 hydrogel reduced at 100°C is directly in line with the oxidation trend seen in the dry samples, 
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indicating neither hydration nor drying plays a role in determining the length of these regions.  

Interestingly, the La measured for HO4 reduced at 180°C has larger aromatic regions, close to that of 

the LOX sample.  This indicates that the increased temperature applied during the hydrothermal 

reduction effectively removes many of the basal plane oxygen groups, as was shown during the 

thermal reduction process applied in the XPS results, as discussed in Chapter 2 [76].  The hydrothermal 

processing is believed to increase the corrugation along the rGO sheets [22], a feature investigated in 

the next chapter, but it appears this increased structural disorder has no impact on the aromatic 

domain size. 

These findings are relevant to current work on rGO, as it appears all rGO materials prepared by 

hydrazine reduction at 100°C will likely exhibit these same general structural features regardless of the 

hydration level or individual chemistry, and can be easily characterized using the analysis methods 

presented here.  In addition, the results for the hydrothermally reduced rGO assembly made it possible 

to eliminate increased corrugation as the cause of disruption to the aromatic domains.  Further, while 

all assemblies will have aromatic domains of about 1 nm, the difference in La is directly related to the 

presence of residual oxygen groups bonded to the basal plane, traits that are determined by the 

processing conditions of the original GO and reduction conditions.  Thus, care should be taken when 

comparing results from rGO assemblies prepared using even slightly different processes because, as 

shown, these parameters can impact the size of aromatic regions by up to 20%.   

 

 Concluding remarks 

Combining together the results and discussion of this chapter, it can be seen that dry and hydrogel 

rGO assemblies fall within Stage Two of the three-stage amorphization trajectory proposed by Ferrari 

and Robertson, shown in Figure 121 [170].  The major physical process occurring in Stage Two is a 

bond-bending disorder that results in significant changes to the vibrational density of states (VDOS) so 

that the carbon is no longer considered graphitic, yet it is not necessarily amorphous. This would be 

expected in a material like rGO that is a purely turbostratic carbon with plentiful structural 

perturbations along the basal plane.  The main impacts on the Raman spectra in this stage are a 

decrease in the position of the G peak from the maximum value of 1600 cm-1 and a decrease in the 

ID/IG ratio from the maximum values just over 2 seen for most Stage One carbons with small aromatic 

domains.  Instead of comparing rGO assemblies with pure graphene and graphite, analysing the 

structure based on knowledge of a range of carbonaceous materials clearly show that they follow well-

known trends where steady-state values are reached at high levels of disorder [107]. Most notable of 

these are d-space greater than 3.5 Å, aromatic domains less than 2 nm, and broad RMS peaks that 

quantify the particular type of disorder. 

A major conclusion from Ferrari and Robertson’s work was that for Stage One carbons, ID is directly 

proportional to the defect concentration, while in Stage Two this relationship shifts to be inversely 

proportional.  The TK equation is no longer valid in Stage Two, and La must be interpreted using 

alternative models which account for competing mechanisms in carbons with an extremely high defect 

density.  It is suggested that application of Luchesse’s model [266] provides the best method to 

measure La in rGO assemblies, even though it is necessary to allow for a somewhat large variance 

because the precise measurement of defects size in rGO is not known as precisely as that for ion 

induced defects. Additionally, broadening of the D and G bands can be used to measure disorder and 

distinguish between Stage One and Stage Two carbons.  A potential model to calculate La from the 

FWHMG in Stage Two carbons has been proposed, but this requires independent measurements of La 

in rGO materials as well as data from a wider set of Stage Two carbon structures.   
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Figure 121. Raman results from the rGO assemblies are marked on the three-stage model for the amorphization trajectory 
of carbons proposed by Ferrari and Robertson [170] showing rGO materials are most likely in Stage Two and contain 5-10% 
sp3 bonds. 

 

 

5.4 X-ray Diffraction 

 XRD applied to rGO assemblies 

X-ray diffraction is a widely applied and well-known characterization tool that has been in use for over 

one hundred years.  The detailed aspects of diffraction in carbons discussed in Section 2.3.2.2 of the 

Literature Review have not often been applied to the more recent work on rGO, and XRD results are 

often misinterpreted as containing graphite crystallites (when they do not) and/or inaccurately assign 

the XRD peak as a measure for total interlayer spacing (especially with layered rGO materials) [20, 25, 

77, 101]. Clearly, both the designation of crystallite and of expanded layers are not represented by the 

broad, low intensity peak produced by rGO, which actually results from the nano-turbostratic coherent 

domains within the assembly and is not related to the larger pores that are present.  The slight shift in 

the position of the diffraction peak is indicative of stacked turbostratic layers making up the ‘mosaic 

clusters’, not a measure of interlayer expansion, since turbostratic carbon is known to have a larger 

interlayer spacing than graphite.  As such, these clusters are representative of inaccessible space, 

providing no information on the disordered regions surrounding these turbostratic regions larger, nor 

does it provide a measure of any micro- or meso- porosity in the material.  Thus, while useful in 

identifying structural aspects making up the mosaic clusters, care should be taken in putting any value 

into reports that use XRD to as the only method to evaluate the structure of the assembly as a whole.   
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Even though the information gained from XRD is limited, it remains widely reported and commonly 

used, most likely due to the long history of applying XRD to evaluate more ordered carbon forms 

(graphitizing and non-graphitizing) [46].  However, applying quantitative XRD methods to more 

disordered carbons requires a much more detailed analysis to elucidate the important structural 

parameters [108, 175, 176, 250, 283].  In order to align with the more simplified approach and allow 

for wider adoption of these methods, some results for rGO will be present here along with suggestions 

for integrating some insights gleaned from the rich history of research into the structural 

characterization of other types of carbonaceous materials – similar to the demonstration in the RMS 

section above.  Application of these methods can be used to uncover valuable information related to 

the structure of the nanoscale ordered domains, as well as insight on chemical functionalities such as 

oxygen content.  XRD is an extremely accessible tool, and thus if clear methods can be developed which 

can aid researchers in easily analysing the acquired data, this would be a useful contribution to the 

field.  An overview of these methods is discussed here in order to outline a “best-practice” approach 

for XRD analysis of rGO materials. 

As discussed in the literature review, geometric considerations play a large role in what information 

can be gathered from layered carbons.  While most work is done on powder samples with random 

orientation of crystal planes, rGO assemblies consisting of (00l) and (hk) planes are perpendicular to 

each other, and with the traditional reflection geometry (Bragg-Brentano) only the inter-layer (00l) 

plane will contribute to the reflected intensity.  Further, because the rGO assemblies are disordered 

and quite rough (at the atomic scale), higher order reflections or rocking curve scans cannot normally 

be acquired as supplementary data needed to construct a structural model.  Therefore, any useful 

information is confined almost exclusively to the structure of the broad (002) peak. 

 

 
Figure 122.  Example of fitting the (002) peak for XRD in coal to quantify aromatic and aliphatic contributions to the inter-
layer reflection from [284] and corresponding structural diagram developed in 1961 by Yen et al. [109] 

 

Coal analysis has long used the (002) peak to distinguish between three types of inter-layer bonding 

within the microcrystalline carbon domains [109].  As illustrated in link Figure 122, the sharp peak at 

26.6° indicates the presence of graphitic layering (AB stacking at 3.34 Å), the main broad peak centred 

around 25° is characteristic of the aromatic sp2 turbostratic (π-band) regions, and the low intensity 

hump around 21°  that broadens toward lower angles is a measure of aliphatic sp3 saturated (γ-band) 

regions.  This method has since been applied in studies on various coals [108, 284] and soot [270]. The 

area under the π-band and γ-band can then be used to assess the aromaticity (fa) of the carbon, and is 

defined as: 

 𝑓𝑎 = 
𝐴𝜋

𝐴𝜋 + 𝐴𝛾
 5.9 
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The aromaticity of carbon particles is a useful measure for predicting the material performance as the 

number of active sites depends on the carbon structure – especially in regard to desirable properties 

such as conductivity, combustion, and reactivity.  It is interesting to notice the diagram and dimensions 

given for the proposed structure of coal shown in Figure 122 by Yen et al. from 1961 [109] is very 

similar to the parameters extracted for rGO assemblies from TEM and RMS discussed previously – 

again confirming the structure of rGO is very similar to that seen in other disordered and porous 

carbons, and implying the same correlations between material properties and structure could be 

applied here. 

 

 Results and discussion 

Comparing rGO assemblies from GO of different oxidation levels, Figure 123 shows differences in the 

shape of the (002) peak profile for assemblies from both high and low oxidation levels.  It is clear that 

no sharp graphitic peaks are present (at least in a large enough concentration to be resolved), and rGO 

also exhibits the mixed π-band and γ-band components that represent the aromatic and aliphatic 

components in coal and soot particles.  The π-band is dominant for all rGO assemblies, and it is likely 

the same structural processes described for lamellar pyrocarbons, where the majority of disorder is 

induced by sp2 curvature and arch-like features, with minimal contributions from small aliphatic 

species [111], is present here. The γ-band is more pronounced in the highest oxidized sample (HO8) 

and virtually non-existent in the extra-low oxidized sample (LOX), and is able to act as a measure for 

aromaticity in rGO. 

 

 
Figure 123. Peak profile of the (002) reflection for pump-dried rGO assemblies.  To emphasize differences in peak shape, 
the spectra have been normalized to give peak height of one and offset for clarity. 

 

A comparison was made between Lorentzian, Gaussian, and Voigt functions to test the best fit for the 

(002) peak profile of rGO assemblies. As expected, the Voigt profile was best suited for all samples 

[181, 182]. The fitting for each (002) peak profile is shown in Figure 124, with all assemblies having π-

band and γ-band components except for LOX, which exhibits purely aromatic layering.  Corresponding 

peak parameters are listed in Table 17, and these show that while the average inter-sheet spacing for 

the π-band stays the same in all materials, the aromatic component does relate to the oxidation degree 
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of the original GO, as shown previously with XPS.  Correspondingly, the FWHMγ increases with 

oxidation level, however the FWHMπ remains constant except for LOX, indicating the difference in 

aromaticity (fa) seen in XPS and Raman is also detected here. The FWHM values for the π-band were 

approximately 70-90% Gaussian, again indicating strain plays a role in peak broadening, and the results 

for Lc were found using the Scherrer equation (equations 2.8 and 2.9) after a deduction in the FWHM 

for strain was accounted for (to compare, without strain Lc=1.3 nm for all assemblies other than LOX 

where Lc=1.8 nm).   A lower bound of five layers defines the small (002) coherent domains for all 

assemblies other than LOX, where at least seven layers make up the average stack height.  This shows 

LOX is likely to have superior performance in strength applications and as a barrier film, since the 

coherent domains are more numerous and 30% larger than assemblies made from other rGO materials. 

Further, these results are similar to those found using TEM, reinforcing the common nature of rGO 

materials and also verifying the sample preparation methods used did not have a large impact on the 

SAED data. 

 

 
Figure 124. Fitting results for the XRD (002) peak profile, consisting of the π-band and γ-band components. All fits 
converged with a χ2 tolerance value of 1E-6 reached (reduced χ2 ranged from 62 to 142 and adjusted R2>0.97). 

 

 

 

Table 17. Results of the XRD (002) peak fitting for π- and γ-band components in rGO assemblies to assess the aromaticity 
of the material and determine the length of the coherent domains. 

Sample d(002) (nm) fa FWHMγ (°) FWHMπ (°) LC (nm) Layers 

HO8 0.369 0.84 4.35 5.91 1.81 5 

HO3 0.370 0.85 3.89 6.09 1.76 5 

LOH 0.372 0.89 3.53 5.97 1.79 5 

LOX 0.370 1.00 0 4.57 2.34 7 
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The impact of drying method on the resulting rGO assemblies has remained an open question in the 

study of rGO material properties [285].  Usually, this element of processing is not discussed, and the 

large impact it has on the resulting rGO structure has been neglected in most reports. The large 

difference in the degree of order present in the coherent domains for the original GO and resulting 

rGO that has either been pump dried or air dried is shown in Figure 125.  Clearly, the coherent domains 

are greatly diminished in rGO, resulting in very few ordered regions being present at all.  The drying 

method impacts the amount of ordered layering within the (002) plane, and it appears that the small 

contribution from coherent domains in rGO is a direct result of the processing, where pump drying 

provides additional force to pull the rGO sheets into close contact.  It is expected that controlling the 

drying process can help tailor material properties for specific applications.  For example, applications 

requiring low permeability would benefit from pump drying and annealing, while applications 

requiring higher amounts of accessible surface area would want to minimize inter-sheet stacking 

through controlling the humidity or air drying.   This also appears to have a large impact on the 

mechanical strength of rGO dried paper [20], but the significance of the XRD peak profile was not fully 

analysed in this work in order to equate physical structure with the strength of the materials. 

 

 
Figure 125.  XRD profile for the LOH GO and rGO assemblies highlighting the marked change in (002) peak depending on 
the drying method used. 

 

There is also a pronounced difference in the (002) peak for hydrogel films, as shown in Figure 126 for 

the highest oxidation HO8 material.  Higher oxidized GO assemblies have a less pronounced peak, 

indicating the sheets are also more disordered before reduction.  The pump-dried rGO assembly has 

the characteristic π -band and γ-band components, but the hydrogel film which has never been dried, 

shows no (002) reflections present.  The broad hump extended to higher angles is typical of scattering 

from liquid water at room temperature [286, 287], which is present in bulk form throughout the 

hydrogel and adsorbed at the surfaces of the rGO sheets. These results show the coherent domains, 

or clusters, are produced during the drying process, and hydrated films are held together only through 

the disordered entangling of the layers and/or extremely small regions of inter-layer π-stacking, 

consisting of less than three layers of rGO sheets.   
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Figure 126. XRD profile for the HO8 GO and rGO assemblies showing the non-existent (002) peak for hydrogel assemblies. 

 

It is clear that the structural information gained through the typical XRD analysis is quite limited, and 

a more detailed analysis of diffraction peak profiles for various dried and hydrogel rGO assemblies is 

presented in the following chapter using WAXS.  In spite of this, the work here shows that by 

incorporating a few additional steps to the XRD peak fitting procedure, insight on both the chemistry 

and physical structure is easily obtained through the analysis of peak features that account for 

aromaticity and size broadening.  To conclude this chapter, the qualitative and quantitative parameters 

extracted from these XRD results are combined with the insight gained through the detailed RMS and 

TEM analysis to construct a working model for the BSU of rGO assemblies presented in the concluding 

remarks.   

 

5.5 Conclusions 

The findings in this chapter make it possible to now understand the structural parameters making up 

the basic structural unit (BSU) for rGO assemblies.  The results allowed the specific micro-scale 

structural features in rGO materials of different oxidation degrees and levels of hydration to be 

determined. The work presented here proposes and makes use of an integrated approach to collective 

data interpretation of the three most commonly used experimental techniques applied to carbon 

materials – TEM, RMS, and XRD.  Following this, it has been shown that simple, yet specific, additions 

to the peak fitting procedures provide a significant amount of useful information on both the chemistry 

and structure of the rGO assemblies. Longstanding questions regarding the structural elements of rGO 

materials thus were able to be addressed using existing experimental methods and an in-depth 

analysis of work done on other carbon forms [131, 170, 257].  It was found that many of the 

discrepancies (most commonly being incorrect interpretation of the ID/IG ratio and overlooking the 

meaning of the interband features) in the current literature result relate to inappropriate data 

interpretation. A more successful approach for characterising rGO materials is presented in this 

chapter. 

It is clear from these results that the major structural elements shown in Figure 76, as developed by 

Oberlin et al. [156], can be applied in the structural characterization of rGO bulk materials.  The TEM 
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images show that the rGO assemblies are fairly disordered at the micro-scale, with the carbon matrix 

consisting of turbostratic mosaic clusters that are surrounded by disordered, porous regions.  The 

pump dried sample investigated showed that no clearly defined mesopores are present, with the 

majority of the more disordered bulk consisting of expanded interlayer spacing, with an average value 

about 4 Å.  These results depict the structure as widely inaccessible because of the widespread stacked 

regions surrounded exclusively by very narrow, sub-nm micropores. 

Applying the Scherrer equation to the selected area electron diffraction (SAED) results to assess the 

length of the coherent domains yielded values of Lc just over 2 nm and La just over 6 nm.  Considering 

the additional peak broadening is related to strain (estimated to contribute 30% based on the results 

shown here), this implies the coherent domains along the c-axis most likely consist of 7-8 rGO layers 

per stack.  The measurement for La based on diffraction results is very different from that measured 

via TEM fringe analysis and RMS.  A comparison of these techniques makes clear that the value 

obtained through the Scherrer equation corresponds to the La parameter from Figure 76, while that 

obtained through direct measurement on the TEM image and assessment of the ID/IG peak parameter 

is associated with the smaller structural element, l.  This shows how important it is to clarify exactly 

what element of the ‘aromatic domain’ is being measured, reported, and correlated with specific 

aspects of material performance. 

In regard to the overall orientation of these clusters, the pump dried films, which are expected to 

contain the highest level of order for all the different drying methods, fall in to the medium texture 

classification (OA values 50° to 80°).  Based on this, it is expected that rGO materials dried under other 

conditions (air, vacuum, etc.) would fall at the cusp of the low ordered class, since the processing 

methods apply less pressure to pull the layers firmly into alignment.  Correspondingly, in rGO materials 

with lower texture, smaller and less ordered clusters and additional disorder between clusters, would 

lead to an increase in the overall microporous volume. The stability of the free standing hydrogel films 

can thus be explained by combining this insight on high levels of disorder at the micro- and mesoscale 

with the results from high-resolution SEM imaging which showed the individual rGO sheets are indeed 

continuous and extend across hundreds of nanometres.  This explains that the stability of the bulk 

materials is directly attributable to this disorder, since the overlapping of large, corrugated layers 

results in a great amount of entanglement, ensuring even hydrogel assemblies (where contact points 

and stacked clusters are scarce) remain intact.  It is only through the drying process that the stacking 

of turbostratic contact points occurs, adding more stability, albeit decreasing accessible surface area, 

due to the van der Waals forces within the clusters. 

Along with defining a BSU for rGO assemblies, the results in this chapter showed how much additional 

information can be gained by analysing the inter-band features in both the first- and second-order 

RMS regions and applying the three-stage amorphization trajectory model developed by Ferrari and 

Robertson [170]. This method of combining a BFW (G), Gaussian (D’’), and three Lorentzian (I, D, D’) 

peaks for the first-order spectral region one Gaussian (combination of 2D’ and G+D’) with and three 

Lorentzian (D+D’’, 2D, D+G) peaks for the second-order spectral region was able to elucidate structural 

information about the aromatic domains and overall disorder (including differences in strain, cluster 

size, cluster distribution, and cluster orientation), while also quantifying chemical differences 

(including oxygen content, dopant concentration, nature of defects, and sp3 content).  Further, it was 

found that the T-K relation [255] is invalid for rGO assemblies, and the model for Stage Two carbons 

where the ID/IG ratio is proportional to La
2 [170] is suggested as the most straightforward approach to 

measure the aromatic domain length, l, especially when the explicit defect parameters are not known. 

Specifically related to the structural difference in the rGO materials tested here, the RMS results 

showed aromatic regions are both more prevalent and slightly larger in less oxidized material.  

However, while rGO assemblies contain sp2 clusters of relatively similar size (FWHMG ∝ La), there is a 

direct correlation between higher oxidation and the ordering of these aromatic clusters (FWHMD ∝ 
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staking of the planes).  Further, analysis of the I-band indicates there is 2-3 times more sp3 bonding in 

HO8 than the low oxidized samples, and the additional basal plane oxygen groups present in HO- 

materials (supporting the XPS results of Chapter 4) increase the amount of sp3 bonding by disturbing 

the aromatic regions through basal plane epoxy and/or residual hydroxyl functionalities and in-plane 

defects that combine with wrinkling and strain to decrease the sp2 content.   

It was also found that expanding the peak fitting parameters can be easily applied to the γ-band 

component of the XRD peak profile to assess the aromaticity of dried rGO assemblies as long as the 

coherent domains produce a (002) peak profile with adequate amplitude and a sufficiently defined 

shape.  The XRD results aligned well with those of XPS in Chapter 4, with an oxygen content of 15% 

being assigned to HO- materials and 10% to the LOH, while no γ-band was detectable in the extra-low 

oxidized sample, LOX.  Further, the values obtained for Lc based on the FWHM of the π-band matched 

closely to that measured using SAED, without requiring the advanced sample preparation methods.  It 

was also determined that of all the materials tested, the only sample to have a significantly larger 

number of stacks making up the mosaic clusters was LOX, with a lower limit of 9 rGO layers compared 

to 7 for the other assemblies tested (this layer number was adjusted from the direct measure of 7 and 

5 to account for strain contribution determined via SAED). 

For all rGO assemblies tested, the aromatic domain length, l, can be directly linked with the oxidation 

level and processing conditions of the original GO material.  While all GO assemblies showed l ≈ 1 nm, 

indicative of a saturation value for fully oxidized graphene sheets, rGO assemblies had aromatic 

domain lengths within the range of 1.2±0.3 nm, with the samples of lowest oxidation level (LOX and 

HO4-180°C) having significantly larger aromatic regions.  It was not known if hydration, the drying 

process, or the corrugation level would also cause changes to the size of the aromatic domains of the 

rGO sheets, and the results from the RMS spectra for two rGO hydrogels reduced at different 

temperatures showed that none of the processing methods related to hydration, drying, or corrugation 

was the determining factor for the size of l.  Both hydrogels exhibited very similar profiles to the dried 

rGO assemblies, suggesting all rGO assemblies fall into Stage Two of the amorphization trajectory and 

should be analysed using the models proposed by Ferrari [170] or Lucchese [266].   

These results are important for standardizing research in the field of rGO materials, as the RMS results 

clearly indicate the difference in the aromatic domain size is directly related to the presence of residual 

oxygen groups bonded to the basal plane – a trait that is determined by the processing conditions of 

the original GO and reduction conditions.  Thus, care should be taken when comparing results from 

rGO assemblies prepared using even slightly different processes.   

