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ACRONYMS 

 

AFM - Atomic Force Microscopy 

BE - Binding Energy  

C/O ratio - Carbon to oxygen ratio  

CVD - Chemical Vapor Deposition  

DTG - Derivative Thermogravimetric curve  
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TGA - Thermogravimetric analysis  

XPS - X-Ray Photoelectron Spectroscopy 
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SUMMARY 

 

Graphene Oxide (GO) is a novel nanomaterial related to the well-known 

graphene. It is often obtained from the chemical oxidation of graphite and 

consists in graphene layers with different oxygen functionalities. Its popularity 

lies in the ease of production, scalability, and affinity with water, which facilitates 

its handling and application. It can be partially reconverted to graphene via 

chemical reduction, or it can be used as a material itself, as its oxygen 

functionalities have huge potential in numerous applications. 

The most widely used reaction for the obtention of GO is the Hummers method, 

where graphite is oxidized using strong oxidants in acid media. The result is an 

aqueous dispersion of GO flakes which contain chemical richness consisting in 

different functional groups, mainly epoxides, hydroxyls, carbonyls, carboxyls 

and organosulfates.  

GO is a delicate nanomaterial whose chemistry and morphology of the flakes 

strongly depends on the Hummers’ reaction parameters. Surprisingly, it is 

common to see studies where GO is used in an application without much 

description of its preparation. This has led to numerous studies about 

application of GO but also to a clear need for fundamental research on the 

preparation and characterization of GO. 

In this thesis, fundamental studies have been made about Hummers’ method 

and the morphological and chemical characteristics of the GO flakes. Different 

GOs have been obtained by modifications of reaction time and temperature in 

Hummers’ method. The obtained GOs have been characterized and their 

different morphological and chemical properties have been described and 

interpreted. Subsequently, the same GOs were subjected to intense purification 

procedures and exfoliation, observing that these procedures, commonly used 

in the literature, have an important effect on the characteristics of the GOs, 

causing shattering of the GO flakes into smaller pieces while reducing the 
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chemical richness of the GOs relative to their state prior to the treatments. With 

our modifications of the Hummers method, GOs with tailorable morphology and 

chemistry have been obtained. 

Finally, this thesis project has been made possible thanks to an industrial R&D 

collaboration with a technical-textiles company. Some of the main results are, 

therefore, also described. GO has been applied to textiles to improve their 

mechanical strength. The large-scale production and application of GO to 

textiles has been demonstrated using industrial equipment at pilot scale, 

obtaining fabrics coated with GO with about 50% improved mechanical 

resistance to puncture. 
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1. INTRODUCTION 

 

1.1. THE RISE OF GRAPHENE 
 

Graphene is a two-dimensional monolayer of carbon atoms packed into a 

honeycomb lattice. It is the basic building block for graphitic materials of all 

other dimensionalities: fullerenes, carbon nanotubes and graphite are other 

carbon structures that can be built from the graphene honeycomb structure 

(Figure 1) [1].  

 

 

Figure 1: Graphene (top) shown as the 2D building block for carbon materials of other 
dimensionalities. It can be wrapped to form 0D fullerenes (left), rolled into 1D carbon 
nanotubes (middle), and stacked to form 3D graphite. Reproduced from [1] with 
permission from Springer Nature. 

1 
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Graphene first appeared in the technical literature in 1986 in a publication of 

Boehm et al. [2], combining the word graphite and the suffix “-ene” which refers 

to polycyclic aromatic hydrocarbons. Before that, some researchers had found, 

without being aware, graphene-like structures [3]. But it was in 2004 when 

Novoselov, Geim, and coworkers reported graphene as a strictly two-

dimensional carbon material, with the aim of investigating its electronic 

properties in transistors [4]. As these authors claimed in their 2007 review “The 

rise of graphene”, graphene rapidly gained popularity and opened the field of 

new physics and potential applications of a new class of materials known as 

two-dimensional (2D) materials, which are characterized by being one atom 

thick [1]. Attesting to the importance of such contribution, Geim and Novoselov 

won the Nobel prize in physics in 2010 for their experiments regarding 

graphene [5]. 