Combining the results from TEM, RMS, and XRD, a full structural picture begins to emerge, and this 

can be used to address the previously unanswered questions underlying aspects of performance for 

rGO assemblies. From the results presented here, it can be concluded that the oxidation level of the 

rGO contributes to both the size and prevalence of aromatic clusters which influence the stacking of 

graphene sheets and resultant porosity in the assembly.  This supports the earlier discussion within 

linking oxidation with levels of strain in the assemblies, and results are very similar to investigations 

on pyrocarbons which directly relate processing conditions to the carbon micro-structure [131] where 

the OA and FWHMD are used to distinguish between rough laminar (RL), smooth laminar (SL), and 

regenerative laminar (ReL) structure – all highly anisotropic carbons, yet each exhibits very different 

mechanical properties [130, 131, 241]. Making this connection allows for a comparison between rGO 

and pyrocarbons, where rGO assemblies would classify as a low defect density SL carbon [152].   

The general progression during heat treatment of pyrocarbons clearly shows that three stages can be 

distinguished along the graphitization trajectory, where each is related to the structure and texture of 

the carbon layers.  Bourrat et al. [130-132] have established that a sharp decrease in the FWHMD is 

observed when heating to 1600°C that is followed by a further, steady decrease until 2000°C where RL, 
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SL, and ReL all reach a constant value of 40cm-1. Above 2000°C, the ultimate stages of graphitization 

occur in RL and ReL, but the high anisotropy and trapped curvature prevent SL from being fully 

graphitizable.  Annealing up to 2000°C facilitates a straightening of the graphene layers, yet these small 

aromatic domains (La ≈ 1 nm) do not increase much in size.  Rather, it is the inter-planar ordering that 

improves, increasing the anisotropy (smaller OA and more pronounced (002) peak), which translates 

to additional long-range order and larger cluster size (Lc).  

This increased Lc correlates with a decreased porosity and less accessible surface area which explains 

the decreased capacitance seen in annealed rGO assemblies [17].  As shown here, the inter-sheet 

spacing of dry rGO assemblies within the mosaic clusters is relatively constant, without much deviation 

from a bulk turbostratic carbon, and only small micropores (< 1 nm) exist within the disordered regions. 

This explains why the pump dried rGO assemblies display poor capacitance [17], which is even further 

diminished after annealing, since these stacked regions are not accessible to ions and also increase 

tortuosity by blocking passage into the small amount of microporous regions that are present – 

effectively densifying the carbon [242], diminishing accessible surface area, and decreasing porosity. 

Lc can also be directly linked to mechanical properties in porous carbon materials [20], as the pores 

and voids act as stress concentration sites, reducing the overall strength of the bulk material [242].  

Processing methods that can effectively smooth the texture in the material (heat treatments, or other 

processing reduces stress and increases strength) with enhance the mechanical performance, however 

there is a crossover point where this eventually leads to a brittle nature [242]. 

To expand these conclusions and tie aspects of material performance to the specific features making 

up the BSU of the rGO assemblies investigated here, some common generalizations can be made.  In 

addition to the loss of accessible surface area mentioned above, the size of both Lc and La will have 

direct impacts on the bulk material’s conductivity, reactivity, and permittivity.  Making the distinction 

between La, as measured by diffraction (6.2 nm), and l, as measured by RMS (1.2 nm), could be a major 

reason for the improved performance of rGO assemblies as electrode materials, as it is known that 

larger values of La significantly contribute to increasing the conductivity in layered carbon materials 

[104, 133, 253].  However, it is also true that because these larger layer planes contain fewer carbon 

defects and edge sites, any processes that induces more order along the layer planes will also decrease 

the carbon’s reactivity because the carbon atoms within basal plane sites are much less reactive than 

those at edge sites [32, 134, 228, 238, 239]. Correspondingly, there is a clear link between decreased 

reactivity and increased crystallinity for carbon materials [242]. 

Work here clearly shows that even when materials have same ID/IG ratio, the large differences in 

chemistry and electronic properties [216] can be understood based on the broadening of the D and G 

RMS bands.  Further, since the I2D/ID+G ratio relates the aromatic structural order (2D) with lattice 

disorder (D+G), it can be a direct indicator of electronic conjugation. Translating this to probable 

material performance indicates that while LOX is likely to have higher conductivity, much of the surface 

will not be accessible because of more aromatic domains are stacked together.  Also of interest is to 

notice while the ID/IG ratio follows a linear trend, the I2D/ID+G values do not, showing the overall order 

(as related to the ability of rGO to form larger stacked regions) is not solely dependent of the size of La 

and is most likely related to the specific oxygen and nitrogen groups present.  Combining these results 

indicate LOX is likely to have the least amount of accessible surface area, but exhibit superior 

performance as a conductive additive, in strength applications, and as a barrier film, since the coherent 

domains are both larger (longer Lc and La) and more numerous. 

Combining this insight with the ability to functionalize and tailor both the individual rGO sheets and 

resulting bulk assemblies through rather simple variations in processing conditions (slight temperature 

differences, reaction time, drying method, filtering method, etc.) shows why there have been so many 

published reports detailing remarkable performance across very diverse forms of rGO bulk materials.  

In general, the microscale results from this chapter are strongly aligned with the work of Farbos et al. 
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[49] who created atomistic models to reconstruct the main structural features in laminar pyrocarbons 

based on experimental results from HRTEM and neutron diffraction with radial distribution analysis.  

This model is shown on the left in Figure 127, where light grey regions are aromatic domains, dark grey 

regions carbon-bond defects, and the coloured dots represent different functional groups.  Comparing 

this to the ‘through-the-surface’ and ‘through-the-edge’ SEM images of a pump dried rGO assembly 

make it clear why it has been (incorrectly) assumed that these rGO materials contain very aligned, and 

ordered, rGO layers.  The results from this chapter were able to show that while the essential elements 

making up the BSU of rGO assemblies are the same as those shown in the models for laminar 

pyrocarbons, the different processing conditions used for rGO materials allow for a much larger 

amount of structural disorder to be introduced at the mesoscale.  Thus, the next chapter specifically 

investigates the structural features within this size regime, to complete the analysis of rGO bulk 

materials. 

 

 
Figure 127.  The elements of the BSU for dried rGO assemblies fit well with the micro- to mesoscale structural model for a 
lamellar pyrocarbon developed by Farbos et al. [49] which are shown on the left and compared to SEM images of pump 
dried rGO assemblies showing the macro-scale features as seen “through-the-surface” and “through-the-edge”. 
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Chapter 6. rGO Assemblies as Bulk Porous Carbons 

6.1 Introduction: rGO Assemblies as a Bulk Porous Carbon Material 

The work presented in this final experimental chapter builds on the information gathered in the 

previous chapters about the chemistry and aromatic sheet structure, in order to extend a structural 

model into the meso- and macroscale regions.  The results here focus on the main structural 

differences that are presumed to influence material properties, as identified in the Literature Review.  

A comparison of rGO assemblies with varied oxidation levels, heat treatment, drying methods, and 

pore size (using EM-rGO) is made in order to reach a better understanding of how these processing 

factors impact the pore network.  This chapter includes a comparison of EM-rGO materials in order to 

determine what effects the additional processing step of incorporating non-volatile liquid (sulfuric acid) 

into the assembly before it is dried has on the structure of rGO assemblies. Further, the impact of 

hydration is then studied in detail, comparing hydrogels prepared with different pore structures (as 

tuned by the sulfuric acid electrolyte method discussed in Chapter 3) as well as monitoring the 

structural changes as the rGO assemblies are dried in situ.  The physical structure of the rGO pore 

networks has not been directly visualized to date, therefore the results in this chapter are expected to 

be particularly useful in the field.  In addition, this work also provides critical insight into how wide- 

and small-angle scattering can be used to answer key structural questions in the field, especially as 

related to layered hydrogel assemblies and investigation into transport behaviour using in situ sample 

environments. 

Since the models used to fit SAS data are not unique, with various structural elements resulting in data 

that has very similar features, a conceptual understanding of the major structural elements is 

necessary to interpret the scattering curves.  This chapter therefore begins with direct imaging using 

optical and electron microscopy in order to gather the most relevant structural features and assess the 

homogeneity of the rGO assemblies.  Anticipating what physical features will give rise to the scattering 

patterns observed allows for a more accurate interpretation of data and ensures the models used for 

fitting the curves are sound. 

In terms of the bulk material, the main features of interest include: i) the overall homogeneity 

(presence of large voids or other structures that may influence the performance of the bulk materials); 

ii) the distribution and size of aromatic clusters within the ab-plane (based on the BSU parameters 

identified in Chapter 5); iii) the inter-lamellar pore size/shape and overall alignment of the pores in the 

ac-plane.  The rGO assemblies are expected to have a complex pore network that is contained between 

the defective graphene sheets which stack into the ordered lamellar structure along the c-axis.  As with 

the discussion on layered carbons and carbon fibres presented in the Literature Review, because of 

the anisotropic nature of the materials, the shape of the features along the surface of adjacent 

graphene layers (situated laterally along the surface of the sheets), is not expected to have the same 

features as the pore network between the sheets (synonymous with interlayer distance), so 

measurement using different geometric arrangements will be necessary to determine the structure as 

a bulk, 3D material.  As shown in Figure 128, because the features of individual rGO sheets, as well as 

features of the bulk material, differ depending on if the structure is being assessed through-the-surface 

or through-the-edge, information from both the ab-plane and ac-plane needs to be assessed 

independently and then combined for the complete model.   
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Figure 128.  General description of how the different structural elements of the rGO sheets will influence the scattering 
pattern, depending on if the wide- and small- angle scattering measurements are taken through-the-surface or through-
the-edge of the assembly.  The SEM images and schematic of the scattering geometry indicate how the sample is oriented 
with respect to the incoming beam to produce the 2D scattering results shown at right. 

 

The terminology of “through-the-surface” and “through-the-edge” is made clear schematically in 

Figure 128 and the geometry will be referred to in this way throughout the chapter in order to describe 

scattering from the ab-plane and ac-plane, respectively.  It is noted that because of the random, 

turbostratic layering, the features along the surface of the graphene sheets along the a-axis or b-axis 

are taken to be equal, as evidenced by the results of Chapter 5 and the isotropic scattering from the 

ab-plane presented in this chapter (for details, reference Figure 36).  Therefore, to simplify discussion, 

the two scattering planes of interest are referred to as the ab-plane (intra-sheet features and pores) 

and the ac-plane (inter-sheet features and pores), excluding any reference to the bc-plane. The 

resulting WAXS patterns clearly demonstrate that scattering through-the-surface is isotropic, while 

scattering through-the-edge is anisotropic, and the details of these features is the main focus of this 

chapter.  WAXS and SAXS data is later combined to uncover the structure of the carbon-pore network 

across a large length scale for a full description of the main features making up the carbon matrix and 

resulting pore network across the meso- and macroscale.  This chapter concludes with combined 

neutron diffraction, SANS, and USANS curves for rGO assemblies taken through-the-surface in order 

to extend the q-range even further, assessing bulk structural elements at the micron scale. 
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6.2 Direct Imaging 

 Optical imaging 

Optical imaging provides the largest field of view and has the advantage of acquiring images in ambient 

conditions.  While it is not able to provide information on chemical or microstructural elements like 

differences in oxidation levels or pore size, there were clear differences in macroscopic features 

depending on the drying method used, as shown in Figure 129. A comparison was made between rGO 

assemblies that were left on the vacuum pump after filtering (pump dried) to those dried in air and 

placed in a low temperature oven (50°C) and fully wet hydrogels.   

At low magnification, as shown in Figure 129, the pump dried surface appears to have many small 

agglomerates at the surface, however when the magnification is increased, it is clear that these are 

not particles but look more like circular shaped collapsed regions.  Along with these pitted features, 

the pump dried assemblies have a much rougher surface, with a high level of corrugation, especially 

compared to the air dried assembly and hydrogel.  The collapsed pits are absent in the other materials, 

and while the air dried sample does have a wavy topology, both have a very smooth surface overall.  It 

is likely that the strong capillary forces cause the rGO pore network to collapse when the water is 

forcibly removed from the rGO assemblies, as it is during the pump and vacuum drying procedures.  It 

also appears that the air drying method is able to better preserve the expanded pore network in the 

original hydrogel materials. There were no heterogeneities seen in the wet or dry films, and the waves 

and corrugation in the dry material extended uniformly across the entire surface. 

 

 
Figure 129.  Optical images comparing the surface topology of HO3 rGO assemblies dried under different conditions (all 
scale bars are 100 μm). 
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It should also be noted that the pump dried assemblies always have a uniform, pearly lustre (similar to 

that of pure graphite or other layered, reflective material), while air dried and wet films are an opaque 

black.  The lustre of the pump dried materials is indicative of more uniform stacking which is able to 

directly reflect the light, while the opaque surface would be typical of more disorder and larger inter-

sheet spacing/pores that would cause a more diffuse reflection [247].  Thus, while the air dried and 

hydrogel materials appear to have a smoother surface at the macroscale, the microscale structure 

seems to have the opposite trend. 

It is also very desirable to have a conceptual understanding of the macroscale topological changes that 

occur upon drying.  A hydrogel assembly was allowed to dry under the optical microscope to see if any 

major structural changes could be observed.  As seen in Figure 130, the wet hydrogel has a very smooth 

and uniform surface which is retained upon drying.  Neither the pits nor rough corrugation seen in the 

pump dried rGO assembly appeared anywhere along the surface of the dried hydrogel.  The larger 

scale waviness seen in the air dried sample in Figure 129 did appear as the hydrogel dried, with the 

change being pronounced and rapid. The wavy topology was visible almost immediately after the 

water evaporated (within a few seconds) and was accompanied by an overall shrinkage of the film, 

similar to what would be seen in dried paper.  Once fully dry, the surface remained in the wavy state.  

It appears there are no measureable intermediate steps that occur as the water is removed from the 

material, and instead the hydrogels remain stable in a completely hydrated state until they reach a 

critical drying point, at which point they can curl up into a more fragile form.   

 

 
Figure 130.  Optical images showing the surface topology of a wet HO3 rGO hydrogel (all scale bars are 10 μm). 

 

Obvious macroscale structural differences exist in the electrolyte-mediated samples (both as 

compared to other rGO assemblies and between EM-rGOs), and the optical images show pronounced 

differences that will be discussed here.  The methods and reasoning for intercalating the rGO hydrogels 

with non-volatile sulfuric acid at different concentrations is described in detail in Chapters 1 and 2, but 

the current interpretation is that the acid prevents the graphene layers from restacking while the water 

is removed from the assembly using a vacuum drying method [24].  It has been assumed (through 

measuring changes in the overall thickness of the film) that this process is able to tune the interlayer 

spacing between the graphene layers to a rather uniform height, thus controlling the density and pore 

size in the rGO materials.  The residual acid is then washed from the rGO assembly and it is kept 

hydrated for future use, allowing the water to prevent the pores from restacking.  The images 

presented here are taken after the EM-rGO assembly has been dried, but before it has been washed 

to remove the acid.  
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The EM-rGO surface topology can be seen in Figure 131, where an obvious inhomogeneity is present 

in the materials.  There appears to be a combination of smoother sections interspersed with rough, 

chunky clusters, and a large amount of surface cracks become noticeable when the concentration of 

the original sulfuric acid treatment is 1.0 M or above.  These features are quite important, as no 

consideration to how the inhomogeneity or surface cracking could be impacting the material 

performance of EM-rGO has been presented to date in the literature.  From these initial images, it 

appears there could be at least two distinct domains within the material, each of them composed of 

different structural elements.  Looking back at the surfaces of air dried and hydrated assemblies, the 

smooth regions of the EM-rGO look very similar, except that these smooth regions become cracked 

with higher concentrations of acid.  It appears the intercalation of the acid is not uniform within the 

rGO assemblies, but it is not known if these features remain to impact the structure and/or 

performance after rehydration.  To evaluate these small domains, which appear to range in size across 

a few hundred microns, a small beam size would need to be used in order to differentiate the features.  

Thus, this inhomogeneity should be able to be observed in WAXS and SAXS data, as the beam diameter 

is only about 200 μm. However these distinct features will not appear in neutron data because a much 

large beam size (2 cm or more) is needed to generate enough scattering events for measurement.  The 

SAS results addressing these questions about homogeneity and hydrated EM-rGO assemblies are 

presented subsequently in this chapter. 

 

 
Figure 131.  Optical images of EM-rGO assemblies treated with different concentrations of sulfuric acid (0.2 M, 0.5 M, 1.0 
M, and 2.0 M) as indicated. 
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Figure 132, magnified four times from that of Figure 131, compares the surface of pump and air dried 

rGO assemblies to the EM-rGO materials, in order to more clearly assess the effects of the acid.  The 

0.2M image clarifies that the large clusters seen in Figure 131 are actually more like the collapsed 

regions seen in the pump dried sample.  This indicates that there could be regions where the acid is 

not present, allowing the graphene sheets to easily restack as the water is removed during the vacuum 

drying process.  Correspondingly, the regions where the acid remains are more able to retain the 

porous structure, with an appearance more like the air dried and hydrogel surfaces.  However, too 

high an acid concentration seems to degrade the structural integrity of the graphene layer network.  

As mentioned, materials treated with higher concentrations of acid had a higher prevalence of surface 

cracks than those treated with a low concentration of acid.  These were especially prevalent in the 

assembly treated with a 5 M solution, and the appearance of streaks, or surface cracks, was not seen 

in any regions of assembly prepared with a 0.2 M solution.   

 

 
Figure 132.  Optical images comparing the surface topology of HO3 rGO assemblies dried under different conditions to EM-
rGO prepared with different concentrations of intercalated sulfuric acid and then vacuum dried (all scale bars are 100 μm). 
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 Electron imaging 

The GO and rGO prepared in the oxidation series were investigated using low energy, high resolution 

SEM to see if there were structural features and/or in homogeneities at the macro- and mesoscale.  

This section is brief, as it is not possible for SEM imaging to resolve all the fine structures, but is meant 

to assess the structural integrity of the assemblies and build a sound foundation for interpretation of 

subsequent scattering data.  To obtain the best images possible, a low accelerating voltage was used 

for all samples (5keV or less) and a through lens detector was used for the high resolution images to 

accentuate the surface features.  Further details of the imaging protocol are given in Chapter 3, but 

some necessary information is provided here in order to clarify parameters that could otherwise 

distort the interpretation of data.  Because the interaction volume is so large in carbon materials 

(discussed in the EDS section of Chapter 4), SEM images can be distorted by the secondary electrons 

emitted from material quite far below the surface, diminishing the topological contrast.   Therefore, 

the use of low accelerating voltage and the through lens detector (most sensitive to surface signals) 

assists in ensuring that subtle surface features are represented in the images.  A widely-used Everly-

Thornhart detector (ETD) was used for surface imaging at lower magnification for improved depth of 

field, and it should also be mentioned that no discernible elemental differences were detected in 

backscattered electron images (thus not included here).  Since the surface features are the main area 

of interest, no metal deposition or coating was applied before imaging.  It should be noted that the GO 

assemblies are not conductive, so there can be a significant amount of charging occurring while 

imaging, even at low voltage.  This is why the contrast varies more in the GO images, and further 

differences in brightness are not due to the material itself, but relate to the location of the secondary 

electron detector in relation to the incoming beam and surface of the material.  For both the GO and 

rGO materials, beam damage to the samples was not a factor in these images, as new locations were 

selected at the first sign of hydrocarbon contamination.  Further, all images were taken from 

characteristic surfaces and the bulk assembly was scanned across a wide area to ensure these features 

were uniform and representative of the bulk. 

Beginning with discussion on the through-the-surface plane (ab-plane), Figure 133 and Figure 134 

show SEM images of the surface of GO and rGO assemblies, respectively.  The sample materials 

presented here of LOX, LOD, HO3, and HO8 were selected because they were most widely tested using 

other techniques in this thesis, but it should be mentioned here that a wider range of assemblies were 

imaged and none showed any measurable differences (also tested were LOA, LOH, HO7).  The most 

characteristic feature of the GO surfaces are the deep crevices or folds, somewhat resembling the 

surface of the brain.  The alignment of these features are quite random, with an average width 

between the folds being about 10 μm.  These are not actual folds that penetrate the film, only curves 

and wrinkles along the film’s surface, and they become more pronounced when charging, indicating 

the structure is quite delicate and responds dynamically to the influx of electrons.  It is not clear what 

link these features have to the structure and performance of GO assemblies, and this is suggested as 

a possible avenue for future research. 

 



174 

 

 
Figure 133.  SEM images of the surface of GO assemblies of different oxidation levels. 
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Figure 134.  SEM images of the surface of pump dried rGO assemblies prepared from GO precursors of different oxidation 
levels. 
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Figure 135.  Higher resolution SEM images of the surface of pump dried rGO assemblies prepared from GO precursors of 
different oxidation levels, showing density fluctuations along the surface. 

 

The rGO structure is the main focus of this thesis, so the attention is now directed there.  Unlike the 

GO surface, rGO has a smooth topology overall, with the exception of a few circular collapsed areas as 

seen in the optical images, shown in Figure 129.  The LOX assembly presented a higher degree of 

wrinkling at the surface, but overall the structure appears uniform and free from large defects that 

could dominate scattering data and/or performance of the materials.  At this lower magnification, 

there are not any obvious structural elements that can be identified, which could help conceptualize 

what features will contribute to the scattering curves.  However, the higher magnification images 

presented in Figure 135 indicate there are density fluctuations within the ab-plane, as measured by 

the change in contrast seen across the surfaces.  While these fluctuations cannot be evaluated 

quantitatively with SEM, these images do highlight what features the shape of the density distribution 

and pore network is likely to have, serving as a visual guide in interpretation of the through-the-surface 

isotropic scattering pattern.  

From Figure 136, where the smaller surface features are resolved, it is clear there is a high degree of 

wrinkling, folding, and corrugation along the ab- plane, as well as density fluctuations caused by 

differences in restacked regions when compared to areas with oxidized and/or more disordered layers.  

These features are dispersed quite randomly, again supporting the assertion that SAXS and SANS are 
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necessary techniques to evaluate the overall size, shape, and statistical distribution of these features 

both on the surface and in the interior of the sample.  Based on these SEM images, there are no clear, 

macroscopic differences in structure attributable to the various oxidation levels. 

 

 
Figure 136.  High resolution SEM image of the surface of the HO3 rGO assembly, showing density fluctuations as well as 
wrinkles, folds, and corrugation along the surface. 