Among the most popular characteristics of graphene are its mechanical and 

electronic properties along the plane. With a high Young’s modulus of 0.5 TPa, 

it has a breaking strength 200 times higher than steel [6]. It also has an 

unusually high electron mobility of 4·10-4 cm2·V-1·s-1 at room temperature [7]. A 

graphene monolayer absorbs a 2.3% of white light [8], being able to be used in 

optoelectronic applications. For thermal properties, graphene shows a high 

heat conductivity, around 5·103 W·m-1·K-1 [9]. 

 

1.1.1. Preparation of graphene 

 

Graphene monolayers can be made by three principal methods. The first 

method proposed was originally reported by Novoselov et al. [4], consisting in 

micromechanical cleavage, which is also known as the Scotch tape method. 

The process consists in repeatedly exfoliating carbon sheets from graphite 

crystals by applying Scotch tape and dissolving the resulting fragments in 
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acetone. After depositing the dispersion on a substrate, some sheets consist of 

single carbon-atom layers, namely graphene [10] (Figure 2). The advantage of 

this “home-made” method is its low cost, but in general, achieving a graphene 

monolayer with desired dimensions and placement is not possible, as a huge 

distribution of differently sized particles is obtained [11], in addition of being a 

slow production, lab-scale methodology.   

 

 

Figure 2: Scotch tape method of graphene synthesis from graphite. Reproduced from 
[10] with permission from Springer Nature. 

 

A second method consist of the direct synthesis of graphene on a silicon 

carbide (SiC) substrate. Graphene is grown on the silicon or carbon faces of a 

SiC wafer by sublimating Si atoms and leaving a graphitized surface [12]. Such 

graphene can have very high quality, with crystallites about hundreds of 

micrometers in lateral size [13]. The drawbacks of this method are the high cost 

of SiC wafers and the high temperatures needed to sublimate Si (above 1000 

ºC). 
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A third method consist in the growth of graphene films by chemical vapor 

deposition (CVD) on copper films [14]. This process typically continues with the 

transfer of the graphene layer from the copper support to the desired substrate. 

The transfer method consists in spin-coating poly (methyl methacrylate) 

(PMMA) on the graphene layer, etching the Cu substrate, placement of the 

graphene/PMMA on the final substrate, and removal of the PMMA [15]. With 

the CVD method, square meters of graphene have been already obtained [16]. 

Despite the high quality of the graphene obtained, this process is still expensive 

due to high energy consumption and because the Cu foil must be etched. 

Furthermore, when graphene grows on the Cu foil, it starts depositing on 

random spots that conjoin as the graphene layers grow, forming islands. The 

zones where these islands encounter one another tend to disrupt the hexagonal 

lattice of graphene, producing grain boundary defects,  which are “weak” zones 

where all the properties of the material are hindered [17]. An example high-

resolution transmission electron microscopy (HRTEM) image of a grain 

boundary defect can be observed in Figure 3. 

 

 

Figure 3: Grain boundary defects of graphene grown on Cu by CVD. a) Original HRTEM 
image. b) Same image with the non-hexagonal arrangement of carbon atoms shown, 
with the angles of growth of each layer. The scalebar is 5 Å. Adapted from [17] with 

permission from Springer Nature. 
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1.1.2. Graphene oxide (GO) and reduced graphene oxide 

(rGO): quantity over quality 

 

Apart from the three methods described above for producing pristine graphene 

in relatively high quality, bulk chemistry methods have been developed via a 

liquid phase exfoliation of graphite, which are capable of yielding much larger 

quantities of “graphene” with lesser quality [18]. The main method is the 

graphite oxide route, where graphite is oxidized to graphene oxide (GO) in 

aqueous solution, and then it is reduced to reduced graphene oxide (rGO) [19]. 

The wet chemical method via the graphite oxide route has been explored to 

mass produce graphene at the expense of obtaining a graphenic material with 

less quality [20], [21], [22]. Graphite oxide was known from much earlier than 

graphene, since the XIX century, when it was obtained by oxidation of graphite 

[23]. In this method, graphite is initially oxidized in an acidic mixture forming 

hydrophilic graphite oxide, which possesses large amounts of oxygen-

containing functional groups attached onto the basal planes and edges of 

graphite. Their functionalities make graphite oxide easily exfoliated in solvent 

(water) to form a stable GO dispersion. GO can be partially reduced to a 

graphene-like material by removing the oxygen functionalities and recovering 

the conjugated structure as rGO [24]. In these cases, intensive efforts are 

usually followed to preserve the properties of the graphitic layers without 

inducing a large amount of defects, controlling the aggressiveness of the 

oxidation [25]. 

The advantages of this liquid-phase production of GO are that the chemical 

process uses inexpensive graphite as raw material and that the obtained 

product, hydrophilic GO, can form stable aqueous colloids, facilitating the 

processability of the material [26]. However, the oxidation of graphite is so 

aggressive that the obtained GO loses the excellent electronic properties of 
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graphene, making it an insulator due to the transformation of the planar sp2-

hybridized geometry to distorted sp3-hybridized geometry [27]. GO must be 

reduced to restore the aromatic graphene networks, but parts of the structure 

that had been irreversibly damaged in the oxidation cannot be healed. For this 

reason, the literature refers to this material as rGO instead of graphene. An 

image of the process can be seen in Figure 4 where the structure of graphene, 

GO and rGO are compared [28]. 

 

 

Figure 4: Procedure of oxidation of graphite to GO and reduction to rGO. Above: the 
changes in the structural models; below: colored HRTEM images showing the atomic 
structures (from left to right) of graphene, GO and rGO. The green, purple, and blue 
areas depict sp2 domains, oxidized domains, and holes, respectively. Adapted from [28] 
with permission from Elsevier. 

 

GO can be reduced chemically and thermally, obtaining products that resemble 

graphene in different structural degrees, with also different electrical, thermal, 

and mechanical properties [29], [30]. Among the chemical agents used to 

reduce GO to rGO, the most widely used is hydrazine (N2H4) [31], although the 

less dangerous and toxic reducers sodium borohydride (NaBH4) [32] and 
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hydriodic acid (HI) [33] can be used. Electrochemical reduction can be also 

achieved in a simple electrochemical cell [34]. Between thermal approaches, 

hydrothermal reduction partially recovers the sp2 structure while removing 

functional groups [35]. Thermal annealing under inert atmosphere is also 

effective in removing the functionalities but it leads to highly defective rGO [36]. 

It must be noted that, despite graphene’s properties worsen when the number 

of defects in the structure increases, the defective structure is convenient in 

some applications, for example in fuel cells [37] or in sensor devices [38]. 

In fact, over the years, even graphene oxide has shown to be particularly 

interesting as a material itself, in fields where oxygen functionalities in the 

graphene layer are convenient. 

 

1.1.3. Structure of GO. From the atomic to the micron scale 
 

The actual chemical structure of GO has been in discussion for many years. 

The incorporation of oxygen into the structure is clear, but the divalent character 

of oxygen causes it to interact with carbon in multiple ways, being introduced 

in the carbon grid with the formation of different kind of covalent bonds. 