 

A final aspect in relation to the physical features contributing to the pore structure and carbon matrix 

within the ab-plane is shown in Figure 137.  The dual-beam FIB-SEM allows for concurrent electron 

imaging (minimal to no damage to the sample) and ion milling (controllable ablation and machining), 

and here, the surface of the rGO assembly was exposed to a low dose of high energy gallium ions for 

different lengths of time.  The progression of ablation is shown from region 1, where the rGO surface 

has not been exposed to the ion beam, through to areas of progressive damage in areas 2, 3, and 4, as 

indicated by the arrows.  The penetration depth of the ions is related to the density of the material, 

and further, less dense material is more easily removed.  These images provide an indication of what 

the structure of the pore network in the ab-plane.  These features are quite random, but the pores 

appear at first to form rather uniform size specks that arrange into elongated coils, being separated by 

denser regions of a larger width.  While these images would measure the features at length scales of 

10 to 100 nm, referencing back to the results of the aromatic domain and micro-structure discussed in 

Chapter 5, it is likely that these features of aromatic domains and stacked clusters show self-similar 
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features at larger length scales, as would be expected in a fractal structure.  This idea is expanded on 

later when presenting the results from small angle scattering. 

 

 
Figure 137.  SEM image of the surface of the HO3 rGO assembly after low-dose ion irradiation to selectively ablate regions 
of the carbon matrix depending on the density of the bulk.  The images show progressive damage to the surface, where 
area 1 has not been exposed to the ion beam while areas 2, 3, and 4 have been irradiated for increasing amounts of time. 

 

The remainder of this section moves to discussion on the through-the-edge structural elements in the 

ac-plane.  The high resolution SEM image in Figure 138 shows the structure along the edge of an rGO 

assembly that has been cut with a blade.  Within this size range covering about 100nm up to 1 μm, 

there is clearly an overall alignment in the horizontal direction, which is wavy and becomes more 

disordered at smaller length scales.  The corrugation and wrinkling is quite pronounced throughout 

the bulk, and it appears the structure of graphene sheets in the mesoscale region is highly disordered 

and distorted, as was demonstrated with the TEM results at the microscale.  Again, SAS will play an 

important role in determining if the structure at the microscale carries over to exhibit similar levels of 

alignment in the bulk.  However, from this initial direct assessment, it appears the overall alignment 

of the graphene layers at the macroscale is less disordered than that measured at the microscale. 
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Figure 138.  High resolution SEM image of the edge of the HO3 rGO assembly, showing a high degree of corrugation and 
waviness within the stacked graphene layers. 

 

To gain insight on the intermediate, mesoscale region, the TEM image of the assembly cross-section in 

Figure 139 is able to resolve the edge of the graphene sheets, again appearing as fringes in the image.  

At this scale of 2-50 nm, the alignment of the layers is much more disordered that what might be 

originally postulated based on SEM images alone.  These results are quite important, as until now it 

has been assumed that these rGO assemblies consist of very well aligned planes and computational 

models have been designed based on this assumption [26, 131, 288].  The findings here strongly 

suggest that the mesoscale features are very curled and turbulent, at least within the pump dried 

materials.  This image also indicates that the porous structure and density differences are rather 

uniform and random throughout the bulk, with all the pores shown here being less than 1 nm, as 

expected based on previous reports and processing conditions [131, 152].  This again confirms there 

are no graphitic crystallites dispersed within the material, or visible agglomerates of any kind, and 

overall the structure appears to have a homogeneous density distribution even with this high degree 

of mesoscale disorder, again very similar to published results for numerous pyrocarbon materials.  This 

result could support the validity of using the results from many years investigating pyrocarbon 

performance to interpret the performance of rGO assemblies.  It  would suggest that if the structure 

of the dried rGO films is not fundamentally different, enhancements to performance are most likely 

due to the elongated rGO-sheets which are preserved using solution processing methods, since many 

pyrocarbons have relatively short graphene layers [32, 133, 242], as was discussed in more detail 

within Chapter 2. 
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Figure 139.  TEM image of the edge of the HO3 rGO assembly, showing the graphene layers are much more turbulent at 
the mesoscale than that indicated from microscale features in SEM. 

 

 

 
Figure 140.  Comparison of TEM (left) and SEM (right) images of the total cross section of the HO3 rGO assembly at the 
macroscale. 
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The final structural question to be addressed through direct imaging is to determine if any large voids 

or agglomerates are present in the bulk materials at the microscale. From Figure 138, it is not clear if 

any large voids are present, as the cutting process leaves graphene sheets protruding from the edge 

at different depths.  The lower resolution TEM image shown in Figure 140 indicates there could be 

many larger voids of size up to about 100 nm within the bulk.  It was not clear if these voids were actual 

features in the rGO assemblies, or an artifice produced during the embedding and microtoming sample 

preparation methods required to obtain the thin cross section necessary for TEM imaging.  To cross 

check, the overall thickness of the assembly cross section measured in the TEM slice was compared to 

that measured for the bulk edge of the SEM sample in order to ascertain if any swelling or contraction 

could have caused damage.  As shown, both cross sections exhibited equal values for the overall 

thickness, indicating the voids seen in the TEM image were actual physical features in the original films.  

This could be the cause of the pitting seen in the optical images, as large voids close to the surface 

would result in such features.    

 

 
Figure 141.  High resolution SEM images of the cross section of two pump dried HO3 rGO assemblies from within the bulk, 
where a focused ion beam was first used to cut away the bulk material in thin sections and resulted in a smooth surface of 
the carbon matrix that is imaged with the electron beam. The blue line represents the horizontal surface of the rGO 
assembly with the area below it being the carbon matrix and voids, and the area above it being a layer of platinum 
deposited to protect the bulk material during the ion milling process. 

 

The presence of meso- and macro-scale voids would be a significant finding because all current 

research on these bulk rGO assemblies does not incorporate these features into structural models or 

interpretation of data [21, 24-26].  Until now, the material has been assumed to be homogeneous 

based on the SEM images of the cross section.  To validate if there are actually voids within the bulk 

material, a dual-beam FIB-SEM was used to cut a cross section within the bulk of different pump dried 

rGO films and then image the resulting surface.  Voids ranging in size of up to 100 nm were again visible, 

as shown in Figure 141.  While the limits of resolution do not allow imaging of individual sheets as with 

fringe analysis in TEM, FIB-SEM is a powerful tool for gaining structural information on the bulk 

materials.  While overall, the carbon matrix appears rather homogeneous, there were areas within the 

assemblies that exhibited these these bubbles or pores which seemed to range in size across the 

mesoscale, even approaching 100 nm in length.  It should be noted these features were not present in 

all areas explored with FIB-SEM (many were uniform without larger pores), and did not seem to be as 

prevalent as the TEM image in Figure 140 would suggest.  It is possible to perform high resolution 

series sectioning using FIB-SEM and reconstruct the images to form a 3D rendition of the bulk volume 
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sampled, and this is suggested as a possible area for future work, alongside comparing these results 

with materials dried under different conditions. 

 

6.3 X-ray and Neutron Scattering 

 WAXS, SAXS, and SANS applied to rGO assemblies 

In addition to the fundamental concepts and theories outlined in the Literature Review, this section 

outlines the main aspects of wide- and small-angle scattering as related to carbon materials with 

structural features similar to rGO assemblies.  This outline is then used to interpret the results 

presented later in the chapter.  Scattering experimentation and theory is very broad and complex, so 

the content presented here, as well as the methods applied to the scattering results, will be limited to 

the aspects most integral to determining the structural parameters of interest in the rGO assemblies. 

More specifically, the focus here is limited to the structural features that will have large impacts on 

performance, where a quantitative and accurate description of the morphology of rGO assemblies in 

the dried and hydrated state is necessary to explain transport behaviour.  These results aim to address: 

i) polydispersity and density fluctuations in the bulk, ii) the shape, size, and alignment of the pores, iii) 

the structure of the pore surface, and iv) the structure of the pore network and total porosity.  

Additionally, experimental methods that can be used to uncover the mechanisms behind the dynamic 

processes related to the hydration level are suggested based on innovative options for in situ 

measurements in ambient conditions. This work attempts to simplify the procedures and analysis in 

order for the methods to be adopted and more widely applied by researchers without extended 

expertise in scattering theory. 

Starting from the most general case, knowing scattering arises due to contrast differences in the 

material, a porous system is considered monodisperse when it consists of two phases (two scattering 

length densities) and the dispersion medium of pores in the carbon matrix is similar in size, shape, and 

internal structure.  Thus, ∆ρ results from a difference in density between the pores and the solid, and 

the scattering intensity, I(q), is proportional to this contrast.  However, there are many cases where 

the pores are not monodisperse and this requires further considerations when evaluating data, most 

generally like that discussed by Beaucage and Schaefer in their studies of complex carbon systems with 

multiple size-scale structures [289].  Polydispersity is an important consideration for analysing 

scattering results of rGO materials, and as seen in the results from Chapter 5 and SEM imaging in the 

previous section, it appears different structural features dominate at different length scales.  

Additionally, knowing that there is chemical inhomogeneity in the rGO sheets, as shown in Chapter 4, 

the impacts this can have on the scattering length density of the carbon matrix and smoothness of the 

carbon/pore interface merits investigation.   

Quickly referencing back to content in the Literature Review, the Gunier plots for rGO assemblies is 

best separated into two regions because of the varied dimensions of graphene layers and pores, as 

described in Figure 40.  It is likely that scattering through-the-surface, as shown using transmission 

geometry in Figure 33(A), may be similar to the network of branched pores (as shown in the green 

region of Figure 39, similar to the network seen after ion bombardment in Figure 137 and scale across 

the surface of each rGO sheet, which, from previous published works using atomic force microscopy, 

measure the dimensions to approximately 1 μm in length.  The graphene sheets are in the form of a 

flat disk, with a length/diameter in the ab-plane much larger than the thin edge extending along the c-

axis (L>>t), measurement through-the-edge of the rGO assemblies is similar to the reflectance 

geometry in Figure 33(C) which exhibits very different features than those shown using transmission 

geometry through the ab-plane.  From the edge, the thin disks of graphene layers will appear more 

like rods, needles, or ellipses with the clustering of the layers, which assemble to become like a 
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branched network that also exhibits highly aligned features, as the carbon fibre shown in Figure 42(B).  

Thus, the two different geometric configurations for rGO assemblies, the ab-plane and the ac-plane, 

cannot be characterized using a single shape to interpret the form factor.  It is expected that density 

fluctuations among and between coherence domains (as defined by the BSU in Chapter 5) due to 

corrugation, wrinkling, pores, and stacking will be the main source of scattering from the ab-plane, and 

these features will be randomly oriented across the graphene sheets, resulting in an isotropic 

scattering pattern.  Conversely, the graphene layers and resulting pore structure will be highly oriented 

in the ac-plane, producing a more distinctive anisotropic scattering pattern.  Because of this, the two 

major alignments of through the layers or through-the-edge will require independent models to 

quantify the structure.   

Scattering patterns acquired using a 2D detector have large benefits over a point detector, as data 

across a very large solid angle can be acquired simultaneously (much more rapidly for all radial 

directions and across a large scattering range).  A 2D scattering pattern can quickly be analyzed for 

pronounced features, the most obvious being if the pattern is isotropic or anisotropic.  Crystalline or 

well-ordered samples produce defined spots or ring patterns, while a diffuse isotropic pattern is 

characteristic of more disordered systems with no easily discernable alignment or structural periodicity.  

It is typical for porous carbons to exhibit an isotropic scattering pattern because the pores are aligned 

randomly across all orientations and often have pores of non-uniform size.  However, for bulk layered 

carbons (not powder samples), the resulting scattering pattern is quite different than that of isotropic 

porous carbon particles such as activated carbon and coal [183] [30, 136] or purely disordered carbon 

such as glassy carbon [290]. This anisotropic feature of the mesoscale pore network in rGO assemblies 

thus requires a similar approach to the microscale experimental analysis applied to the SAED pattern 

presented in the TEM results. 

When selecting procedures to best execute and interpret scattering experiments on rGO assemblies, 

carbon fibers again appear to represent a bulk carbon with properties most like those expected in rGO 

materials.  Figure 142 compares two carbon fibers, the first producing an isotropic scattering pattern, 

which is typical of randomly oriented pores, while the other shows distinct alignment as evidenced by 

the anisotropic scattering pattern [136].  Because it is expected that rGO assemblies will exhibit both 

isotropic (through the sheets) and anisotropic (through-the-edge) scattering patterns depending on 

the geometric orientation, the analysis of the different types of patterns requires two slightly different 

approaches.  The following discussion addresses them both, beginning with the isotropic pattern. 

 

 
Figure 142.  A comparison of isotropic and anisotropic scattering patterns from carbon fibres with different pore structures. 
The result of reducing the scattering pattern by taking a radial average of an isotropic sample is also highlights the fact that 
many porous carbons have rather featureless curves (from [136]).   
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An isotropic pattern can be manipulated, by taking a radial average, to produce a curve similar to the 

generic scattering curve shown in Figure 142, where the intensity scales with the scattering vector, q.  

Even though there are often no pronounced features in the isotropic scattering pattern of porous 

carbons because of the rough surface, density fluctuations, and non-uniform pore sizes, the reduced 

curve is still able to provide information about the structure of the material.  The structural features 

of interest are usually represented in three distinct regions according to the q-range corresponding to 

specific length scales within the material.  Generally, the low-q region marked Region I (q < 0.01 Å-1) 

gives an idea of grain size and shape of the clusters/aggregates formed while Region II (0.05 Å-1 < q < 

0.15 Å-1) provides information about the interface between the carbon matrix and pore where a power 

relationship can be defined using Porod’s Law. In Region III (0.2 Å-1 < q), the correlation length of the 

individual particles or pores is evaluated and eventually reaches the scale for Bragg peaks in the wide 

angle region if periodic structures or atomic crystallinity exists. The main theories underlying these 

interpretations were discussed in the Literature Review. 

Deviation from Porod’s law (where the slope at higher-q does not reach the value of -4 expected for a 

smooth interface) is always exhibited in porous carbon materials to a greater or lesser extent [28, 30, 

34].  Typically, a value of -3 is reported for glassy carbon [290] while most porous carbons of various 

type (coal, activated carbons, etc.) fall within the range of -3 to -4 [291]. There has been much work 

done in this area to investigate the dimensionality of the interface in both disordered bulk carbons and 

porous carbons and relate it to material properties, as discussed in the Literature Review.  In general, 

taking the dimensionality as D, the deviation from Porod’s law is typically due to a combination of: i) 

unoriented amorphous carbon, which occurs in three dimensions resulting in D=3, ii) fluctuations in 

the spacing of basal planes, which occurs in only one dimension, resulting in D=1, and iii) surface 

roughness and density fluctuations along the pore surface from corrugation and elemental impurities 

[30, 290].  By subtracting out the contributions from both the amorphous content (D=3) and 

fluctuations in layer spacing (D=1) and then applying a Fourier transform to the remaining data, Perret 

and Ruland [240, 290] were able to obtain the pore distribution function g(r) in real space for a variety 

of porous carbon materials.  

Building on this range between amorphous and perfectly stacked carbons, another way to interpret 

the deviation from Porod’s law is describing the interface as fractal [199, 292].  This has been done for 

many different carbon materials and presented as either a mass fractal [293, 294], surface fractal [193], 

or pore fractal [34], as well as combinations of these [203, 295], each of which requires some 

understanding of the physical structure and a sound argument for why these properties are present in 

that particular carbon system [296].  Typically, surface fractals result in a slope between -3 and -4, 

indicating surface roughness along a two dimensional interface, while mass fractals result in a slope 

between -2 and -3, indicating there are fluctuations in three dimensions.  

On work with carbon fibres, Tang et al. [296] expanded the fractal dimensionality across two length 

scales, where higher-q contained information about the surface fractal dimension of the pores (q-(6-D)) 

and the intermediate-q range described the mass fractal dimension of the carbon aggregates (q-D), 

similar to the methods used for analysing multiple size-scale structures [289].  In general, this fractal 

property can describe a roughness, branching, and/or aggregation within different size regimes (as 

measured by Δq), and extends along the entire length scale where the slope of the scattering curve 

holds constant (qmax and qmin).  Bale and Schmidt [193] point out that different features within various 

q-ranges are to be expected in carbon materials since larger fractal objects/aggregates do not scatter 

in the same way smaller pores/surfaces with fractal boundaries will.  Pfeifer et al. clearly demonstrated 

that systems with fractal boundaries will have many features that are similar to porous systems with 

a pore-dimension distribution (akin to PSD) that follows a power law [200].  These features can also be 

linked with the properties of individual graphene sheets, where the fractal dimension of graphene 
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clusters can be related to the solvent accessible surface area [116], as discussed in the Literature 

Review. 

The fact that layered rGO assemblies exhibit a distinct anisotropic pattern when measured through the 

edge provides a large advantage in more clearly identifying the structural elements of the pores 

compared to the featureless curves for many isotropic carbon particle assemblies.  The ability to 

evaluate structural features in the ab-plane and ac-plane independently, leads to much less ambiguous 

results solely due to the enhanced distinction of discrete scattering features.  Without more defined 

features in scattering data or an alternative, direct measurement of the size and shape of the pore 

structure, a fair amount of ambiguity is left when setting parameters for data fitting.  As many different 

models will often fit well to a featureless scattering curve, results may be based on erroneous 

assumptions and lead to conclusions with no basis in physical reality.  Thus, the more defined 

scattering pattern resulting from the layered structure of lamellar carbons can lead to more consistent 

conclusions, especially when combined with direct imaging and an independent assessment of physical 

features making up the BSU, like that reported previously in this work. Consequently, the approach to 

data analysis of the rGO assemblies closely follows that suggested for anisotropic carbon fibre 

materials, specifically as laid out by Tang et al. [296], Lozanno et al. [28], and Dresselhaus [30] along 

with the more general principles used for analysis of isotropic scattering carbons [34, 290, 295, 297]. 

 

 
Figure 143.  SEM image and assumed structural model for EM-rGO materials tuned with sulphuric acid of different 
concentrations. Reproduced from [17]. 

 

Figure 143 shows the assumed cross-sectional structure of EM-rGO assemblies with different pore 

sizes, which was based on dynamic electrosorption analysis [17] without any measure of actual 

physical features in the material other than the SEM images shown.  While the mass of the rGO 
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assemblies is equal, there is a large difference in the overall thickness of the films.  It has been assumed 

that this thickness increase equates to larger pores, but retains a uniform PSD, as shown in the 

schematic [17, 24]. As discussed in the Literature review, because of the highly aligned, layered 

structure in these materials, any differences in interlayer spacing would not be quantifiable from 

surface scattering patterns through the ab-plane.  This adds another element of technical complexity 

when analysing rGO assemblies because the edge is quite thin, ranging from about 6µm for pump dried 

films to 150µm for hydrogels.  Another advantage of performing WAXS and SAXS measurements with 

a high intensity beam, such as those produced by synchrotron sources, is that the beam size is 

significantly smaller than that of typical lab-based X-ray sources.  Thus, this small size beam is able to 

probe thin samples, such as that of carbon fibres and the edge of rGO assemblies.  This was not possible 

with SANS because the number of interaction events is lessened due to the weaker interaction and 

lower flux of the neutron beam.  SANS typically employs a beam with spot size of a few centimetres in 

diameter compared to a few hundred microns or less with SAXS, and is why through-the-edge SANS 

data was not acquired for use in this work.  

Wide angle scattering will provide information on the structure of the carbon matrix at the atomic 

scale (like that seen with TEM and XRD in Chapter 5) along with identifying the pore structure in the 

lower mesoscale size regime.  The scattering at small angles is able to extend this range to give 

information on the structure of pores throughout the mesoscale as well as characterize the larger 

structures such as the overall pore network, voids, and/or agglomerates.  The analysis of the WAXS 

data follows a very similar procedure to that used with TEM, where the (002) peak is used to quantify 

the inter-sheet distance of the stacked clusters, orientation angle, and estimate the size of the layered 

clusters (Lc).  If there are uniform pores of a distance size (small PSD), these will also appear, but with 

a Bragg peak at smaller angles than that of the (002) peak.  However, if there is a distribution of pore 

sizes, the scattering will broaden across a large angular range, as shown schematically in Figure 144.   

 

 
Figure 144.  Schematic of the effect of sheet layering on the shape of the SAS curve when the incident beam is parallel to 
the layering plane (through-the-edge).  The striped boxes represent the layers and the solid elongated objects represent 
the SAS pattern. The length of the scattering feature (black arrow) indicates the smallest periodic size in the c-axis, while 
the widening (green bracket) is related to the extension of periodic order along the a-axis.  Periodicity creates a more 
uniform width while size distribution decreases long-range ordering and results in a fan-shaped pattern where the intensity 
spread (orange line) is related to the prevalence of scatterers within a given range. 

 

Building on this concept, the anisotropic SAXS patterns are analysed in a similar way to that of the (002) 

peak, where the ‘fan-like’ intensity spread is measured as both a distance from the beam centre to 

ascertain the size of the scattering features (height of the pore along the c-axis as a function of 

scattering vector, q), as well as a radial orientation at set values of q to ascertain the alignment of these 
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features (function of the azimuthal angle, φ). Further, the widening of the SAS pattern is related to the 

width of the periodic layering (length of the pore along the a-axis). These factors combine to describe 

the shape and size of the pores in the ac-plane.  The more direct analysis of the through-the-edge 

scattering pattern, combined with the structural understanding of a BSU developed in Chapter 5 can 

be used to better interpret the more ambiguous, through-the-surface, features.  A combination of 

these results then allows for qualitative understanding of the surface homogeneities that build the 

overall pore network and lead to differences in material properties of rGO assemblies. 

 

 
Figure 145.  WAXS results for bulk water in ambient conditions showing two characteristic features (reproduced from 
[286]). 

 

To interpret the isotropic pattern, the slope of the rather featureless SAS curve can be understood 

based on the information obtained from the anisotropic pattern and structural models from other 

porous carbon systems mentioned here and in the Literature Review. In general, there are two main 

features to consider when assigning a physical meaning to the Porod region of the rGO assemblies: 

1. In the ab-plane, there is a constant, characteristic density fluctuation that can be measured 

independently by fitting the Porod region of through-the-surface curves.  The power law 

relating q to the intensity is in the range of -2 to -3, and is indicative of mass or pore fractals. 