 

1.1.3.1. The structural models of GO 
 

Back in 1939, the first structural model proposed was by the hand of Hofmann 

and Holst [39]. In their model, oxygen was inserted in the aromatic basal plane 

exclusively as epoxide groups, spread over both sides of the plane in a random 

disposition (Figure 5a). They estimated a net molecular formula of C2O. In 

1946, Ruess extended the structural model of GO with the incorporation of 

hydroxyl groups into the basal plane, a concept supported by their findings of 

hydrogen in GO samples (Figure 5b). They also altered the basal plane 
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structure to a hybrid sp2-sp3 system [40]. In 1969, Scholz and Boehm proposed 

a new model where they removed all epoxides and formulated a regular 

structure of sequences of plane sp2 cyclohexanes terminated with ketones and 

linked by open sp3 rings decorated with hydroxyls (Figure 5c) [41]. A fourth 

remarkable model was proposed by Nakajima and Matsuo in 1994, inspired by 

their X-Ray Diffraction (XRD) results of interlayer distance [42]. They concluded 

that the main functional group were tertiary alcohols on both sides of the planes, 

which expanded the interlayer distance upon hydration (Figure 5d). 

 

 

Figure 5: Main models of GO structure of the XX century that have been overcome at 

present. Adapted from [43] with permission from Royal Society of Chemistry. 

 

These models were a good basis to start understanding the chemical 

functionality and structure of GO, but they err on simplicity and regularity. More 

recent models rejected regular structures and focused on alternatives based on 

an amorphous structure combining the functional possibilities of the previously 

proposed regular structures. It was in this line of thought that the most famous 
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and accepted structural model until nowadays was proposed by Lerf and 

Klinowski [44] in 1998 (Figure 6).  

Parting from initial studies of characterization of GO using solid state nuclear 

magnetic resonance (SSNMR) spectroscopy [45], Lerf and Klinowski 

performed a study using 13C NMR [44] where they observed three signals at 

60, 70 and 130 ppm which they attributed to alcohols, epoxides and C=C 

bonds. In their following paper, based on these findings, they formulated the 

structure shown in Figure 6.  

 

 

Figure 6: Lerf-Klinowski structural model. Adapted from [43] with permission from Royal 

Society of Chemistry. 

 

Even though the Lerf-Klinowski structural model is nowadays the most widely 

accepted model for GO, research from the last decade clearly indicates that the 

real structure of GO differs from this still simplistic model, which does not 

consider the edges and defects of the aromatic structure and possible C-C 

cleavage due to over-oxidation. We had to await until 2016 when a new, more 

realistic structure was proposed by Dimiev and Tour [46]. In the Dimiev-Tour 

structure (Figure 7), epoxides and tertiary alcohols are also present in both 

sides of the basal plane. The edges and holes are decorated with ketones and 
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carboxyls, and there is presence of covalent sulfates. They also considered the 

presence of graphitic unoxidized domains. 

 

 

Figure 7: Structure of GO proposed by Dimiev and Tour. Adapted from [46] with 

permission from John Wiley and Sons. 

 

In 2020, Brisebois et al. [47] created a new structural model of GO (Figure 8) 

considering all the contributions from the previous authors and conclusions of 

new studies. In their model, they considered all the plausible functional groups 

that can exist in GO, specifying the degree of oxidation and sulfur content. 

Thus, this is the clearer structural model to understand the chemical richness 

of GO from a generic point of view. 
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Figure 8: Structural model of a standard GO formulated by Brisebois et al. Adapted from 

[47] with permission from Royal Society of Chemistry.  

 

1.1.3.2. Graphitic domains and holes in the structure 

 

In the structure of graphene oxide, there exists oxygen-free areas called 

graphitic domains, where the structure of sp2-hybridized carbon atoms remains 

in form of islands of pristine graphene. This atomic hierarchy has been 

observed using HRTEM.  

In 2010, the first aberration-corrected HRTEM images of rGO were reported by 

Gómez-Navarro et al. [48]. In their study, they found areas with clear crystalline 

graphenic character in form of islands. These images can be observed in Figure 

9. 
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Figure 9: Atomic resolution aberration corrected HRTEM image of rGO. a) Original 

image. b) With color added highlighting the important features. The original honeycomb 

graphenic structure is displaying in the original color. Contaminated areas are shaded 

in dark gray, including oxygen functionalities. Blue regions are disordered carbon 

networks, identified as remnants of the oxidation-reduction process. Red spots are 

individual atomic substitutions. Green areas indicate topological defects as single bond 

rotations or dislocation cores. Holes are colored in yellow. Reproduced from [48] with 

permission from American Chemical Society. 