Extension of this range in q is directly related to the size scale of the scatterers (qmin at Lmin and 

qmax at Lmax) which encompasses the individual scattering features at high-q and carries across 

the network to low-q, with porous carbons exhibiting one of the most extended fractal 

networks known [34].  This surface scattering is related to the mosaic clustering of the BSUs 

and pore network produced by the graphene-sheet structure (aromatic domains, functional 

groups, defects, corrugation, and restacking), remaining relatively constant across the entire 

length of the graphene sheet. 

2. In the ac-plane, specific features related to the inter-layer spacing and resulting pores can be 

measured independently using the diffraction peak at wider angles (turbostratic domains) and 

the pronounced hump at smaller angles (BSU cluster size).  The overall alignment can be 

characterized as the sample is rotated, and if there is additional periodicity within the 

expanded layers, or constant pore dimensions, there will be another defined Bragg peak 

correlated with it. These features combine with the constant roughness running along the 

surface of the rGO sheets (corrugation and defects), which is characterized by the slope of the 

Porod region at low-q measured to be in the range of -3 to -4.  

In the case of the hydrated assemblies, there is information that can be gathered based on the 

structure and amount of water present in the materials.  In this case, the scattering results from the 
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interface between the rGO sheets and the liquid, and this can then be correlated with the total surface 

area.  Further, a measure of the amount of water present can be deduced from the intensity of the 

scattering features of the liquid and correlated with the total accessible porosity within the assembly, 

as it would be completely filled by the liquid.  The structure of water has been long investigated using 

X-ray and neutron diffraction techniques [286, 287, 298-300], and the main structural features are 

shown in Figure 145, where the distribution function is dominated by the oxygen–oxygen bonds 

because the bulk of the electron density in water is centred near the oxygen nucleus [286].  The first 

peak corresponds to a real space feature at 3.5 Å, which equates to that of turbostratic carbon. 

 

 

 WAXS and SAXS results and discussion 

 General analysis of WAXS and SAXS features in GO and rGO assemblies 

The presentation of WAXS and SAXS data begins with comparison and evaluation of basic GO and rGO 

scattering curves in order to outline the major features of interest.  Following this, assemblies that 

underwent heat treatment (hydrothermal or annealing) as well as those dried under different 

conditions are presented in more detail because they show the largest variance in structure which can 

serve as a guide when outlining how the data analysis process is applied in order to compare and 

quantify the pore structure in these materials.  Overall, the same procedures are followed for all 

materials, continuing from the dry assemblies to compare features from the rGO oxidation series, as 

well as hydrogels and EM-rGO assemblies.  To better streamline the discussion, the in-depth 

explanation is only provided in the first section and the following sections report and discuss the results, 

unless new methods are applied that deserve particular mention.  For these initial sections, examples 

using LOD rGO are shown, but all rGO samples have the same features, and discussion turns to the 

specifics of other rGO samples later in section 6.3.2.3. 

 

 
Figure 146.  Schematic of how the rGO assemblies are placed in respect to the incoming X-ray beam in order to produce 
isotropic (through surface) and anisotropic (through edge) WAXS patterns. The wavy lines represent the edges of layered 
rGO sheets and the solid plane represents the surface. The 2D image is evaluated in sectors, where the blue region 
corresponds to intra-sheet features along the ab-plane and the yellow region can evaluate the inter-sheet stacking and 
pores along the ac-plane independently as the sample is rotated from 0° to 90° to align through-the-edge. 

 

Because of the anisotropic structure of rGO assemblies, Figure 146 provides a schematic of how the 

materials were aligned with the incoming X-ray beam.  As discussed, this alignment allows 

differentiation of the WAXS scattering patterns resulting from the (hk) or (00l) lattice reflections.  

Differing from the SAED results, in data presented here, the (11) and (10) peaks are not included in the 

analysis and the regions shown in blue are instead related to the overall structure of the intra-layer 

surface of the graphene sheets and pore network in the ab-plane.  The region indicated in yellow is 
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related to the inter-layer stacking and inter-sheet pores within the ac-plane, where the (002) peak 

resulting from the turbostratic coherent domains is clearly visible when the assembly is oriented 

through-the-edge.  While there is high scattering intensity at small angles close to the beam-stop, the 

purely isotropic, featureless pattern produced when the X-ray beam goes through-the-surface is 

evidence of random ordering along the ab-plane, with no pores or clusters of a uniform size.  In 

comparison, the pattern produced by scattering through-the-edge clearly identifies the presence of 

periodic layering within the turbostratic domains, as was the case with SAED, and also exhibits an 

elongated small-angle feature.  No defined peak or ring is evident in the intensity spread of the small 

angle region in these images, suggesting the inter-sheet pores and layer spacing must contain variance 

in size.  Further, the elongated intensity spread ranging into wider angles in the (00l) direction is 

suggestive of more prevalent structural features that extend to smaller sizes within the inter-sheet 

direction.  A similar sector analysis is applied for the data reduction of the SAXS patterns, using two 

regions with 90° range and these are then combined to form a full scattering curve extending across a 

q-range of 0.003 Å-1 to 3 Å-1. 

Figure 147 shows the 2D scattering patterns taken with a camera length of 45 cm (at 20 keV) to obtain 

the WAXS results and a camera length of 7,250 cm (at 12 keV) to obtain the SAXS results for GO and 

rGO assemblies.  This abundant range allows for the structure to be evaluated across three orders of 

magnitude, which is necessary for porous carbon materials with such an extended pore network.  The 

WAXS pattern shows the same trends for GO and rGO reported in the XRD results, where the inter-

layer spacing of GO is much larger (peak shift) and the inter-sheet stacking is more ordered (higher 

intensity and smaller OA as indicated by the spread of the Bragg peak).  However, it is interesting to 

notice that the SAXS patterns demonstrate these differences in micro-scale order do not have an equal 

impact on the meso-scale, where the scattering patterns taken through-the-edge show a high degree 

of alignment for both GO and rGO assemblies.  The mesoscale alignment along the c-axis, φ, will be 

quantified and compared for different samples later in this chapter, but the SAXS patterns alone show 

there are two distinct levels of orientation, where the OA measured from the (002) peak at wide angles 

shows more fluctuations are present at the microscale than at the mesoscale (OA>φ).  

 

 
Figure 147.  WAXS and SAXS patterns for pump dried GO and LOD rGO layered assemblies probed through-the-surface 
(isotropic patterns) or through-the-edge where the Bragg peak and pore alignment are clearly visible in the anisotropic 
patterns. 
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To more clearly examine the scattering features and alignment of pump dried GO and rGO assemblies, 

a mask is applied to the 2D scattering pattern in order to independently evaluate sectors related to 

specific geometric planes in the material (by including only the area shown in blue or the area shown 

in yellow), similar to that discussed with TEM SAED data.  Figure 146 shows which regions are used for 

analysis in the horizontal or vertical sectors.  Reduced scattering curves from the horizontal sector of 

the GO and rGO scattering patterns taken through-the-surface and through-the-edge are shown in 

Figure 148.  The main features of the curves used throughout this analysis are shown on the figure. 

 

 

 
Figure 148.  Reduced scattering curves for pump dried GO and rGO taken from the horizontal sector shown in yellow in 
Figure 146 where the Bragg peak emerges when the X-ray beam is aligned through-the-edge.  The main features of the 
curve used for analysis are marked on the figure, where the dotted and solid lines indicate which regions are used to 
calculate the slope (Porod region) and the arrow indicates the scattering feature associated with a larger inter-sheet 
structure. 

 

The GO and rGO samples were rotated across the full 90° (from surface to edge) to assess the overall 

alignment of the graphene layers and resulting pore structure in the ac-plane with the results given in 

Figure 149.  To clarify some of the geometric references in this section, looking back at Figure 146, the 

horizontal sector includes scattering from the inter-sheet (ac-plane) features while the vertical sector 

includes scattering from the intra-sheet (ab-plane) features. For rotation measurements, scattering 

through-the-edge is labelled at 90° and scattering through-the-surface is labelled 0°.  Thus, scattering 

within the horizontal sector is expected to become more pronounced with rotation from 0° to 90° as 

the features in the ac-plane align.  This is clearly seen in the reduced scattering curves for the horizontal 

sector plotted Figure 149, where the (002) Bragg peak for pump dried rGO appears at about 1.8 Å-1 

along with a broad hump centred around 0.1 Å-1, both appearing after a rotation of 30° and then 

becoming more pronounced.  This can be compared with the reduced scattering curves in the vertical 
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sector, where the change is much less pronounced, indicating the surface scattering along the ab-plane 

is constant across a full angular rotation.  Overall, the same trends appear in the pump dried GO, but 

less inter-layer fluctuations result in a more pronounced Bragg peak, while the flatter sheets (less 

corrugation and defects) result in an extended Porod region where no structural features are visible 

until rotations above 75°.  The bulge in the 90° rotation of both the horizontal and vertical sectors for 

the GO sample is at a smaller q-value than that of rGO and more pronounced, suggesting a larger 

degree of order which is expected.  The steep upturn in the low-q region of the 90° GO curve could 

indicate a second order correlation peak, but further extension of the range would be necessary to 

confirm this. 

 

 
Figure 149.  Sector analysis in the horizontal and vertical sections of the 2D scattering pattern for pump dried GO (top) and 
the resulting rGO (bottom) assembly across a full 90° rotation. 

 

The Porod regions of the curves, where the scattering relationship follows a power law, can be found 

by fitting the linear regions on the intensity vs q plot plotted with a log-log scale, as indicated in Figure 

150.  The q-range of each Porod region is correlated with the length scale that the scattering features 

extend across, and the numeric value of the slope provides information on the interface between the 

two phases and the overall nature of density fluctuations in the materials, as described in the Literature 

Review.  Figure 150 indicates which portions of the curves were used to extract values for the slope 

reported in Table 18.  An extended linear region is observed for through-the-surface scattering curves, 

especially for the rGO sample.  From the through surface plots in Figure 148, it can be seen that the 

small angle scattering begins at a q-value of about 0.4 Å-1 or 0.5 Å-1 for rGO and 0.2 Å-1 for GO and 
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extends over the entire small-angle range.  The relative size/scale of the scattering feature causing the 

intensity change across a Porod region can be estimated by qmin≈π/lmax and qmax≈π/lmin. This indicates 

the through-the-surface scattering originates from features of approximately 7 Å in rGO and 15 Å in 

GO, equating to twice the interlayer stacking distance (turbostratic layering in rGO of 3.5 Å and 7 Å for 

GO).  This is quite significant, as the scattering curves show that along the ab-plane, the structure of 

pump dried assemblies is uniform without pronounced features across the entire micro- and 

mesoscale range.  The broad hump separating the linear regions of the rotated and through edge 

curves correspond to the radius of gyration of a physical structure present in the ac-plane, most likely 

resulting from the layer stacking and resulting in inter-sheet clusters and pore network, likely 

corresponding to the BSU identified in Chapter 5.  

 

 
Figure 150.  A comparison of the Porod regions in the reduced scattering curves for pump dried rGO taken in the horizontal 
sector show very different power law relationships for through-the-edge (ac-plane) and through-the-surface (ab-plane) 
with the value of -3 to -4 being characteristic of a rough interface and the value of -2.6 relating to a fractal dimension 
describing the density distributions and features of the pore network in the bulk (a mass or pore fractal). 

 

The GO assemblies have a constant slope all the way down to 0.2 Å-1 which steepens as the sample is 

rotated.  This indicates there are two scattering components, one from the surface of the sheets which 

becomes more pronounced at larger rotations (approaches -4) and one from the bulk material 

measured through-the-surface of the sheets (mass fractal with dimensionality 2.85).  The sharp upturn 

at low-q in the 90° rotation of GO is a negative deviation (more negative than -4) from Porod’s law 

which is indicative of a diffuse boundary or interface layer [191]. This feature is explained by the two 

domains making up GO assemblies where the carbon layers are separated by an oxygenated layer. For 

the other regions, the slope lies between -2 and -3.  A slope of -3 is common in glassy carbon [290], 

which correlates with uniform space filling (three dimensional fractal), and comparing the 0° results 
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for GO and rGO support that GO is more planar with defined stacking, as a higher fractal dimensionality 

signals an extended La which results from straightened carbon layers, as shown in various pyrocarbons 

investigated by Bourrat [133].  Comparing this with rGO assemblies exhibiting a mass fractal dimension 

of about 2.6, shows rGO has more disorder within the stacked domains caused by corrugation and 

resultant surface roughness.  This dimensionality can be related to the work of Cranford and Buehler 

presented in the Literature Review [116] where the ideal fractal dimension of a stacked/crumpled 

graphene sheet is close to 2.3 in order to achieve a maximum accessible surface area (ASA).   Values 

higher than this (between 2.3 and 3) correspond to increased stacking of the layers (expected for 

longer and more planar La), decreasing the ASA and overall porosity in the bulk.  While it is not yet 

known if this model can be used quantitatively, it will be applied qualitatively and compared with other 

theories on pore and mass fractals throughout discussion on different rGO assemblies as a means of 

tying the scattering results to the material properties of the bulk.  Knowledge of the structure and 

performance of the different assemblies can be used to establish the validity of this fractal model in 

these complex systems.  

 

Table 18.  Comparison of the slope of the linear regions for pump dried GO and rGO assemblies with values of high-q and 
low-q regions in rGO listed individually, while GO is measured across the full q-range (*90° rotaion is the only GO curve 
with two Porod regions and the value listed is at high-q). 

 Sector 90° 75° 60° 45° 30° 15° 0° 

GO 

full-q 

Horizontal -6.13* -3.45 -3.10 -2.95 -2.88 -2.85 -2.85 

Vertical -2.88* -2.81 -2.85 -2.82 -2.82 -2.83 -2.84 

rGO 

high-q 

Horizontal -3.42 -3.26 -3.07 -2.92 -2.82 -2.70 -2.67 

Vertical -2.85 -2.82 -2.79 -2.75 -2.68 -2.66 -2.67 

rGO 

low-q 

Horizontal -3.21 -2.71 -2.40 -2.24 -1.91 -2.12 -2.46 

Vertical -1.97 -2.06 -2.11 -2.19 -2.27 -2.38 -2.42 

 

With the absence of any other defined structure besides that of fractal scaling, it would be expected 

that the 0° rotation should show no differences between the horizontal and vertical sectors at both 

high-q and low-q slope.  However, there is slight variance in the rGO assembly, but because this feature 

is so diffuse, it is most likely a result of misalignment within the corrugated and curvy sheets, where 

the large hump seen clearly with the 90° rotation carries over into the ab-plane to some degree.  This 

is clearly the case when looking at the plots of Figure 149 where the high-q Bragg peak and broadened 

lower-q feature follow a clearly defined pattern where both features diminish with equal relative 

intensity.  As this diffuse feature would result in a more negative slope at high-q and a less negative 

slope at low-q, a close estimate for the scattering resulting from the ab-plane features alone lies 

between the two values, and this simplified average will be used when comparing the fractal 

dimension of different samples (about -2.56 in the case of the pump dried rGO). 

In order to more clearly identify the features of interest within the scattering curves, a Kratky plot [301]  

where the intensity is multiplied by q2 and shown on a linear-log scale is shown in Figure 151. Here, 

the through edge curve shows the Bragg peak at high-q is quite dominant, and the broad hump is more 

clearly centred around 0.05 Å-1 with a broad, Gaussian-like distribution which indicates size distribution 

in the physical feature.  The increased scattering at low-q remains constant, with no additional features 

discernible.  In contrast, the through-the-surface scattering curve exhibits very slight structural 

elements, with a slight increase in scattering at lower-q setting in in at about 0.06 Å-1, within the q-

region where the broad hump seen in the through-the-edge curve appears. The lowest-q region may 

indicate another region of curvature, perhaps defining the large-scale scatting structure which is likely 
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linked to the total length of the graphene sheets, which would define the largest elements of the 

branched pore network. 

 
Figure 151.  Kratky plot of the pump dried rGO assembly which more clearly identifies scattering features within the edge 
and surface curves. 

 

As a final step in determining what aspects are contributing to the SAS curves in order to apply the 

best model for fitting, Perret and Ruland [240] performed extensive scattering experiments on various 

carbons, ranging from amorphous [175], graphitized [184], and non-graphitizeable [175, 297] and 

showed that by plotting I(q) multiplied by q3 as a function of q2 would provide insight on what portion 

of the scattering results from slight differences in the interlayer stacking within the carbon clusters.  

The linear regions of this curve would have a slope of q-1, which would result from scattering from one 

dimensional structures with the edges of the carbon planes in these slacked regions effectively acting 

as rods. This is shown in Figure 152, where the slope of the linear region of the edge and surface plots 

are similar, indicating the amount of scattering resulting from these one dimensional features is 

likewise similar.  However, the scattering range that these features extend across varies greatly, 

depending on the orientation. The scattering due to interlayer fluctuations does not occur until about 

0.005 Å-2 (q≈0.070 Å-1) when measured through-the-edge, but extends to about 0.002 Å-2 (q≈0.045 Å- 1) 

when measured through-the-surface, and even then the deviation is quite small. This shows the one 

dimensional fluctuations act across a much longer region for through-the-surface scattering, most 

likely due to the small density differences in stacking height extending broadly along the rGO sheets – 

a result of surface roughness and corrugation.  In the through edge curve, the deviation from the linear 

fit at lower-q values indicates the scattering in this region must be due to 2D and/or 3D structural 

elements. These features can also be correlated with likely material performance, as the through-the-

edge curve is similar to that of high modulus carbon fibres, while the through-the-surface plot is similar 

to that of high strength fibres [30, 240].  
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Figure 152.  Fit of the liner region in a plot of q3I(q) versus q2 for the through-the-edge curve (blue) and the through-the-
surface curve (green) and dotted lines indicating the onset of scattering resulting from interlayer fluctuations in the 
stacking distance between graphene planes (note maximum q2 of 0.008 Å-2 ≈ 7 nm). 

 

The evaluation of the Porod plot, Kratky plot, and onset of one dimensional scattering correlates well 

with the previous discussion of layered carbon materials and ties in with what is known about the BSU 

based on the results of Chapter 5.  Based on this, it is proposed that the rGO layers form cluster 

aggregates with turbostratic layering which are randomly dispersed across the ab-plane and with 

general layered ordering within the ac-plane.  The aromatic domains restack to form these clusters, 

and the presence of the horizontal sector of the through-the-edge scattering pattern show a Bragg 

peak which identifies the average interlayer spacing and acts as a measure of the minimum number of 

layers making up the clusters, as determined by the Scherrer equation.  These clusters then act as the 

next order of structure (as the BSU) which appears as the large hump in the mid q-range.  Scattering is 

then dominated by the surface of these clusters, causing the deviation from linear behaviour seen in 

Figure 152.  The lowest-q region, at a size range larger than the clusters, the Porod slope between -3 

and -4 signals surface roughness is dominating the scattering along the longer-ranging rGO sheet, and 

it is expected this feature continues to q-values corresponding to the length of the rGO sheets and 

overall thickness of the assembly (outside of this range, but this claim is later investigated with USANS).  

Most of these features are only distinguishable in scattering patterns with the incident beam through-

the-edge of the assemblies, and the through-the-surface plot is dominated by scattering related to one 

dimensional fluctuations due to slight differences in interlayer stacking and density differences 

amongst the clusters and disordered pore network surrounding it.  This is consistent with the fractal 

model proposed for crumpled graphene sheets [116] where the fractal dimension measured with SAS 

can be used to as a measure of accessible porosity (portion of the assembly not consisting of the 

stacked clusters with collapse of the pore space due to van der Waals forces), which was also shown 

through experimental work comparing the fractal dimension to La in different types of carbon black 

[133]. 
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This leads the discussion directly to choosing a model to fit the through-the-edge scattering curves of 

the rGO assemblies in order to quantify these structural elements.  As discussed in the Literature 

Review, a full scattering model usually contains a form factor to describe the shape and size of the 

scattering features which is combined with a structure factor describing the interaction within and 

between these scattering entities.  The incoherent background scattering for carbon materials can be 

easily subtracted by fitting the flat region of the high-q through-the-surface curves [173].  This was 

then adjusted to account for the different volume illuminated by the beam as the samples were 

rotated from 0° through to 90° and subtracted from scattering data.  The rather featureless through-

the-surface curves and the low-q through-the-edge curve can be quite simply characterized by 

applying a constant linear fit to the data, of the form: 

 𝐼(𝑞) = 𝑐 ∗ 𝑞−𝛼 6.1 

 

where c is a constant and α is defined 6-D for surface fractals or α=D for mass fractals. 

 

 
Figure 153.  Schematic of the stacking disorder described by paracrystalline theory where the displacements in the layer 
positions result in a structure function that decays across longer-range order (left).  The structure factor applied here is 
displayed in the plot on the right, showing how different physical parameters (number of layers, N, layer spacing, d, and 
the variance in layer spacing, Δ) impact the resulting function (right).  Reproduced from the SASfit user guide [214]. 

 

As for the through-the-edge features, knowledge of the physical structure was combined with a review 

of the literature for various scattering models, with the focus of finding the simplest function to apply 

to the system (limited number of assumptions and terms).  After attempting various spherical, elliptical, 

and combined Gunier-Porod unified fit combinations, the best results were acquired using a model 

developed for multi-lamellar structures, specifically as described within paracrystalline theory (PT) 

[214, 302], described in Figure 153. 

As the BSU has already been identified as a “cluster object”, these clusters are used to define the form 

factor making up the carbon matrix, which are surrounded by a more disordered, porous region. 