 

Within these graphenic areas, there exist a visible amount of topology defects, 

which include oxygen remnant functionalities, disordered carbon networks, 

atomic substitutions, and permanent damage in form of holes in the structure. 

The case of GO, which is more defective, up to 40%, is somewhat more chaotic. 

In Figure 10, a HRTEM image of a GO monolayer can be observed [49]. In that 

case, the observed structure had a high fraction of amorphous domain caused 

by the high amount of oxygen functionalities, with only small islands of intact 

graphenic domain. In the image, graphitic islands can be identified as the typical 

honeycomb structure, while the rest of the flake is shown with an amorphous 

structure. Holes are also generated from permanent destruction of the structure 

during the oxidation process and generation of CO2. Dimiev et al. [50] proposed 

that the observable graphitic domains are not formed during the synthesis but 

afterwards by the mobility of hydroxyls through the carbon grid, bunching up 
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together and forming these two separated domains of highly oxidized carbon 

and pure sp2 graphitic domains. The mobility of oxygen functional groups was 

also demonstrated by Kumar et al. in hydrothermally processed GO [51]. The 

dominance of amorphous domain over graphitic domains determines the 

electrical insulation of GO, while in the case of rGO where graphitic domains 

prevail, the electrical conductivity can be as high as for graphite [52]. 

 

 

Figure 10: HRTEM image of a GO monolayer. a) Original image. b) The same image 

colored, being the graphenic areas in yellow, the amorphous oxidized areas in red and 

holes in blue. Reproduced from [49] with permission of John Wiley and Sons. 

 

In conclusion, HRTEM studies of GO have been essential to reveal one of the 

most important characteristics of GO, namely the coexistence of well oxidized 

domains and intact graphitic domains, in addition to the possible formation of 

permanent holes in the structure. In the case of GO, the oxidized domains 

prevail, reducing the presence of graphitic domains to mere islands. In the case 

of rGO, part of the graphitic structure is recovered, and the situation reverses, 

being then when the oxidized domains are reduced to islands and the graphitic 

structure evolves to a continuous framework.  
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1.1.3.3. The stacking of GO monolayers 

 

GO monolayers assemble into a layered bulk material after drying. The 

separation between each layer depends on the intercalants between them, 

including functional groups, impurities, and water molecules. 

In Figure 11a, an example of an atomic structure of multilayered GO with 

intercalated water molecules is shown, reproduced from [53]. The calculated 

structure shows how water molecules intercalate between the layers, 

expanding them. In the same study, the authors calculated the interlayer 

distance of GOs with different chemical composition (Figure 11b). Their 

calculations show that the interatomic distance increases with the percentage 

of water inserted, but that there are no significative differences caused by the 

functionalization, which have an impact only if the percentage of water is near 

0.  

 

 

Figure 11: a) Atomic structure of hydrated multilayer GO containing a 25% of water. b) 
variation of interlayer distance as a function of water content for GO with two different 
C/O ratios: 1 hydroxyl and 1 epoxide per 10 carbon atoms (red line) and 2 hydroxyls and 
2 epoxides per 10 carbon atoms (green line).  Adapted from [53] with permission from 

American Chemical Society. 
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In the Figure 11a, the functional groups added for the calculation are only 

hydroxyls and epoxides. Today we know that covalently-bound sulfates are part 

of the structure in most GO samples [46], [47], and that they might contribute 

importantly to the interlayer distance of GO, adding to the contribution from the 

other functional groups [54]. 

We now consider epoxides (C-O-C), hydroxyls (C-OH) and organosulfates (C-

OSO2-O-C) as the functional groups that can be situated on the basal planes 

of GO. These groups consist in different number of atoms, and they are bound 

to the carbon grid in different manners. This will lead to each kind of group 

occupying a different volume in the structure of GO, contributing in different 

degrees to the interlaminar separation. In Figure 12, a schematic illustration of 

a graphenic monolayer with the mentioned functional groups is represented, 

where the lengths of the functional groups have been calculated using the 

interatomic angles and distances of (i) organosulfates [55], (ii) hydroxyls and 

(iii) epoxides [56]. 

 

 

Figure 12: Schematic illustration of the common functional groups found on the basal 
plane of GO. (i) organosulfates, (ii) hydroxyls and (iii) epoxides are represented with 
their total length calculated from the graphenic layer. 

 

In Figure 12, Organosulfate groups are the most voluminous, with lengths 

around 3.4 Å. Hydroxyls follow with a length of 1.7 Å. Epoxides, being the less 
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voluminous functional group, have a length of 0.7 Å. Recalling that the interlayer 

distance of most GOs ranges from 7.5 to 12.5 Å, the presence of a high quantity 

of voluminous organosulfates is relevant. Organosulfates are also able to form 

hydrogen bonds with water molecules (i.e., retaining them). 

Apart from this, the most important factor that determines the interplanar 

distance between GO monolayers is the amount of water retained in the 

structure, even in dry samples, due to the hydrophilicity of GO that causes the 

water molecules to be present in high amount in the structure, forming hydrogen 

bonds with the negatively charged functional groups present in GO [57]. As H2O 

molecules have a kinetic diameter of 2.6 Å [58], their incorporation between the 

GO layers will have a major impact on the total separation, as total water 

content in dry GO can be as high as a 25% of its weight (As seen by 

Thermogravimetric analyses (TGA)). 

The combined contribution of the relative presence of the functional groups 

existent in the basal plane and the retention of water molecules in the structure, 

which is also reliant in the absolute quantity of functional groups, will determine 

the interlayer distance between GO planes. Hence, from the interlayer distance 

of our GOs quantified by XRD, we can have an approximate notion of the 

oxidation and exfoliation degrees of samples prepared with different conditions. 

 

1.1.3.4. GO monolayers stacked into flakes 

 

GO is usually handled as a dispersion of individual GO particles in water 

dispersion. This dispersion is usually observed as a distribution of particles with 

“flake” morphology and different lateral sizes. Despite the theoretical affinity of 

GO monolayers for water, the flakes have different thicknesses, reflecting 

different numbers of constituent GO monolayers. Commonly, the flakes have 

lateral dimensions of tens of microns, and thicknesses ranging from few to 
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hundreds of nanometers. These dimensions allow an individual GO flake to be 

easily observable using common microscopy techniques. 

In Figure 13a, a GO flake micrograph is shown, as obtained by Atomic Force 

Microscopy (AFM). The morphology can be well determined, with the inclusion 

of small wrinkles. In Figure 13b the height profile of the black lines is 

represented, observing a flake thickness around 2.25 nm. In this case, this 

would be a single monolayer of GO.  

 

 

Figure 13: a) AFM image of a GO flake. b) Height profile of the marked lines in a). 

Reproduced from [59] with permission from The American Association for the 

Advancement of Science. 

 

1.1.4. Properties and applications of GO and rGO 
 

Aside from the ease of preparation of GO, the oxygenated groups are 

advantageous over graphene in many cases. The higher solubility and the 

possibility of the functionalization of the surface are some of the characteristics 

that make GO a promising material. Consequently, GO and rGO have found a 

place in many and diverse fields, which are summarized in Figure 14 [60]. 
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Figure 14: Applications of GO and rGO. Size of blocks gives an estimation of the impact 
of the number of publications of these materials in the corresponding areas. Reproduced 

with permission from [60]. 