Essentially a fractal aggregate [214], these clusters are lamellar paracrystals with individual, fluctuating 

layers.  In these systems, a Bragg peak is observed because there is a large amount of short-range 

order, however, the large variance in layer spacing causes long-range order to be lost.  The structure 

factor derived from paracrystallne theory is of the form [302]: 
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 𝑆𝑃𝑇(𝑞, 𝑁, 𝑑, ∆,𝑁𝑑𝑖𝑓𝑓) = 𝑁𝑑𝑖𝑓𝑓 + ∑ 𝑥𝑘𝑆𝑘,𝑃𝑇

𝑁+2𝜎

𝑁𝑘=𝑁−2𝜎

 6.2 

 

with a polydispersity of layer sizes given by: 

 

𝑥𝑘 =
1

𝜎√2𝜋
𝑒
−
(𝑁𝑘−𝑁)

2

2𝜎2          

with StdDev defined by 𝜎 = {
√𝑁 𝑓𝑜𝑟 𝑁 ≥ 5,

0.5(𝑁 − 1) 𝑓𝑜𝑟 𝑁 < 5
 

6.3 

 

and: 

 𝑆𝑘,𝑃𝑇 = (𝑁𝑘 + 2 ∑ (𝑁𝑘 −𝑚) 𝑐𝑜𝑠(𝑚𝑞𝑑)𝑒
−(
𝑚2𝑞2∆2

2
)

𝑁+2𝜎

𝑁𝑘=𝑁−2𝜎

) 6.4 

 

where N is the number of layers making up the clustered stacks, d is the average interlayer distance 

within the clusters, Δ is the stacking disorder parameter, and Ndiff accounts for an additional diffuse 

background resulting from a number of uncorrelated scattering bilayers.  This additional diffuse term 

is used in systems with a high degree of lattice defects.  The decay of the structure function depicted 

in Figure 153 shows the decrease in peak height is accompanied by broadening which is related to the 

diffraction order.  This loss of order results in diffuse background scattering.  The impact of the stacking 

number, interlayer distance, and polydispersity are also shown in Figure 153, and the fit applied using 

SASfit [214] accounts for polydispersity by applying a series with varied number of bilayers, as noted 

in the definition of xk above, and is symmetrical around the mean number of layers, N. 

 

 
Figure 154.  Full fit of the through-the-edge scattering pattern of the pump dried rGO assembly with the raw data in yellow 
and the black line is the fit to data after applying a paracrystalline, multi-lamellar structure factor combined with a power 
law at low-q.  The portions of the curve related to surface scattering, Ds, cluster height, Lc, and interlayer distance, d(002) 
are labelled on the curve along with arrows highlighting deviations from the raw data discussed in the text. 
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The results of applying a combination of the power law function at low-q and the PT model at mid- to 

high-q are shown in Figure 154.   This choice of fitting is simple, makes limited assumptions, and is an 

accurate representation of the actual physical structure within the rGO assemblies.  The main features 

of interest are indicated on the graph, where the surface fractal dimension, DS, representing the 

roughness (corrugation) of the rGO sheets dominates at length scales larger than the size of cluster 

aggregates, Lc, which appear in the mid-q range and are linked to the size and shape of the Bragg peak 

at high-q, d(002).  The fit describes the main features quite well, providing quantitative information on 

the interlayer spacing and the number of sheets making up the clusters, a value that can be compared 

with the lower limit of N found with the Scherrer equation.  The arrows highlight deviations from data, 

which are easily explained and do not detract from the validity of the quantitative results.  The two 

arrows at either side of the Lc feature are a result of the high polydispersity in cluster size, which is not 

fully accounted for by this simplified model, but does not impact the value for the average cluster 

height.  The arrow to the left of the Bragg peak highlights the broadened feature which is a result of 

the radial averaging across the whole horizontal sector, since the broad OA ensuing from varied 

stacking domains spreads the peak shape at larger azimuthal angles (away from the peak centre) and 

this broadening is a result of the radial averaging procedure, as discussed in the Literature Review.  

Even though only the horizontal sector is used, this region is still quite broad, and plotting the intensity 

from a very narrow sector, or line directly through the centre of the (002) peak feature does not display 

the broadening and has a shape like that of the black PT fit function.  However, reducing the scattering 

pattern from the entire horizontal sector is much more easily applied across the range of samples and 

large data sets while also proving a much higher overall intensity for fitting.  Thus, the broadening to 

the left of the Bragg peak is not a necessary parameter to include in the rGO structural analysis.  

 

 
Figure 155.  Results of the surface fractal and lamellar models shown individually on the through-the-edge scattering curve.  
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For added clarity, Figure 155 shows the two model elements separately, overlaid on the regions they 

correlate with on the curve.  The final fit for the pump dry rGO results in the values listed in Table 19.  

The PT structure is defined by an interlayer distance of 3.6 Å, matching the values established using 

other methods and the value for N gives an average value of 8-9 rGO layers making up the cluster 

aggregates.  This is slightly above the value obtained with the Scherrer equation, which is expected 

since it provides a lower limit of the coherent domain height.  Multiplying N with d(002) gives a value of 

3.1 nm which translates to a q value of 0.2 Å-1 and clarifies that the scattering slope from this point 

through to the minimum intensity (previously determined to extend to length scales down to 7 Å which 

is a single bilayer) is a result of the rGO edges making up the stacked clusters.  This also correlates with 

the slight shift in the slope of the through-the-surface Kratky plot in Figure 151, indicating it is these 

density differences from within the cluster and the more disordered region surrounding them that 

contribute to the scattering from the ab-plane.  A Δ value of 0.49 confirms that there is not much 

variance in the interlayer stacking distance within the turbostratic clusters, and the small value of Ndiff 

indicates there is a small number of uncorrelated scattering bi-layers.   

 

Table 19.  Results of the surface fractal and paracrystalline lamellar model applied to the through-the-edge scattering curve 
of the pump dried rGO assembly. Colours match the individual components which fit the curve in Figure 155. 

Surface Fractal Fractal Aggregate Paracrystalline Lamellar Structure 

c α c α N D Δ Ndiff 

1.2(10-6) 3.7 2.5(10-3) 1.4 8.5 3.6 Å 0.49 0.4 

 

The surface fractal component extends all the way down and would intersect at a value of q or about 

0.4 Å-1, which is the same value for Lmin as the through-the-surface fractal component. This shows the 

corrugated surface roughness extends across the entire length of the rGO sheets and is rather constant 

across a huge size range (sub-nm to micron range). Values for α of 3.8 in the low-q range are standard 

for many porous carbon materials [34], and because a surface fractal is defined by α=6-DS, the fractal 

dimensionality, DS, is 2.3 in this assembly.  In order to determine if the low-q region reaches a steady 

asymptote, holds a continuous slope of -3.7, or has another scattering feature at even larger sizes, the 

scattering curve would need to be extended to ultra-small angles, and this aspect is investigated later 

in this chapter using USANS.   

The through-the-surface fractal component yields an α value between 2 and 3, exhibiting a constant 

mass fractal feature across a very large q-range.  This is common of porous fractal systems in 

nanostructured carbons, and is understood by the interpreting the high-q value as the size of the 

fractal object (in this case, the interlayer space of the turbostratic clusters) which extends all the way 

across the network, with a typical dimensionality of 2.8 [34], which is close to the value of 2.6 measured 

for pump dried rGO. In addition, the absence of humps or knees in the scattering results for rGO show 

there are neither defined pore sizes nor large voids in the bulk assemblies.  Thus, the small voids seen 

in the FIB/SEM results from the previous sector are not prevalent enough to be detected in the 

scattering results.  

The fractal dimension can be related to the overall porosity, ϕ, by either interpreting the system as 

fractal pores within a bulk or a fractal mass consisting of pores. As either can be done according to 

Babinet's principle (the scattering pattern from the solid is identical to that from a hole of the same 

size and shape), the fractal dimension is related to the small length components present and how much 

space is filled by them.  In a network that fills space, D=3, so if the scattering is interpreted as resulting 

from the voids (pores), an α value of 3 would be a completely uniform porous volume, while values 

closer to 3 are more porous, and values closer to 2 are less.  While some work interprets this value to 



200 

 

represent the pore space [34], an equivalent analysis could be done assuming the fractal dimension 

represented the mass, where the same equation applies, but would be interpreted as representing the 

mass, or space not filled by the pores.  A simple check to verify which interpretation applies best to 

rGO materials is to determine if more porous assemblies have α values closer to 3 (which would 

indicate pore fractal interpretation) or closer to 2 (would indicate mass fractal interpretation).  This 

will be tested in the following section when comparing rGO materials prepared with different drying 

conditions.  

 

 Drying conditions and heat treatment 

The methods developed in the previous section are now applied to a series of rGO assemblies dried 

under different conditions or treated with higher temperatures.  It is expected that pump dried 

assemblies would have more aligned and closer packed layers, while those which are air dried would 

have higher porosity.  Further, assemblies prepared from hydrothermal rGO reduced at 180°C and 

pump dried samples that were later heated to 250°C are expected to contain less oxygen groups than 

those reduced under the typical conditions at 100°C.  In addition, the hydrothermal assemblies are 

thought to contain more corrugated rGO sheets which would contribute to increased stacking disorder.  

All of the material investigated in this section was prepared with the LOD original GO precursor and is 

fully dried (not in hydrogel form). It should be noted that rGO materials prepared from other GO 

precursors were also tested, but, as the purpose of this section is to highlight differences due to drying 

and temperature conditions, discussion is limited to LOD.  As with the SEM results, no measureable 

differences were seen between samples other than impacts from oxidation level, already discussed in 

the XRD results section, 5.4.2. Following this, a detailed look at rGO materials of varied oxidation is the 

focus of the next section, 6.3.2.3.  

The sector plots within the horizontal region (across the (002) reflection) for each rGO assembly 

rotated through-the-edge (90°), at 45°, and through-the-surface (0°) are shown in Figure 156 through 

Figure 160.  They clearly show the differences in alignment of the structural features depending on the 

processing conditions applied.  The most pronounced difference is in the Bragg peak region, with this 

feature rapidly diminishing in samples with more alignment within the layered clusters (smaller OA).  

Ranking the samples of more-to-less alignment, yields annealed, pump dry, vacuum dry, air dry, to 

hydrothermal, as would be expected. The corresponding WAXS patterns oriented at 90° and 0° show 

the shape of the Bragg peak and relative intensity of these features, indicating the micro- and 

mesoscale features are correlated with the amount of disorder present, but in all cases the mesoscale 

features are more aligned than those at the microscale (OA at wide angles more disperse than the SAS).  

SAXS patterns at 90° and smaller rotation to 75° are shown in order to indicate how quickly the 

scattering diminishes, as a measure of the alignment of the larger features within the bulk materials.  

Assemblies with a higher degree of alignment give a characteristic cross-shaped SAS pattern, while the 

more diffuse fan-shape is seen in samples with mid-range ordering, and a very broad oval is produced 

for the most disordered, hydrothermal assembly which showed no anisotropic shape at rotations 

smaller than 75° (60° to 0° were circular in shape). 
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Figure 156.  Sector plot of the horizontal region (across the (002) reflection) when the assembly is rotated through-the-
edge (90°), at 45°, and through-the-surface (0°).  The corresponding 90° and 0° WAXS patterns are shown above the SAXS 
patterns at 90° and smaller rotation to 75° for the pump dried rGO assembly. 

 

 

 

 
 

Figure 157. Sector plot of the horizontal region (across the (002) reflection) when the assembly is rotated through-the-
edge (90°), at 45°, and through-the-surface (0°).  The corresponding 90° and 0° WAXS patterns are shown above the SAXS 
patterns at 90° and smaller rotation to 75° for the vacuum dried rGO assembly. 
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Figure 158. Sector plot of the horizontal region (across the (002) reflection) when the assembly is rotated through-the-
edge (90°), at 45°, and through-the-surface (0°).  The corresponding 90° and 0° WAXS patterns are shown above the SAXS 
patterns at 90° and smaller rotation to 75° for the air dried rGO assembly. 

 

 

 

 
 

Figure 159. Sector plot of the horizontal region (across the (002) reflection) when the assembly is rotated through-the-
edge (90°), at 45°, and through-the-surface (0°).  The corresponding 90° and 0° WAXS patterns are shown above the SAXS 
patterns at 90° and smaller rotation to 75° for the hydrothermal rGO assembly. 
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Figure 160. Sector plot of the horizontal region (across the (002) reflection) when the assembly is rotated through-the-
edge (90°), at 45°, and through-the-surface (0°).  The corresponding 90° and 0° WAXS patterns are shown above the SAXS 
patterns at 90° smaller rotation to 75° for the annealed rGO assembly. 

 

The (002) coherence domains from the WAXS patterns were evaluated using the same procedures 

discussed in the results for the SAED from TEM and the aromaticity evaluation from XRD.  The 

horizontal sector was used to acquire a peak profile for the (002) reflection, which was then fit in order 

to obtain: i) a general comparison of the shape and maximum intensity of the peaks (prevalence of 

restacked clusters), ii) the π-band peak centre (stacking distance within the turbostratic coherence 

domains), iii) the FWHM of the π-band contribution (average length of the coherence domains), and 

iv) the relative contributions from the π-band and γ-band (aromaticity).  These general features are 

shown in Figure 161, where there is a clear difference in both the shape and intensity of the peaks that 

underwent heat treatment, compared to those reduced under typical 100°C conditions without further 

annealing.  All of the low-temperature assemblies have the characteristic γ-band indicating oxygen 

groups are present and contributing to the diffraction peaks of the (002) coherence domains.  These 

bands are absent in the heat treated assemblies, indicating many more oxygen groups have been 

removed, as discussed in the Literature Review and Chapter 4. 

The annealed assembly has a much higher scattered intensity than the other rGO assemblies.  While 

the scattering is not on an absolute scale, the same amount of material is irradiated by the beam for 

all samples tested, so differences in intensity are related to the amount of material scattering at that 

q-range.  This indicates there are more restacked clusters in the annealed material, as presumed by 

previous work where a decrease of capacitance was correlated with more pronounced (002) peaks 

measured by XRD [20]. There are also other pronounced differences that appear in the WAXS results 

after annealing the pump dried material at 250°C, which have not been reported before.  There is a 

pronounced shift in the main (002) band accompanied by the characteristic skew commonly seen in 

graphitic materials.  Accompanying this is a small, sharp peak (indicated with arrow) at a Bragg spacing 

of 3.34 Å, which demonstrates that some small regions have begun to graphitize at these temperatures.  

This would be expected for graphitizable carbons since 200°C to 250°C is the Wigner energy release 

peak for defects in graphite, where it has been shown the sheet defects can recombine resulting in 

increased crystallinity and reduced strain within the bulk material [303-305].  
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Figure 161.  Comparison of the (002) peak profiles for rGO assemblies that underwent heat treatment (annealing or 
hydrothermal) or various drying conditions (pump, vacuum, or air). The π-band and γ-band components are indicated by 
the dotted lines and the small arrow highlights the emergence of a graphitic peak in the annealed assembly. 

 

The aromaticity of the 100°C rGO assemblies was 93%, a value between the LOH (89%) and LOX (100%) 

samples tested with XRD in Chapter 5, as would be expected with the LOD-GO processing conditions.  

This correlates well with the expected oxidation trend for these materials.  To obtain the other 

parameters of interest, the FWHM for each π-band was used in the Scherrer equation to calculate the 

coherence length along the c-axis, Lc, and the average number of graphene layers as determined by 

dividing Lc by the average interlayer spacing.  Finally, a measure of the azimuthal intensity spread 

across the (002) peak was taken as a measure of the alignment of the coherence domains along the 

layer plane.  These values are shown in Table 20. 

For the SAXS analysis of the pore network and cluster aggregates, the slope of the linear Porod region 

for the through-the-surface curves was compared within the low-to-mid q-range of 0.002 Å-1 to 

0.05 Å- 1.  The through-the-surface fit for the hydrothermal sample is not included because there is no 

clear linear region in the curve, indicating the high degree of corrugation and misorientation makes 

the mid-q aggregate feature prevalent across all rotations.  The PT model developed for the pump 

dried rGO was applied to the other assemblies for comparison of cluster size and sheet roughness. 

 

Table 20. Structural parameters evaluated directly from the Bragg peak taken from WAXS curves for the rGO assemblies 
as measured through-the-edge along the (002) peak profile. 

 
Anneal  

250°C 

Hydrothermal 

180°C 

Pump Dry 

100°C 

Vacuum Dry 

100°C 

Air Dry 

100°C 

d002 (nm) 0.379 0.366 0.368 0.365 0.365 

Lc (nm) 3.18 2.78 2.59 2.56 2.59 

Nlayers 8-9 7-8 7 7 7 
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Table 21. Structural parameters evaluated using SASfit software to fit the combined SAXS and WAXS reduced scattering 
curves of the rGO assemblies with a fractal or paracrystalline model, as measured through surface or edge, as indicated.   

Sample 

Through- 

the-Surface 

Through-the-edge 

Surface Fractal 
Fractal 

Aggregate 
Paracrystalline Structure 

α c α c α N D Δ Ndiff 

Pump Dry 2.5 1.2(10-6) 3.7 2.5(10-3) 1.4 8.5 3.6 Å 0.49 0.4 

Vacuum Dry 2.3 2.7(10-11) 7.0 3.3(10-3) 1.5 8.5 3.6 Å 0.55 0.5 

Air Dry 2.2 1.8(10-5) 3.4 1.3(10-3) 1.8 6.8 3.6 Å 0.47 1.0 

Hydrothermal N/A 4.6(10-7) 4.3 2.8(10-3) 1.9 6.0 3.6 Å 0.41 1.1 

Annealed 2.5 2.6(10-7) 4.6 3.9(10-3) 1.4 8.5 3.6 Å 0.39 0.2 

 

The results in Table 21 show the differences between the drying methods for the through-the-surface 

curves, as well as the through-the-edge curves.  The α value for the through-the-surface fit indicates 

that values closer to two have more disordered aggregates, which is likely due to a more porous 

structure, while values closer to three indicate a greater order within the rGO layers which likely results 

in a greater number of cluster aggregates.  The surface fractal region for through-the-edge scattering 

gives α values higher than 4, indicating there is multiple scattering resulting from these features [175].  

The fractal aggregates are also instructive in probing the structural differences in the materials, where 

values closer to one are typical of more aligned material, while values closer to two are seen in those 

with more disorder (larger OA).  This would be expected, as the scattering from perfectly aligned edges 

would result in an α value of one [175].  The PT model produces results quite similar to that from the 

Scherrer equation alone, and the Δ term shows there is a relatively small deviation in the stacking 

distance within the turbostratic clusters themselves.  The disorder surrounding the clusters produces 

the accessible surface area and porosity, with the most useful term gained from applying the PT model 

being Ndiff, which accounts for an additional diffuse background resulting from a number of 

uncorrelated scattering bilayers.  This term indicates there is a much larger contribution from 

disordered stacking in the hydrothermal and air dried assemblies, which would result in more overall 

porosity.   

Combining this information on the overall structural elements leads to the diagram in Figure 162.  The 

reduced through-the-edge scattering curves, and the shape of the SAXS and WAXS patterns are used 

to design a physical representation of how these elements combine within the bulk assemblies.  Within 

the coherent domains of turbostratic clusters (shown in green), the interlayer space, d(002), shows up 

with maximum intensity of the Bragg peak, while the overall, average orientation of these stacks is 

described by the angular spread (OA).  Over longer distances, the larger volumes within the assembly 

(shown in the overall box and grey bracket) contribute to the small angle scattering as a measure of 

the overall order of the clusters themselves and the porous space surrounding them.  Stacks with 

smaller dimensions (fewer rGO layers) will diminish the intensity and broaden the Bragg peak while 

also extending/broadening the SAS hump resulting from the cluster aggregates.  Loose stacking leads 

to more disorder among the rGO layers, smaller cluster sizes, and more surrounding porosity.  The pink 

line shows how La is measured with Raman, where any slight deviation in symmetry (corrugation, 

oxygen group, vacancy, etc.) will act as a defect and limit the size of the aromatic domain measurement.  

Thus, the annealed rGO will have a longer La measured by Raman because there are fewer oxygen 

groups present (as in LOX).  The blue line represents how La is measured with XRD, where the longer 

range periodicity of the intrasheet carbon-carbon bond lengths is not as sensitive to defect detection, 

with the long, relatively intact rGO sheets containing comparatively long (hk) coherence domains.  This 
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is useful information, as it shows this combination of experimental methods can distinguish between 

structural features related to periodicity and phonon effects.  Again, the annealed rGO will have a 

longer La measured by XRD, but this is now because there is a higher degree of order and reduced 

corrugation along the sheets with the reduction of defects that have recombined to increase 

crystallinity and reduce strain within the bulk. 
 

 
Figure 162.  The reduced through edge scattering curves and shape of the SAXS and WAXS patterns (top) are used to design 
a structural diagram of ordered and disordered domains within the annealed and air dried assemblies (bottom), indicating 
how these structural elements can impact the pore network surrounding these turbostratic clusters. The grey brackets and 
arrows highlight that the larger volumes within the assembly contribute to the small angle scattering, and these regions 
consist of both open pore space and also the coherent domains of turbostratic clusters, as indicated in green.  The 
interlayer space, d(002), within the clusters is the source of the wide-angle peak (green arrows).  The pink line shows how La 
is measured with Raman and the blue line represents how La is measured with XRD. 
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 Oxidation level  

The differences in the Bragg peak features and Lc for the oxidation series has been presented in detail 

within Chapter 5.  This section focuses on identifying if these structural changes carry over to SAS 

results.  As shown in Figure 163, the density and aromaticity differences are not detectible at the meso- 

and macroscale when looking at density fluctuations along the ab-plane in the through-the-surface 

scattering curves.  This shows that the chemical differences act almost exclusively on the micro-scale, 

and will mostly influence material properties related to conductivity, reactivity, and the ability to 

functionalize the remaining oxygen groups.  These micro-scale differences do not impact the larger 

structural features in the assemblies, except in the case of LOX where it has been shown there is a 

slight increase in the number of stacked layers.  This difference is visible only very weakly in the Porod 

slope, where there is an increase in the fractal dimension from 2.6 to 2.7 (listed in Table 22), indicating 

a loss of accessible surface area as this space is more uniformly filled.   This finding is important because 

it suggests it is possible to tune the chemical functionalities while holding the physical structure rather 

constant.   

 

 
Figure 163. Plot of the through-the-surface combined WAXS and SAXS results for pump dried rGO assemblies of varied 
oxidation level.  Curves are offset for clarity with arbitrary intensity values. 

 

 

Table 22.  Fit of the Porod region for through-the-surface SAXS results for rGO assemblies of varied oxidation level 

Sample HO8 HO7 HO3 LOH LOD LOA LOX 

α -2.6 -2.6 -2.6 -2.5 -2.6 -2.6 -2.7 
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 Electrolyte-mediated-rGO 

This section compares the scattering results of EM-rGO materials in order to determine what effects 

the additional processing step of incorporating non-volatile liquid (sulfuric acid) into the assembly 

before it is dried has on the resulting pore structure.  The EM-rGO assemblies were tested as-prepared 

(freeze-dried with the sulfuric acid still within the layers), after-washing (removing the acid and soaking 

in water before allowing to air dry), and as hydrated films (after washing and keeping hydrated for 24 

hours).  The as-prepared and after-washing materials help assess the impact of processing conditions 

on the bulk assembly, while the hydrogel results best represent what the structure is like within an 

actual device, as the EM-rGO materials are used as supercapacitor electrodes while in a hydrated state.   

All assemblies shown here were prepared with HO3 and HO4 GO precursors, with no measureable 

difference observed between the two.  Thus, they are referred to only as EM-rGO without reference 

to the slight difference in oxidation. 

Similar to the optical images presented earlier in this chapter, it was first necessary to determine if the 

structure of EM-rGO assemblies was homogeneous.  Figure 164 compares the surface scattering 

patterns of 2.0 M (top) and 0.1 M (bottom) EM-rGO assemblies.  It is clear that there are distinct 

structural features present within the 2.0 M EM-rGO, resulting in an inhomogeneous structure, as seen 

in the optical images.  Comparatively, the 0.1 M EM-rGO did not show any variance and indicates that 

sulfuric acid is uniformly distributed and/or does not have detrimental impacts on the surface of the 

rGO sheets. 

 

 
Figure 164.  SAXS results for as-prepared EM-rGO assemblies taken at different locations along the surface of 2.0 M (top) 
and 0.1 M (bottom) samples. 

 

As the EM-rGOs undergo a freeze drying process, comparing the impact of this drying method on rGO 

assemblies without any intercalated acid, to that of the after-washing EM-rGO (no sulfuric acid is 

contributing to the scattering pattern) and rGO assemblies dried under vacuum, but without freezing, 

can provide insight on what features are a result of the drying method and what is directly related to 

the incorporation of the EM-rGO pore-tuning process.  Through edge SAXS patterns comparing these 

conditions are shown in Figure 165 at different rotations, and are also compared with the annealed 

rGO because it has the most oriented, and least porous, carbon matrix.  
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Figure 165.  Comparison of through edge SAXS patterns of the freeze dried method (with and without pre-treatment of 
0.1 M sulfuric acid) to other drying methods which produced more aligned rGO sheets. 

 

From the scattering results, it can be seen that both the freeze drying process and the incorporation 

of sulfuric acid impact the pore structure within the rGO assemblies.  The freeze drying process 

produces a highly aligned SAXS pattern, with a very pronounced cross shape, the intensity 

concentrated almost exclusively at smaller angles (closer to the beam stop).  The vacuum dried 

assembly has a much more distributed scattering pattern, indicating more distribution of sizes, and 

the much broader SAXS pattern, especially in the 75° rotation, is representative of broader pore 

features with more disorder and larger PSD along the ab-plane.  Compared to the annealed rGO, the 

freeze drying process seems to preserve the high degree of order present (evidenced by the retention 

of features throughout the rotation curves), but the ac-plane scattering does not extend as far into 

wide angles.  

A comparison of the SAXS patterns for hydrated EM-rGO assemblies is shown in Figure 166.  It is clear 

that the defined pore structure is retained after the materials are washed and rehydrated, with the 

assemblies tuned with sulfuric acid of concentration 1.0 M or less having very distinct scattering 

patterns.  These differences would not be noticed if only scattering through-the-surface were 

measured, as the distinct cross and fan shaped patterns only appear at angles greater than 45°.  The 

45° pattern is very interesting in itself, as the symmetrical shape of the 0.1 M and 0.5 M materials show 

the pore structure is quite similar in the ab-plane and the ac-plane, suggesting the pores have a more 

defined morphology both between and along the rGO sheets.  As the concentration of acid is increased, 

more surface area within the assembly is expected to remain accessible, as the intercalated acid 

produces regions that resist restacking of the rGO sheets.  This is clearly evident in the 1.0 M and 5.0 

M patterns, where the scattering is elongated and fan-shaped, indicating expansion between the layers 

is more prevalent and there are wider slits/pores between the rGO sheets. 
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Figure 166. Comparison of through-the-edge SAXS patterns for hydrated EM-rGOs prepared with different concentrations 
of sulfuric acid at 90° (edge), 45°, and 0°(surface). 

 

The WAXS patterns of Figure 167 are adjusted to show the same intensity range across all the images.  

There is a high degree of order present in the EM-rGO materials, exhibiting the well-defined (002) peak 

similar to that seen in pump dried assemblies.  The alignment (OA) of the 1.0 M, 0.5 M, and 0.1 M 

Bragg peak is rather constant, but the intensity diminishes with higher sulfuric acid concentrations, 

indicating the amount of turbostratic clusters present in the bulk is reduced depending on how much 

acid is intercalated before drying.  Correspondingly, the presence of fewer cluster aggregates would 

indicate there is more accessible surface area present in the assembly.  It can also be seen that the 

EM-processing limits the amount of water within the rGO layers, as the scattering from water seen at 

high-q (along the Bragg peak and beyond) is most prevalent in the rGO hydrogel and 5.0 M EM-rGO, 

while remaining quite low in materials tuned with concentrations of 1.0 M or less. 

 

 
Figure 167.  Through-the-edge WAXS patterns for hydrated EM-rGOs and a typical rGO hydrogel (far right) with identical 
intensity scaling.  The intensity at the highest q-values (at and beyond the Bragg peak shown in diffuse red) is due to 
scattering from water. 

 



211 

 

The structure of water within rGO assemblies is interesting in its own right, and it can also be a very 

useful tool in investigating the structure and accessible surface area within rGO assemblies.  With the 

hydrated assemblies, the scattering interface is between the rGO sheets and water, compared to the 

dried assemblies where there is scattering between the rGO sheets and air.  As seen in the results 

presented with the dried materials, the small pore features can be overshadowed by the larger 

turbostratic agglomerates, making it difficult to discern what elements of the scattering result from 

the small pores and which result from the density fluctuations within the carbon matrix.  In the 

hydrated materials, the easily-detected water background (measured directly from the intensity 

differences at high-q, see the features at q=1 Å-1 and q=3 Å-1) can be used as a direct measure of how 

much of the liquid is incorporated within the assembly, equating with the accessible surface and total 

pore volume.  Figure 168 shows the structural elements of the carbon matrix and water are discernible 

in the reduced through-the-edge WAXS patterns from Figure 167.  The high background at maximum-

q is a result of bulk water, as scattering from water alone exhibits the double feature broad peak at a 

q-value just above that of the (002) rGO peak, as expected from the typical ambient water peak shape 

presented in Figure 145. 

 

 
Figure 168.  Reduced through-the-edge WAXS patterns for the EM-rGO materials tuned with different amounts of sulfuric 
acid as compared to a hydrogel assembly without modification. 

 

From Figure 168, bulk water is clearly present in the 5.0 M and in the hydrogel assemblies.  The lack of 

a measureable feature from bulk water in the 1.0 M, 0.5 M, and 0.1 M scattering curves is quite 

significant and will be a focus of future work, to be discussed in the Chapter 7.  While the bulk water 

peaks are absent, the amount of water within the assembly can be directly calculated from the 

background scattering, and the relative difference between samples can be determined by the 

intensity values at q≈1 Å-1.  A full analysis with all data measured in absolute intensity is also a focus of 

future work, but the current results show the volume of water within each assembly scales directly 
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with the concentration of acid used to tune the pore network, and the amount of acid left within the 

materials after freeze drying will determine the volume of water within the washed, hydrated EM-rGO 

assemblies.  

The onset of the scattering just below the Bragg peak coming from structural elements of a larger size 

(at onset of the typical ‘small-angle’ region below q≈1 Å- 1), occurs at approximately the same q-value 

for all EM-rGO materials (0.7-0.8 Å-1), indicating the features are again due to the restacked clusters 

with fluctuations ranging all the way down to the initial interlayer distance between the rGO sheets. 

The PT model was applied to the WAXS results for the EM-rGO assemblies and the results are shown 

in Table 23. There is a slight decrease in the number of rGO layers making up the restacked clusters, 

but overall this value remains consistent for materials tuned with a sulfuric acid concentration of 1.0 M 

or below.  The α values are also very similar for the 0.1 M, 0.5 M, and 1.0 M materials and the fan 

pattern observed in the small angle region of the images in Figure 167 are characteristic of slit-like 

pores between the rGO sheets, with the 1.0 M sample having a slightly wider distribution which is 

indicative of longer slits.  In contrast, the specific features of the clusters cannot be obtained from the 

5.0 M and hydrogel assemblies because that region of the curve is dominated by scattering from the 

bulk water.  However, the WAXS images show there is some amount of turbostratic alignment present, 

as slight intensity differences are detectable across the ring for the mixed water and carbon (002) peak 

profile.  The lack of any defined (002) feature shows there is a much smaller amount of restacking of 

the rGO sheets within the hydrogel materials and EM-rGO tuned with a high concentration of sulfuric 

acid.  Further, a comparison of the α values for the hydrated assemblies in Table 23 to the dried ones 

in Table 21, follow the proposed trend of larger values for more porous materials. 

 

Table 23. Structural parameters evaluated from WAXS of the EM-rGO assemblies as measured through-the-edge along the 
(002) peak profile. 

 0.1 M 0.5 M 1.0 M 5.0 M Hydrogel 

d002 (nm) 0.367 0.365 0.359 

Dominated by bulk water Lc (nm) 2.47 2.17 2.25 

Nlayers 7 6 7 

α 2.28 2.25 2.34 3.07 3.07 

 

To see how the structure differs within the pore network along the surface of rGO sheets, features of 

a through-the-surface scattering curve are compared to those resulting from the through-the-edge 

scattering reported above.  The curves in Figure 169 are also quite interesting, as they demonstrate 

how the amount of bulk water is quite different in the ab- and ac-planes.  Because the through surface 

scattering is thinner, the scattering curve is of lower intensity, as is was with all the dried assemblies 

presented previously.  However, a pronounced difference is seen at high-q, where the bulk water 

feature is clearly visible, indicating water is present in bulk-form within the long, slit-shaped pore 

network which extends along the ab-plane, and is not detected in the ac-plane.  The small, sharp peak 

at q≈2.1 Å-1 is the (hk) carbon-carbon peak. 
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Figure 169.  Comparison of the through-the-edge and through-the-surface WAXS results for 1.0 M EM-rGO. 

 

Comparing the through-the-surface scattering curves for 1.0 M and 5.0 M EM-rGO assemblies shows 

that bulk water is present within the ab-plane for both samples, even though it was detected in the ac-

plane for the 5.0 M assembly.  Again, the (hk) carbon-carbon peak is observed, and the slope in the 

lower-q range of 0.08 Å-1<q<0.3 Å-1 is 2.15 for the 1.0 M sample and 2.28 for the 5.0 M sample.  These 

values are slightly less than the more porous air dried assemblies reported previously, following the 

trend of a fractal dimension closer to 2 is related to more accessible surface area.  The intensity is again 

directly related to the water content in the assembly, and this will be evaluated using detailed absolute 

scaling in the proposed future work discussed in Chapter 7, correlating the results to real-space 

features and total porosity of the materials. 

 

 
Figure 170. Through-the-surface scattering curves for 1.0 M and 5.0 M EM-rGO show the presence of bulk water at high-q. 
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 Hydration level 

A closer examination of the role of water in rGO assemblies has been investigated using in situ WAXS 

and SAXS to observe the structural changes that occur as the hydrogels are dried.  The original hydrogel 

was prepared with the filtration method, but removed while fully hydrated and kept in water until 

testing.  The hydrogel assemblies are very stable in water over long periods of time, indicating there 

are some restacked regions in the materials and/or a large amount of disorder which keep the 

individual rGO sheets together as an intact assembly.  

 

 
Figure 171.  WAXS patterns for rGO hydrogels showing the peak for bulk water is present in both through-the-surface and 
through-the-edge images, where a faint (002) feature is visible in the latter. 

 

Figure 171 shows the general WAXS features present in the rGO hydrogel materials.  Again, the bulk 

water is clearly present in both the ab- and ac-plane.  The faint (002) peak is detectable, indicating 

there are small turbostratic clusters consisting of a few rGO layers within the wet films, as well.  The 

elongated small angle region of the through-the-edge pattern again indicates a slit-like expanded 

region between the rGO layers.   

 

 
Figure 172.  Through-the-surface in situ WAXS patterns for hydrogel assemblies from a fully wet to a fully dry state (left to 
right), with the intermediate structure undergoing a pronounced transition, as referenced in the text. 
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Figure 173.  Through-the-edge in situ WAXS patterns for hydrogel assemblies from a fully wet to a fully dry state (top left 
to bottom right), with the intermediate structure undergoing a pronounced transition, as referenced in the text. 

 

The hydrogel assembly was allowed to dry while collecting WAXS patterns every ten seconds.  Data 

collection continued until there was no noticeable change in the scattering results, indicating the fully 

dried assembly reached steady state.  The WAXS images shown in Figure 172 and Figure 173 have been 

adjusted to have equal intensity scaling, and show the main features detected in through-the-surface 

and through-the-edge scattering patterns as the material goes through a distinct transition.  The 

structural states are more clearly represented in the reduced through-the-edge curves plotted in 

Figure 174.  Here, it can be seen that the completely hydrated assemblies contain a large amount of 

bulk water, which is evident in the higher intensity black curves, where a small amount of water 

evaporates as time goes on.  With a lower water content, a second lower intensity, broad feature at 

q≈1.3 Å-1 emerges (indicated with arrow).  Shortly following this, there is a pronounced decrease in the 

bulk water signal, and the (002) Bragg peak feature quickly becomes more pronounced (indicated with 

arrow at q≈2.5 Å-1).  This initial, collapsed state, is highlighted by the darkened black line.  Looking at 

only the curves in black, it can be seen that up until this point, the slope at smaller angles is relatively 

constant, following a predictable and constant decrease in intensity which is directly related to the 

volume of water in the hydrated assembly.  The high-q region also followed this trend until a critical 

drying point was reached and all bulk water was expelled from between the layers.  This could be 

expected as the aromatic domains of the rGO sheets are highly hydrophobic, and water confined 

within small nano-pores would be quickly expelled from regions with strong surface forces dominating 

over the bulk. 
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Figure 174.  Reduced horizontal sector for the through-the-edge WAXS results of an rGO hydrogel as it goes from a 
completely hydrated (VrGO:VH2O of 1:20) (top, black curves) to a completely dry (VrGO:VH2O of 1:0.05) (lower, rainbow curves) 
state.  The arrows indicate the major structural changes that are discussed in the text. 

 

After the drying point is reached at the final black curve shown in bold, the Bragg peak feature stays 

relatively constant, while a pronounced change occurs in the lower-q region (shown with arrow along 

the rainbow coloured curves).  Again, interpreting these features as part of the paracrystalline lamellar 

aggregates, the FWHM of the (002) peak is a measure of how many layers make up each cluster while 

the growing broad peak at lower-q is a measure of the aggregate form itself.  While there is a slight 

narrowing of the (002) peak, no measureable difference is detected in Lc, which remains at a value of 

2.2 nm, corresponding to a stacking of six rGO layers (after applying the Scherrer equation).  This leads 

to the conclusion that as the water is removed from the rGO layers, there is a point where the structure 

collapses to form aggregates of about 6 rGO layers, yet much of the extended pore network is still 

preserved in this state.  As the residual adsorbed water is removed, the aggregated clusters do not 

grow in size, but they do become more numerous.  This is the cause of the increased slope within the 

higher-q SAS region (area indicated by dotted lines in Figure 148).  
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Figure 175.  Plot of the reduced in situ hydrogel curves from Figure 174 with the number index on the y-axis and the colours 
corresponding to the relative intensity (orange highest, dark blue lowest).  The insets correspond with q-ranges of interest 
discussed in the text (shown with grey brackets and black arrows pointing to the q-range indicated), with orange dashed 
lines corresponding to the index number where a pronounced shift occurs. 

 

Looking specifically at the region where the bulk water is expelled from the network, Figure 175 shows 

a contour plot where the peak from bulk water diminishes and the (002) Bragg peak emerges.  Specific 

q-ranges were chosen and the insets of the regions shown in grey clearly mark where pronounced 

changes in intensity occur.  In all q-regions chosen on the graph, the change occurs at index number 

26 and continues through to number 30.  After this point, the intensity is constant within the high-q 

region and starts to increase in the low-q region.  This again supports the claim that the additional 

scattering comes from larger structures in the rGO assemblies, while the individual turbostratic 

clusters have a constant interlayer distance and stacking height. 
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Figure 176.  Reduced through-the-surface SAXS results for an rGO hydrogel as it goes from a completely hydrated (drying 
time of zero) to a completely dry (drying time >18 minutes) state with the slope of the low-q SAS range (red arrow) plotted 
to show the transition over time (on left). 

 

The through-the-surface reduced SAXS curves are shown in a contour plot in Figure 176, in this case 

with the drying time (in minutes) given on the horizontal axis and q (in nm-1) referenced on the vertical 

axis.  The slope of the reduced scattering curves at smaller angles (indicated by the range of the red 

arrow) is plotted to the left of the contour plot to highlight the abrupt structural change discussed here.  

In this data, the same decreased intensity at high-q can be seen as the bulk water evaporates from the 

assembly (indicated with the range of the yellow arrow), and the pronounced shift in slope at lower-q 

(indicated with range of the red arrow) has the same pattern of holding steady at -2.3 for the entire 

time bulk water is present and then quickly decreasing slightly before abruptly increasing to -2.87, a 

value much closer to -3, which would be expected if all the pores were collapsed (uniform amorphous-

like carbon [297]).  This fits well with the description of graphene as fractal crumpling of sheets [116], 

where the fully hydrated rGO materials have optimal stabilization with a fractal dimension equal to 

2.3, as suggested in the computational models.  As restacking increases due to van der Waals forces, 

the fractal dimension increases as the accessible surface area decreases, and the experimental results 

shown here match the values proposed by the model.   

This result can explain why, as supercapacitors, the performance of hydrogels has been shown to be 

far superior to dried materials [17, 20, 21, 25], and this exceptional performance is linked to both an 

increased accessible surface area along with lower ionic resistance within the enlarged pore network.  

These investigations into the role of water in rGO produced quite insightful results, and Chapter 7, 

discussing future work, goes in to detail on how the work presented here will be expanded upon. 

 

 

 Neutron results and discussion 

While the larger size of the beam limits the experimental small angle neutron data to an investigation 

of scattering through-the-surface in the ab-plane, additional insights can be gained using neutron 

scattering, especially in relation to extending the q-range with USANS.  Figure 177 shows the results of 

a combined USANS, SANS, and neutron diffraction plot for a pump dried rGO assembly.  It should be 

noted that the USANS and SANS results are taken through-the-surface of the materials (ab-plane), 

while the diffraction results will display features predominantly from the ac-plane, so this curve is not 

a true representation of an individual surface or edge curve, and the PT model cannot be applied to fit 
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the small-angle region of the curve because measurement for through-the-edge scattering is possible 

with these techniques.  Nevertheless, this curve does show the main features of the rGO assemblies 

and provides needed insight on the behaviour at ultra-low-q. 

The SANS and USANS results significantly extend the range from the SAXS data, and it can be seen that 

the broad hump is slightly visible in the through-the-surface scattering as well.  Further, this overall 

scattering feature ranges across an extensive q-range, even larger than that reported for porous 

carbons with what was already recognized as one of the widest reported ranges [34].  Again, 

interpreting the main features of the curve as representing an extended, porous fractal network, the 

low-q region indicated by the orange line at q≈7(10-5) Å-1 corresponds to Lmax and the high-q region 

indicated by the orange line at q≈0.3 Å-1 corresponds to Lmin.  This would indicate the pore network 

extends from the sub-nm level up to over 4.5 μm, larger than the size of the individual rGO sheets.  

Again this low-q upturn, or negative deviation from Porod’s Law (as the value of α is 4.4), can indicate 

diffuse scattering is present.  Because the pump dried rGO assemblies have a thickness of 4.5 μm (see 

Figure 140), this feature is likely to be indicative of the edge of the bulk assembly, as six layers were 

stacked together for the neutron measurements.  In this case, the actual scattering curve can be 

assumed to level off to a horizontal asymptote, indicating the total scattering surface from the ‘particle’ 

(in this case the entire rGO assembly) has been measured.  Future work will subtract this diffuse 

component from the curve and thus allow for the total surface area to be calculated, following the 

calculations outlined in Chapter 2. 

 

 
Figure 177.  Combined USANS, SANS, and neutron diffraction plot on an absolute intensity scale for HO3 rGO.  Defined 
structural regions are indicated with orang lines on the plot and are referenced in the text. 
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To determine which features of within the combined neutron curve are of most significance, a Kratky 

plot is shown for this extended curve in Figure 178.  There are three clear features indicated with the 

arrows, where the (002) Bragg peak is again prominent at high-q and is preceded by the hump 

appearing at q≈10-2 Å-1.  There is then a long, flatter section before the pronounced intensity increase 

at ultra-low-q.  The region below the orange line at q≈2(10-3) Å-1 in Figure 177 is at the same q-value 

as the upturn seen in through-the-edge scattering in the SAXS data.  The broad hump below this value 

is enhanced with the Kratky plot and is most likely related to the cluster aggregates. 

Comparing the through-the-surface neutron Kratky plot with the through-the-edge SAXS Kratky plot in 

Figure 151, the through-the-surface SANS and USANS results add clarity on what features are 

contributing to the scattering in the ab-plane.  The SAXS results showed the broad hump related to the 

agglomerate clusters centred at about 0.07 Å-1 with a range from 10-2 Å-1 > q > 0.6 Å-1, in the SANS 

results, a minimum is seen on of Kratky plot close to 0.07 Å-1 which extends upward in a similar range 

of 10- 2 Å- 1> q >1 Å-1.   The high intensity low-q feature in the SAXS plot was ascribed to the surface 

roughness, and in the SANS/USANS results, this feature is also detected in the through-the-surface 

scattering extending across a range of 7(10-4) Å-1> q >10-2 Å-1.  The SANS results confirm a structural 

feature is detected across this entire range, starting at the same position as that seen with the SAXS 

results, with the Kratky plot in Figure 178 clearly showing a higher level structure does exist as a 

separate feature from the agglomerate clusters. This suggests that within this region, scattering is 

dominated by features of the rGO sheet roughness which can be analysed separately after removing 

the scattering from the collapsed agglomerate clusters and this will then can act as a direct measure 

of the accessible scattering surface area.   This analysis is ongoing and is left for a focus of future work. 

 

 
Figure 178.  Kratky plot of the combined USANS, SANS, and neutron diffraction results for HO3 rGO with the regions of 
interest highlighted in green and defined features indicated with the arrows. 
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To estimate the size of the scattering feature causing the broad hump in the mid-q region in Figure 

177, the Gunier plot for a q-range of qRg<√3 was used.  The slope of the linear region in the q-range 

correlating with the feature can be used to obtain the effective size of the scattering particle, and the 

result is shown in Figure 179, with a slope of -367.  Assuming a simple spherical shape, the slope in the 

Gunier region is equated to Rg
2/3, which yields a value for Rg of 3.3 nm.  Again assuming a spherical 

shape, the radius would be found with √((5/3)Rg) resulting in a particle with radius 2.3 nm.  As the 

through-the-surface scattering relates to features in the ab-plane, this feature is most likely 

attributable to the misaligned aromatic clusters that are distributed out-of-plane, as indicated by the 

large OA and medium-to-low texture of the rGO materials, as discussed in Chapter 5.  The 2.3 nm 

measurement matches with that of the Lc component of the clusters shown previously, again signifying 

an average of six rGO layers are stacked in each cluster.  

 

 
Figure 179.  Gunier plot of the SANS region corresponding to the feature seen in the mid-q range for HO3 rGO with a fit of 
the linear region to obtain the slope which can be related to the radius of gyration of the scattering particle. 

 

More work is needed to fully quantify the rGO scattering results, but the discussion here provides the 

initial steps in interpreting data.  The slope across this whole region yields a fractal dimension of 2.25, 

and interpreting the results as a porous fractal network and applying the methods used to interpret 

the pore length in porous carbons exhibiting this long-range fractal region, Pfeiffer et al. [34] showed 

the minimum q-value represents the smallest size of the pore while the maximum q-value represents 

the most extended pore length.   With the USANS results it is possible to say that the fractal range goes 

from just under 1 nm up to 4.5 μm, which equates to the entire thickness of the dried films.  Applying 

the pore fractal method to estimate porosity [34]: 

 𝜑 =
𝑉(𝐿𝑚𝑖𝑛)

𝑉(𝐿𝑚𝑎𝑥)
= (

(𝐿𝑚𝑎𝑥 /𝐿𝑚𝑖𝑛)
3−𝐷𝑝 − 1

3 − 𝐷𝑝
+ 1)

−1

 ~ (𝑙𝑛 (
𝐿𝑚𝑎𝑥 
𝐿𝑚𝑖𝑛

))

−1

 6.5 
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When Lmax>>Lmin, a result of a porosity of 12% is determined, which is lower than that measured for 

porous carbon particles (19% to 46% reported by [34]).  Without the extended q-range for comparison 

of other rGO materials, it is not yet clear if this fractal scaling method is justly applicable in these 

systems, but further work will apply this method to compare results for assemblies dried under 

different conditions. 

 

 
Figure 180.  SANS curves for as-prepared, dried EM-rGO assemblies as compared to a pump dried sample that was not 
tuned with sulfuric acid. 

 

Another interpretation applies the concept of a planar invasion percolation cluster, which has a fractal 

dimension of 1.9 [306].  A stack of these percolation clusters results in a dimension of 2.9 [197], and 

these concepts would apply to what is known about the physical structure of the rGO as well as match 

well with data for EM-rGO assemblies shown in Figure 180.  In this case, materials that are fully 

exfoliated, with aligned sheets and limited aggregates show a structure more like that of a planar 

percolation cluster, with a slope close to 1.9, and this value would scale as more of these planar clusters 

are stacked, following the behaviour seen in EM-rGO assemblies with more/less aggregate clusters.  In 

any case, the SANS results on the absolute intensity scale show that there is more scattering surface 

per unit volume in the pump dried assembly and this decreases as higher concentrations of sulfuric 

acid are used to tune the pore size.  This information is however limited, as these values also include 

the scattering from the cluster aggregates which will not contribute to the accessible surface area.  The 

pump dried assembly has more scattering per unit volume because it is much denser with the close 

packed, often restacked, rGO layers.  Hence, the fractal interpretations provide more insight on the 

structure of the pore network and how that is likely to effect the material performance. 

 

6.4 Conclusions and Future Work 

This chapter built upon the concepts developed at the chemical (Chapter 4) and macromolecular 

(Chapter 5) level in order to deliver a comprehensive interpretation of the chief aspects influencing 

the structure and resulting material performance of rGO bulk materials.  The results presented here 

make progress in understanding the features present at the mesoscale, a region that has remained 
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relatively unexplored in rGO assemblies until now.  Combining turbostratic clusters and OA factors 

measured with diffraction at the microscale with the mesoscale features that were revealed using TEM, 

HRSEM, and SAS, clearly showed there are different levels of order present within the rGO assemblies, 

with the mesoscale features having a much more tortuous, disordered network than previously 

assumed [26].  Assessment of the bulk material was further extended into the macroscale region using 

direct imaging, where it was shown there are likely to be more complex and heterogeneous features 

present in the EM-rGO materials. 

While the results presented here are not wholly quantitative, there have been many noteworthy 

findings presented which aid in determining the structure of rGO assemblies at the meso- and 

macroscale.  This work supports that the main structural components of rGO assemblies are well 

defined by the BSU concept put forth by Oberlin et all. [156] for pyrocarbons (see Figure 76) and that 

of Wood et al. [119] for graphene oxide papers (see Figure 22).  These components consist of a BSU 

cluster with dimensions La (composed of l) and Lc at the microscale that are joined to form larger 

lamellae (clusters) and super-lamellae extending up through the micron scale.  The results for rGO 

differ from Wood’s structural model for GO [119] in that GO is much more planar in nature, causing 

the clustered features to be more disk-like (lamellae) in shape with an identifiable diffuse layer 

(interlayer resulting from attached oxygen groups yielding the slope with negative deviation from 

Porod’s Law), while the rGO sheets have a much rougher surface and form polydisperse cluster 

agglomerates consisting of an average of 7 stacked layers.   

It was clearly demonstrated that different aspects of processing will impact the resulting rGO 

assemblies within explicit size domains.  For example, while the drying methods do not have impacts 

on the chemical or macromolecular scale (aromatic domain size, l), they are main determinants in the 

resulting meso- and macroscale features which play large roles in defining the overall pore network 

and pore accessibility.  Correspondingly, the oxidation level and processing conditions of the GO 

precursor had the largest impact on the structure at the microscale, yet appears to have a minimal 

influence on the essential meso- and macroscale features of the bulk assembly. 

The results here support the findings in Chapter 5, where the mid-q scattering feature identified in 

SAXS results corresponds to the turbostratic clusters which are well characterized using models 

developed for multi-lamellar structures, specifically as described within paracrystalline theory (PT) 

[214, 302], described in Figure 153.  By comparing the results of applying the PT model to the through-

the-edge scattering curves to the results of Chapter 5, in both cases it was determined that overall 

stacking height of the clusters is very similar for all processing conditions, with the cluster height 

averaging around 2.5 nm, corresponding to an average of 6-7 rGO layers.  The only exception to this is 

with the annealed sample, where the higher temperature removes oxygen groups and smooths the 

carbon lattice by reducing corrugation and stacking faults [303], resulting in densification of the carbon 

matrix due to increased cluster prevalence and size (more rGO layers per cluster). 

The through-the-surface SAS measurements showed that the rGO bulk assemblies have very 

consistent structure along the ab-plane, with density differences ranging across an extended length 

scale, with scattering features being detected at very low-q and continuing all the way up to q ≈ 1 Å-1.  

This equates to physical features with size ranging from the 3.5 Å interlayer distance within the 

turbostratic clusters across the length of the rGO sheets (≈1 μm) up to the total thickness of the 

assembly (≈5 μm), suggesting the pore fractal models developed for nanoporous carbons [34] can be 

applied to quantify the pore dimensions and overall porosity.  The rather featureless scattering curves 

present difficulties in interpretation, and the results here show that much of the through-the-edge 

scattering observed is due to the restacked turbostratic clusters, not a well-defined pore network. In 

spite of this, it is possible to move forward with a more in-depth and quantitative analysis of the rGO 

materials, comparing the theories and models developed here to the material performance and 

absorption data for rGO assemblies prepared using different processing conditions.   
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The through-the-surface scattering patterns are very similar to that seen in coal [307], and the next 

step would be to isolate the scattering components from that resulting from roughness along the 

surface of the rGO sheets and that resulting from the cluster aggregates – most likely following 

Beaucage and Schaefer in their studies of complex carbon systems with multiple size-scale structures 

[289].  Additional steps will include attempts to subtract the contributions from both the amorphous 

content (D=3) and fluctuations in layer spacing (D=1)  in order to convert data specifically related to 

the porous surface to real space and obtain the pore distribution function g(r), as performed by Perret 

and Ruland [240, 290].  This method allows for quantitative determination of slight sub-nm deviations 

in stacking which are characteristic of these dense, porous carbon materials.   

A detailed analysis of the orientation parameters, both the OA at wide angles, and φ at small angles, 

as shown in Figure 181, would facilitate a quantitative comparison of the dimensions of the micropores 

within the rGO assemblies. The OA analysis procedure used on the SAED results in Chapter 5 can also 

be applied to the through-the-edge WAXS results shown here to quantify the texture for the different 

rGO materials.  Further, the broadening of the anisotropic SAS feature can be used to determine the 

relative dimension of the pores, using the approach applied to carbon fibres with elongated pores 

wedged between well aligned planes [28, 30, 136], as discussed in Chapter 2. 

 

 
Figure 181.  Depiction of how carbon orientation and pore alignment can be measured at the microscale (wide angle at 
left) and mesoscale (small angle at right) based on the approach for pore characterization via WAXS and SAXS analysis in 
carbon fibres as outlined by Dresselhaus [30] and discussed in Chapter 2. 

 

The results for the hydrogel assemblies are quite promising and these show that in situ SAXS is a 

powerful tool in understanding how the structure of rGO materials is impacted by hydration. The 

results shown here clearly indicate there is a critical drying point where bulk water is expelled quite 

abruptly from the assembly, and at this point the cluster agglomerates form.  Further, the structural 

progression shows that the width of the Bragg peak stays relatively constant while the slope in the 

small-angle region continues to increase. This trend sheds light on how the mosaic cluster network is 

formed within the rGO bulk, and is can be seen that while the size of the clusters does not change, the 

overall prevalence of these restacked domains continues to increase as the water evaporates.  The 



225 

 

results show that as more rGO sheets assemble to form clusters, the increased stacking (prevalence of 

van der Waals bonding) can be measured by an increase of the slope in this mid-q region, which further 

supports the previous reports using the fractal dimensionality as a measure of available surface area 

[116, 133].  Furthermore, this method shows that the water background is in itself a useful feature, as 

it can quantitatively measure the total porosity and distinguish between assemblies with pore sizes 

large enough to hold bulk water (the 5.0 M EM-rGO materials) or only adsorbed water (all EM-rGO 

materials prepared using sulfuric acid concentration of 1.0 M or less). 
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Chapter 7. Conclusions and Future Work 

7.1 Overall Outcome: rGO Assemblies as a Unique Type of Porous Carbon 

The wet processing methods used to fabricate rGO assemblies, along with their unique lamellar 

geometry, makes them quite promising materials for a wide variety of applications [11, 12, 29, 308].  

However, the same complex structural elements that make rGO so promising also present 

experimental difficulties when attempting to fully characterize the multitude of elements impacting 

the performance elements of the bulk material.  This work has taken a comprehensive approach to 

elucidate the structure of rGO assemblies, from the sub-nm level all the way through to the macroscale, 

and has been able to identify many specific structural elements that are thought to influence structure-

performance relationships in these materials.  As the key features of porous carbons fall within the 

two main areas of chemical bonding within the carbon matrix and the pores contained within it, 

quantitative chemical differences were first identified in Chapter 4 and then combined with the results 

for structural elements identified in Chapters 5 and 6 to achieve the aim of elucidating the structure 

of rGO assemblies. 

The main purpose of this study has been two-fold: 

i) To explore the application of radiative experimental techniques in order to determine how 

chemical and structural data for rGO assemblies can be best obtained and interpreted 

ii) To use these results in order to define the chemical and structural make-up of dried and hydrated 

bulk rGO materials prepared by filtration of aqueous dispersions reduced via hydrazine 

The first aim has been achieved through the application of widely used experimental methods, and the 

gap in knowledge was able to be addressed by outlining how these methods can be best applied to 

understand structure-property relationships in rGO assemblies.  Specifically, there have been a 

number of enhancements to data interpretation suggested, such as highlighting the relevance of the 

valence band to identify oxygen and nitrogen functional groups and detailing how more thorough 

fitting procedures can be applied to the XRD and RMS peaks to extract a wealth of important 

information on defect concentration, aromaticity, and overall disorder at the microscale.  Further, the 

anisotropic features WAXS and SAXS patterns were analysed to determine the separate structural 

elements in rGO assemblies along the ab- and ac-planes. 

The second aim has been achieved by using the results from the aforementioned techniques to answer 

many of the open questions regarding the structure of rGO materials.  Specific questions outlined in 

the Introduction were: 

 Do the processing conditions of the original GO precursor impact the chemical composition of 

the resulting rGO? 

 What is the chemical composition and physical structure of the rGO sheets? 

 What is the structure of the carbon matrix and pore network within the rGO assemblies? 

 What roles do drying and hydration play in determining the structure of the bulk materials?  

All have been addressed in this work, providing much insight into the relationship between structure 

and processing conditions, while also suggesting areas of further research.  Overall, the main aspects 

contributing to the structure of rGO assemblies are outlined in Figure 182, with details related to each 

feature discussed in the sections to follow.  This highlights the fact that structural elements within 

different length scales have unique impacts on the formation of the overall carbon matrix and resulting 

material performance.   
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Figure 182.  Depiction of the individual structural elements making up the scattering curve for rGO assemblies.  This figure 
highlights the findings of this work, showing the influence of orientation and scale on the particular structural element 
within the rGO assembly.  The through-the-surface fractal network is consistent throughout the bulk, while the through-
the-edge lamellar structure is composed of different size entities.  From right to left: the Bragg peak at high-q measuring 
the interlayer distance between the stacked aromatic domains; the broad feature at mid-q relating to the size of the 
turbostratic clusters; the Porod region at low-q arising from the surface roughness of aligned and elongated rGO sheets; 
these features continue across the entire 4.5 μm length of the bulk assembly. 

 

 

7.2 Main Findings 

 Chemical composition of rGO sheets 

One outcome of this work was to show a link between the processing conditions of the original GO 

precursor and the chemical and structural features of the resulting rGO sheets and assemblies.  This 

work provided the experimental evidence to show that the parameters of reaction time and 

temperature within Step 1: oxidation and Step 2: hydrolysis [57] did result in differences in chemical 

composition of the rGO assemblies, with measured differences observed in the specific type of basal 

and edge bound oxygen and nitrogen moieties in the reduced materials.  These results indicate that 

longer reaction times for Step one: oxidation result in rGO sheets with more residual epoxy groups, 

which likely leads to increased nitrogen doping during hydrothermal reduction, where both hydrazine 

and ammonia could react with these oxygen functional groups.  It was also found that longer reaction 

times for Step two: hydrolysis are likely to result in rGO sheets with more carbon defects and sp3 

bonded oxygen species.  Correspondingly, shorter reaction times and lower reaction temperatures 
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result in rGO with significantly less epoxy, hydroxyl, and carboxyl groups, with the extra-low oxidized 

rGO (LOX) even achieving levels of high purity (>95% carbon) after further thermal reduction. 

It was found that rGO produced via hydrazine hydrothermal reduction at 100°C results in nitrogen 

groups that are almost exclusively bound at sp3 carbon sites.  Precisely which nitrogen species are 

present in rGO materials is an area of current research, and further investigation is needed to more 

clearly identify these nitrogen groups.  However, the results of this work indicate these “amine-like” 

moieties do have a large impacts on the valence band of rGO materials.  Based on the results from 

HO4, it seems possible that the amount of the amine-like nitrogen introduced to the rGO sheets could 

be enhanced via modifications to the original GO oxidation process, where the over-oxidized basal 

plane resulting from holding the reaction in Step 1: oxidation for an extended period introduces 

abundant basal-bound oxygen groups, increasing the reaction sites for both hydrazine and ammonia.  

Further, these results indicate aromatic nitrogen species are not prevalent in the rGO assemblies 

examined in this work, and the overall nitrogen content largely diminished upon further thermal 

reduction. 

It was determined that the prevalence of residual phenolic basal plane groups in rGO can be minimized 

using a hydrazine reduction method compared to that of thermal reduction alone, where it is thought 

that the lack of epoxy groups destabilizes basal-bound hydroxyls [76], facilitating a more complete 

reduction.  This is an important finding as applications that require high conductance require a minimal 

amount of basal-plane phenol groups in rGO materials, and these results offer further support for a 

two-step reduction process using hydrazine followed by thermal reduction procedure [75, 76].   Thus, 

this work shows there is a high likelihood that tailoring GO processing conditions and be used to impact 

the resulting rGO assemblies, resulting in specific types of residual oxygen and nitrogen groups, 

allowing the material to be better tailored for specific conductive and pseudocapacitive properties.   

The valence band (VB) spectra proved to be a valuable tool in uncovering unique attributes of rGO 

assemblies with slight variations in chemistry.  Differences in conductivity for rGO of varied oxidation 

level were reported based on the behaviour of the VB spectra close to the Fermi energy.   Further, this 

work was able to assign specific bond-types to the unique “signature” of rGO VB features, where 

eleven distinct features were identified, as shown in Figure 72 and labelled in Table 6.  It was found 

that the nitrogen XPS feature in HO4-rGO appearing at ≈ 400 eV has a significant impact on the VB of 

rGO materials if the total nitrogen concentration is above 5%, but this impact was diminished at lower 

levels of nitrogen content. 

 

 Microscale features and properties 

This work provided a detailed analysis of how the XRD and RMS peak profiles for rGO assemblies can 

be interpreted to quantify many useful structural parameters.  The importance of the RMS inter-band 

features was shown, and by employing these peak fitting parameters, RMS alone is able to provide a 

significant amount of information related to the oxygen content, aromatic domain length, defect type, 

and overall disorder.  Further, by interpreting the rGO results in the context of Ferrari and Robertson’s 

three stage amorphization trajectory [170], it is possible to correctly interpret the structural meaning 

behind the peak features, and this work found that GO and rGO are high defect-density materials 

warranting use of the model developed by Lucchese et al. [266] to determine the aromatic domain 

length based on the ID/IG peak ratio.  Thus, it was determined the aromatic domain length, l, 

contributing to the basic structural unit (BSU) model for rGO materials, is directly related to the 

oxidation level, not due to other factors such as corrugation.  The aromatic domains were shown to be 

quite small for all samples, with an average size of just over 1 nm. 

Further expanding the concept of the BSU, it was determined that the porous carbon structural models 

developed by Oberlin et al. [156] proved to be a very valuable reference which allows for a more direct 
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comparison to other carbon forms.  This then allowed for associations to be made between specific 

structural elements and performance, where the elongated La is the likely cause of the high 

conductivity in rGO assemblies.  The detailed parameters of the BSU for rGO assemblies, along with 

the links between these structural elements and material performance, were found to consist of 

turbostratic clusters with average interlayer space of 3.7 Å and an average of 6-8 stacked rGO layers.  

The close-packed elements of these clusters have an aromatic length, l, of just over 1 nm (as shown in 

TEM images and RMS analysis), but there also exists a longer (hk) domain length, La, that extends to 

over 6 nm.  The shorter l units and residual oxygen groups were found to be the cause of disordered 

stacking, which results in a pore network almost exclusively of sub-nm micropores extending 

throughout the bulk of the dried assemblies.   

It was shown that if the correct peak fitting methods are applied, a combination of XRD and RMS is a 

very accessible and simple experimental approach that can provide extensive insight on both the 

microstructure and chemistry. Quantification of the γ-band feature in the XRD profile readily allowed 

measurement of the aromaticity of rGO materials, and further analysis with RMS and SAED found there 

is a high level of strain present in the dried rGO assemblies, which is directly attributable to the 

oxidation level.  This micro-strain is quite a significant structural parameter, accounting for 30% of peak 

broadening, and this plays a key role in the mechanical properties rGO assemblies.  Thus, this work has 

shown how tailoring the residual oxygen groups present on the rGO sheets will directly impact porosity, 

reactivity, and mechanical performance. 

 

 Mesoscale features and properties 

This work has shown that the structural features within the mesoscale region were an important 

missing link in the full characterization of rGO assemblies.  Until now, it was assumed that the layers 

within the rGO bulk material were rather well ordered, and the structural models proposed were based 

on a combination of XRD results at the microscale and SEM at the macroscale, both of which imply a 

lamellar structure with rGO sheets laying within the ab-plane and forming a porous network of 

“cascading nanoslits” [21, 24, 26, 29].  While this work found that there is a rather high level of 

orientation within individual turbostratic clusters (diffraction peak profile) and in the overall bulk 

layering as shown via SEM (Figure 138), at the mesoscale there are highly disordered features (shown 

via TEM Figure 139 and Figure 140) and this work has been the first to identify these features. 

The BSU clusters are surrounded by a more disordered, porous region that varies in structure 

depending on the reduction temperature and drying method used.  It was found that the relative size 

of these clusters and the features contained within them (interlayer distance, d(002), and aromatic 

length, l), remain fairly constant for all materials, but the drying method can be used to tailor the 

disorder which results in pore networks that are more or less accessible.  Pump dried and annealed 

materials had the most order and least porosity, while air dried and hydrothermal assemblies were 

more disordered and showed increased porosity, as depicted in Figure 162. It was further found that 

standard methods for characterizing the texture of pyrocarbons could be applied to rGO materials, 

leading to the conclusion that the pump dried films can be classified as medium textured carbon 

materials [131].   

It was found the individual BSUs combine to form a bulk system like that of a mosaic cluster.   The BSUs 

are dispersed throughout the bulk, consisting of turbostratic, corrugated, and distorted layers that are 

then surrounded by a more disordered carbon matrix.  This work has shown that the more tightly 

stacked these clusters become, along with their prevalence, will limit the accessible surface area by 

decreasing the overall porosity and also increasing the overall tortuosity due to blocked passage within 

the pore network.  Further, the results suggest that the fractal interpretation of SAXS results allows for 

a simplified approach to compare the relative amount of accessible surface area in different rGO 



230 

 

materials. The results of this work provide experimental evidence that supports the model of 

optimized graphene crumpling (where a fractal dimension of 2.3 signifies the maximum solvent 

accessible surface area, and values larger than this are linked to prevalence of restacked regions [116]).  

These finding have implications for graphene-based supercapacitors, as it poses an upper limit on the 

accessible surface area that is significantly less than the theoretical maximum. 

While the oxidation level has large impacts on the structure of the rGO sheets at the microscale, the 

SAXS data showed that the chemical composition does not carry over to have large impacts on meso- 

and macroscale features.  This should prove to be useful insight, as it shows the processing conditions 

have distinctive impacts within discrete size regions (oxidation and reduction at the microscale and 

drying at the mesoscale).  There was a slight difference seen in the LOX assembly, where the slope of 

the Porod region in the through-the-surface SAXS curve was slightly more negative (-2.7 comp -2.6) 

than other rGO materials.  Based on the results showing LOX has significantly less oxygen groups 

present, and hence less disorder within the restacked clusters due to the elongated aromatic domain 

length, l.  This result also supports assumption that fractal dimensions closer to 3 are correlated with 

less accessible surface area.  In terms of material performance, it is clear that LOX is likely to offer 

superior performance as an additive for conductive or barrier films, and future work would be able to 

more unequivocally verify this. 

Based on the shape of the SAS features, the WAXS and SAXS results clearly show that EM-rGO has a 

much more defined pore structure than the typical dried assemblies.  However, for all rGO assemblies, 

it was found that the pore network in these materials is not as precisely defined as previous literature 

would suggest [24, 26].  Results here indicate that pore network of EM-rGO materials tuned with 

sulfuric acid concentrations of 1.0 M or less is composed of relatively disordered and narrow slit-like 

pores that have relatively equidistant interlayer dimensions (height along the c-axis).  If this is the case, 

the difference in the performance of these materials is probably due to the length of these pores, as 

the EM pore-tuning process (details given in the Literature Review and Chapter 3) allows for wider 

regions along the rGO sheets to remain exfoliated and reduces the amount of turbostratic clusters 

formed. Further, it was found that for the EM-rGO materials tuned with highly concentrated acid, there 

is a larger impact on the pore network that results in a greater amount of increased porosity (evidenced 

by the SAXS results showing bulk water is present) and distinct macroscale features which are 

addressed in the following section. 

 

 Macroscale features and properties 

Optical images microscopy showed the EM-rGO assemblies do not have homogeneous surfaces.  This 

was especially apparent in the materials prepared with higher concentrations of acid, where additional 

ripping was identified across the exterior.  These features could contribute to the enhanced 

performance of these materials as supercapacitors [24], as there would be more accessible surface 

area and enlarged pores along the ab-plane (prevention of restacking and expansion) as well as 

additional pathways created along the ac-plane (lateral tears), decreasing the tortuosity of the pore 

network to facilitate more rapid ion transport through the bulk [14, 35, 37, 39, 120].   

The SAXS results for rGO hydrogels and hydrated EM-rGO assemblies provided unprecedented insight 

on the structure of rGO materials as well as the amount of water confined within the pore network.  

By monitoring the drying process in situ, it was revealed that there is a critical drying point where all 

bulk water is expelled from the carbon matrix, yet the remaining adsorbed water prevents the rGO 

sheets from forming restacked clusters immediately.  As the water continues to evaporate, the clusters 

(again ≈7 layers) begin to form, becoming more numerous as the water content lessens.   

 



231 

 

7.3 Future research directions 

 Impacts on rGO sheet chemistry resulting from GO processing conditions 

More variations in GO processing conditions, as well as additional reduction methods, should be 

examined in order to more thoroughly verify the reaction mechanisms and increase the control and 

scalability for bulk processing of rGO materials.  Further, the XPS results on the rGO materials 

presented here would be better supported in combination with angle-dependent X-ray absorption 

near edge structure (XANES) to in order to reveal the orientation of each of the carbon-oxygen and 

carbon-nitrogen bonds identified by XPS.   With XANES, the X-rays are used to determine the direction 

of chemical bonds of the specific atomic species by its absorption edge, and this technique offers 

opportunities to explore the configuration of the unoccupied orbitals with σ and π symmetry, as there 

is unique orientation in regard to the aromatic ring plane. Analysis of the XANES profiles can be 

combined with the high resolution XPS and VB results to further verify the assignment of chemical 

bonding reported here and allow for a more definitive understanding of the bond types and alignment 

in rGO sheets. 

 

 Quantitative analysis of the pore network 

It was shown that the mesopore structure is difficult to characterise with SAS because the scattering 

is dominated by the larger, BSU cluster aggregates.  Further methods to more quantitatively analyse 

SAS data for rGO assemblies were outlined in Chapter 6, and included application of the pore fractal 

model [34] and orientation parameters used to calculate the pore length in carbon fibres [30, 136, 

240].  Future work to directly compare the fractal dimension, as measured from the Porod region of 

the SAXS curves, to surface area and porosity as measured with water sorption and dynamic 

electrosorption analysis [17] for different rGO materials, would make it possible to directly link these 

structural features with material performance.   

 

 Homogeneity of the bulk material 

TEM (Figure 140) and FIB/SEM images (Figure 141) found that there are larger voids present within the 

rGO assemblies.  These findings could be explored futhre via a serial-milling process where the FIB is 

used to ablate a very thin region of the bulk and then the surface is imaged with the electron beam 

(FIB-tomography).  This process continues to collect a series of images which can then be reconstructed 

using image processing software to reconstruct a 3D rendition of the bulk.  Adjustments to the FIB/SEM 

machining and imaging parameters should be explored in an attempt to improve the resolution of the 

rGO carbon matrix, and it is likely that using a helium ion beam in combination with EDS and STEM 

imaging/diffraction would be very successful at characterizing various dried rGO assemblies with 

extreme precision. 

 

 Hydration and water transport  

Future work to more quantitatively analyse SAXS data like that presented here would be of great 

benefit, as the scattering signal from the water can be used to determine the total porosity as well as 

measure the amount of water present when this critical drying point is reached.  Quantifying the 

minimum amount of water necessary to prevent restacking is a valuable piece of information when 

designing rGO materials for applications requiring minimal volume (increased volumetric capacitance 

[35, 37, 144]) or tailoring permeation behaviour (water treatment [309] or separation science [12, 

141]).  Future to correlate material performance from water sorption and gas permeation experiments 

at controlled levels of relative humidity with SAXS data would aid in fundamental studies on the water 

dynamics [299, 310] within rGO assemblies would facilitate the design of many innovative materials. 
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In future neutron scattering experiments, contrast matching using D2O/H2O mixtures can be used 

along with in situ measurements using controlled humidity to better quantify the surface structure and 

total porosity using the extended q-range and absolute intensity scale.  Additional work using 

quasielastic neutron scattering (QENS) would be able to directly measure water structure and 

dynamics within the hydrated rGO assemblies.  These proposed research areas, in combination with 

the work suggested in the following section, should largely contribute to the understanding of both 

rGO materials as well as the structure of water and/or ions confined in micropores particular surface 

properties [299, 311-314]. 

 

 Further in situ investigations on ion transport in rGO assemblies 

At this time, there is a large research effort focused on understanding of the fundamental processes 

influencing the performance of carbon-based supercapacitors.  Experimental results are needed to 

determine the behaviour of ions in confinement and the overall dynamics of charging at the carbon 

interface, which can then be combined with knowledge on surface chemistry and conductivity in order 

to significantly advance developments of higher-performing energy storage materials [123].  Advanced 

materials design would combine these insights into the chemistry and structure of the carbon matrix 

with a tailored pore network and particular electrolyte formulation, allowing the creation of a hybrid, 

nanostructured carbon-electrolyte system with enhanced properties [24, 35, 36, 39, 41, 42, 123].  As 

discussed in Chapter 2, in situ SAXS and SANS provides opportunities to probe the dynamics within 

these systems and gain remarkable insight into ion transport and energy storage processes within 

porous carbon materials [163, 165, 312]. 

Using the in situ cell design discussed in Chapter 3, and shown in Figure 49, experiments were carried 

out at the SAXS/WAXS beamline of the Australian Synchrotron to determine if the experimental 

procedures and results reported by Prehal et al. [163] (on activated carbon particles with average pore 

size of 1-2 nm) could be reproduced using EM-rGO supercapacitor electrodes.  An initial analysis of 

these data showed that the design of the in situ cell needs further optimization, yet results from cyclic 

voltammetry using lower charging rates were able to show measureable differences in ion transport 

properties.  Modes of inquiry such as this allow for unique insights on how these materials function as 

energy storage devices. 

 

 Suggestions for innovative rGO bulk materials 

Extensive proposals focused on potential applications for rGO materials continue to be widely reported 

[4, 8, 10-12, 14, 27, 37, 38, 52, 74, 103, 104, 222, 308, 309, 315], with additional interest in solvated 

graphenes and hydrogel assemblies for biological applications [29].  Because these dedicated reviews 

are so abundant, comments regarding new applications for these materials will not be detailed here.  

However, it is noted that the results of this thesis established that rGO assemblies are extremely similar 

to SL pyrocarbons, and it would be expected that they would perform as well as SL and be relevant in 

similar applications. Also, because of the added benefits resulting from the highly adaptable processing 

conditions, it is likely that rGO can offer unique opportunities to enhance the performance of materials 

traditionally constructed with SL pyrocarbons. Following this, one area that has not yet been reported 

on is within the arena of nuclear energy.  Because nuclear fuels and moderators [316, 317] make use 

of pyrolytic graphite and water (and/or D2O), the fact that rGO hydrogels contain both of these 

elements within in one material (with the added ability to functionalize the sheets with various dopants) 

could suggest novel advancements and new functional materials.  Combining this with the outstanding 

performance of rGO-based energy storage devices, these materials will be sure to play an important 

role in helping to shape a sustainable energy future – with the ability to understand the fundamental 

properties of these systems being key to successful development. 
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249. López-Honorato, E., et al., Deposition of triso particles with superhard sic coatings and the 
characterization of anisotropy by raman spectroscopy. Journal of Engineering for Gas Turbines 
and Power, 2009. 131(4): p. 042905. 

250. Weisbecker, P., et al., Microstructure of pyrocarbons from pair distribution function analysis 
using neutron diffraction. Carbon, 2012. 50(4): p. 1563-1573. 

251. Marrow, T.J., et al., In situ measurement of the strains within a mechanically loaded 
polygranular graphite. Carbon, 2016. 96: p. 285-302. 

252. Qin, W. and Szpunar, J.A., Origin of lattice strain in nanocrystalline materials. Philos Mag Lett, 
2005. 85(12): p. 649-656. 

253. Jafri, S.H.M., et al., Conductivity engineering of graphene by defect formation. J Phys D: Appl 
Phys, 2010. 43(4): p. 045404. 

254. Rasband, W.S., Imagej. 1997-2016, U. S. National Institutes of Health: Bethesda, Maryland, 
USA. 

255. Tuinstra, F. and Koenig, J.L., Raman spectrum of graphite. The Journal of Chemical Physics, 
1970. 53(3): p. 1126. 

256. Wang, Y., Alsmeyer, D.C., and McCreery, R.L., Raman spectroscopy of carbon materials: 
Structural basis of observed spectra. Chem Mater, 1990. 2: p. 557-563. 

257. Sadezky, A., et al., Raman microspectroscopy of soot and related carbonaceous materials: 
Spectral analysis and structural information. Carbon, 2005. 43(8): p. 1731-1742. 

258. Claramunt, S., et al., The importance of interbands on the interpretation of the raman spectrum 
of graphene oxide. J Phys Chem C, 2015. 119(18): p. 10123-10129. 

259. Cançado, L.G., et al., Measuring the degree of stacking order in graphite by raman spectroscopy. 
Carbon, 2008. 46(2): p. 272-275. 

260. Nemanich, R.J. and Solin, S.A., First- and second-order raman scattering from finite-size crystals 
of graphite. PhRvB, 1979. 20(2): p. 392-401. 

261. Knight, D.S. and White, W.B., Characterization of diamond films by raman spectroscopy. J 
Mater Res, 1989. 4(02): p. 385-393. 

262. Iupac compendium of chemical terminology - the gold book. 2005-2017, International Union 
of Pure and Applied Chemistry. 

263. Ferrari, A.C., Rodil, S.E., and Robertson, J., Interpretation of infrared and raman spectra of 
amorphous carbon nitrides. PhRvB, 2003. 67(15): p. 155306-155326. 

264. Casiraghi, C., et al., Raman spectroscopy of graphene edges. Nano Lett, 2009. 9: p. 1433. 



244 

 

265. Beams, R., Cancado, L.G., and Novotny, L., Low temperature raman study of the electron 
coherence length near graphene edges. Nano Lett, 2011. 11(3): p. 1177-81. 

266. Lucchese, M.M., et al., Quantifying ion-induced defects and raman relaxation length in 
graphene. Carbon, 2010. 48(5): p. 1592-1597. 

267. Cancado, L.G., et al., Quantifying defects in graphene via raman spectroscopy at different 
excitation energies. Nano Lett, 2011. 11(8): p. 3190-6. 

268. Mallet-Ladeira, P., et al., A raman study to obtain crystallite size of carbon materials: A better 
alternative to the tuinstra–koenig law. Carbon, 2014. 80: p. 629-639. 

269. Mallet-Ladeira, P., et al., Behavior of raman d band for pyrocarbons with crystallite size in the 
2–5 nm range. Appl Phys A, 2013. 114(3): p. 759-763. 

270. Seong, H.J. and Boehman, A.L., Evaluation of raman parameters using visible raman 
microscopy for soot oxidative reactivity. Energy Fuels, 2013. 27(3): p. 1613-1624. 

271. Cançado, L.G., et al., General equation for the determination of the crystallite size la of 
nanographite by raman spectroscopy. Appl Phys Lett, 2006. 88(16): p. 163106. 

272. Jawhari, T., Roid, A., and Casado, J., Raman spectroscopic characterization of some 
commercially available carbon black materials Carbon, 1995. 33(11): p. 1561-1565. 

273. Kaplas, T. and Svirko, Y., Direct deposition of semitransparent conducting pyrolytic carbon films. 
Journal of Nanophotonics, 2012. 6(1): p. 061703. 

274. Schwan, J., et al., Raman spectroscopy on amorphous carbon films. J Appl Phys, 1996. 80(1): p. 
440. 

275. Wang, T., et al., Interaction between nitrogen and sulfur in co-doped graphene and synergetic 
effect in supercapacitor. Sci Rep, 2015. 5: p. 9591. 

276. Martins Ferreira, E.H., et al., Evolution of the raman spectra from single-, few-, and many-layer 
graphene with increasing disorder. PhRvB, 2010. 82(12). 

277. Liu, Y., et al., Structural and hygroscopic changes of soot during heterogeneous reaction with 
o(3). PCCP, 2010. 12(36): p. 10896-903. 

278. Eckmann, A., et al., Probing the nature of defects in graphene by raman spectroscopy. Nano 
Lett, 2012. 12(8): p. 3925-30. 

279. Araujoa, P.T., Terrones, M., and Dresselhaus, M.S., Defects and impurities in graphene-like 
materials. Mater Today, 2012. 15(3): p. 98. 

280. Jhon, Y.I., et al., The mechanical responses of tilted and non-tilted grain boundaries in graphene. 
Carbon, 2012. 50(10): p. 3708-3716. 

281. Kim, K., et al., Selective metal deposition at graphene line defects by atomic layer deposition. 
Nat Commun, 2014. 5: p. 4781. 

282. Long, F., et al., Characteristic work function variations of graphene line defects. ACS Appl Mater 
Interfaces, 2016. 8(28): p. 18360-6. 

283. Petkov, V., et al., Atomic pair distribution functions analysis of disordered low-z materials. PCCP, 
2013. 15(22): p. 8544-8554. 

284. Manoj, B., Investigation of nanocrystalline structure in selected carbonaceous materials. 
International Journal of Minerals, Metallurgy, and Materials, 2014. 21(9): p. 940-946. 

285. Park, S. and Ruoff, R.S., Chemical methods for the production of graphenes. Nat Nano, 2009. 
4(4): p. 217-224. 

286. Hura, G., et al., A high-quality x-ray scattering experiment on liquid water at ambient conditions. 
The Journal of Chemical Physics, 2000. 113(20): p. 9140-9148. 

287. Amann-Winkel, K., et al., X-ray and neutron scattering of water. Chem Rev, 2016. 116(13): p. 
7570-7589. 

288. Bruneton, E., Narcy, B., and Oberlin, A., Carbon-carbon composites prepared by a rapid 
densification process ii: Structural and textural characterizations. Carbon, 1997. 35(10–11): p. 
1599-1611. 



245 

 

289. Beaucage, G. and Schaefer, D.W., Structural studies of complex systems using small-angle 
scattering a unified guinier power-law approach. J Non·Cryst Solids, 1994. 172(2): p. 797-805. 

290. Perret, R. and Ruland, W., X-ray small-angle scattering of glassy carbon. J Appl Crystallogr, 
1972. 5(3): p. 183-187. 

291. Reich, M.H., et al., The application of saxs to determine the fractal properties of porous carbon-
based materials. J Colloid Interface Sci, 1990. 135(2): p. 353-362. 

292. Schmidt, P., Small-angle scattering studies of disordered, porous and fractal systems. J Appl 
Crystallogr, 1991. 24(5): p. 414-435. 

293. Reiker, T.P., Moisono, S., and Ehrburger-Dolle, F., Small-angle x-ray scattering from carbon 
blacks: Crossover between the fractal and porod regimes. Langmuir, 1999. 15: p. 914-917. 

294. Beaucage, G., Small-angle scattering from polymeric mass fractals of arbitrary mass-fractal 
dimension. J Appl Crystallogr, 1996. 29(2): p. 134-146. 

295. Beaucage, G., Approximations leading to a unified exponential/power-law approach to small-
angle scattering. J Appl Crystallogr, 1995. 28(6): p. 717-728. 

296. Tang, M.Y., et al., X‐ray scattering studies of graphite fibers. J Appl Phys, 1986. 60(2): p. 803-
810. 

297. Perret, R. and Ruland, W., X-ray small-angle scattering of non-graphitizable carbons. J Appl 
Crystallogr, 1968. 1(5): p. 308-313. 

298. Bosio, L., Johari, G.P., and Teixeira, J., X-ray study of high-density amorphous water. Phys Rev 
Lett, 1986. 56(5): p. 460-463. 

299. Iiyama, T., et al., Study of the structure of a water molecular assembly in a hydrophobic 
nanospace at low temperature with in situ x-ray diffraction. Chem Phys Lett, 1997. 274(1): p. 
152-158. 

300. Narten, A.H., Danford, M.D., and Levy, H.A., X-ray diffraction study of liquid water in the 
temperature range 4-200c. Discuss Faraday Soc, 1967. 43(0): p. 97-107. 

301. Porod, G., Small angle x-ray scattering / edited by o. Glatter and o. Kratky, ed. O. Kratky and O. 
Glatter. 1982, London ; New York: Academic Press. 

302. Guinier, A., X-ray diffraction: In crystals, imperfect crystals, and amorphous bodies. 1963, San 
Francisco: Freeman. 

303. Wigner, E., On the quantum correction for thermodynamic equilibrium. Phys Rev, 1932. 40(5): 
p. 749-759. 

304. Telling, R.H., et al., Wigner defects bridge the graphite gap. Nat Mater, 2003. 2(5): p. 333-337. 

305. Ewels, C.P., et al., Metastable frenkel pair defect in graphite: Source of wigner energy? Phys 
Rev Lett, 2003. 91(2): p. 025505. 

306. Zhang, Y., The fractal volume of the two-dimensional invasion percolation cluster. Commun 
Math Phys, 1995. 167: p. 237-254. 

307. Radlinski, A.P., et al., Application of saxs and sans in evaluation of porosity, pore size 
distribution and surface area of coal. Intl J Coal Geo, 2004. 59(3-4): p. 245-271. 

308. Li, D. and Kaner, R.B., Materials science. Graphene-based materials. Science, 2008. 320(5880): 
p. 1170-1. 

309. Li, R., Zhang, L., and Wang, P., Rational design of nanomaterials for water treatment. 
Nanoscale, 2015. 7(41): p. 17167-94. 

310. Iiyama, T., Ruike, M., and Kaneko, K., Structural mechanism of water adsorption in hydrophobic 
micropores from in situ small angle x-ray scattering. Chem Phys Lett, 2000. 331(5–6): p. 359-
364. 

311. Futamura, R., et al., Negative thermal expansion of water in hydrophobic nanospaces. PCCP, 
2012. 14(2): p. 981-986. 

312. Iiyama, T., et al., In situ small-angle x-ray scattering study of cluster formation in carbon 
micropores. Colloids Surf Physicochem Eng Aspects, 2004. 241(1–3): p. 207-213. 



246 

 

313. Qomi, M.J., et al., Anomalous composition-dependent dynamics of nanoconfined water in the 
interlayer of disordered calcium-silicates. J Chem Phys, 2014. 140(5): p. 054515. 

314. Sakuma, H., et al., Structure of hydrated sodium ions and water molecules adsorbed on the 
mica/water interface. J Phys Chem C, 2011. 115(32): p. 15959-15964. 

315. Kumar, N.A. and Baek, J.B., Doped graphene supercapacitors. Nanot, 2015. 26(49): p. 492001. 

316. Bokros, J.C. and Schwartz, A.S., Pyrolytic graphite and nuclear fuel particles coated therewith 
1968, Atomic Energy Commission USA. 

317. Nuclear fuel cycle science and engineering. 2012: Woodhead Publishing. 

 