 

The mechanical performance of GO is undoubtably worse than that of 

graphene. For example, a Young’s modulus of 200 GPa has been reported for 

GO [61], which, although impressive, is still an order of magnitude lower than 

for graphene (0.5 TPa) [6]. However, GO finds a great opportunity in polymer 

composites [62], where the crosslinking of the oxygen functional groups 

between GO and the polymer increases the tensile strength of the resultant 

composite [63], [64]. Interesting studies have been performed increasing the 

mechanical properties of polyvinyl alcohol (PVA) [65], polyurethane (PU) [66] 

and polylactic acid (PLA) [67] using GO as a nanofiller. 

The disruption of the sp2 aromatic structure by the insertion of oxygen inhibits 

the electrical conductivity of GO, making it electrically resistive (1010 Ω/sq)  [68]. 

For this reason, in most electrical applications, rGO is used instead of GO [69]. 
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Thus, in energy applications, supercapacitors [70], lithium ion batteries [71], 

and stretchable electronics [72] have been designed using rGO. 

Thanks to its high transparency combined with good electrical properties, rGO 

is used in low-cost flexible solar cells to define transparent electron transport 

layers [73]. They can also be used as photocatalysts when incorporating 

semiconductor nanocrystals into the structure of chemically modified GO and 

rGO, enabling reaction pathways [74]. The liquid crystal behavior of 

concentrated GO is also interesting for functional materials, such as fibers, 

aerogels and electrodes [75]. 

The thermal conductivity of GO ranges from 0.5 to 1 W·m-1·K-1 making it not 

ideal for most applications that require good thermal properties [76]. However, 

it finds a niche in applications where high thermal insulation are sought, like in-

home insulation, as part of GO/concrete composites [77] and flame retardants 

[78]. 

Membranes is another promising application field for GO. The self-deposition 

of GO from solutions leads to the formation of uniform papers of GO. Such films 

have shown permeability for water molecules while retaining other molecules 

[79], making GO membranes promising candidates to be used in filters for water 

treatment, with the capability to control the adsorption of organic molecules as 

a function of the surface chemistry of the GOs [80], [81]. Additionally, when GO 

solutions are freeze-dried, sponge-like materials with high volume can be 

obtained, also referred to as aerogels or hydrogels, which exhibit high sorption 

capacity for oils and different pollutants present in wastewaters [82]. 

Finally, GO has been used in chemical and biochemical sensors [83]. It can be 

used to coat plasmonic nanoparticles [84] and being functionalized with 

proteins, DNA and antibodies [85], reaching unnumerable possibilities in 

modern nanobiotechnology. 
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1.1.5. Tuning GO chemistry 
 

Many of the applications for GO rely on the presence of functional groups. 

Removing oxygen functional groups from GO is one way to modify its chemistry 

and tune its characteristics for desired applications. Another way is the addition 

of functional groups to graphene oxide directly by chemical reactions on 

available (oxygen free) sites [86], [87]. 

The carboxylic groups often present on the edges of GO layers offer a wide 

range of possible reactions. The carboxylic group is usually activated by thionyl 

chloride (SOCl2) [88]. Then, reaction of the acid chloride with amines and 

alcohols lead to amides [89] and esters [90], respectively, that improved the 

interactions of GO monolayers with nanoparticles, enhancing their 

biocompatibility. Reaction with cysteamine, which is a simple molecule with an 

amine at one end of the carbon chain and a thiol at the other, permits the 

thiolation of GO [91]. Thiols are known to form strong bonds with gold 

nanoparticles and surfaces. 

Amination results from the reaction of activated hydroxyls (with hydrobromic 

acid, HBr) with an amine [92]. The resulting GO shows an increase in the 

electrical conductivity and reduction of the work-function of the material. 

Aminated GO has also been observed to present less cytotoxicity [93]. The 

dispersibility in organic solvents can also be tailored with the introduction of 

amines with different chain length [94]. 

Strong nucleophiles can react with epoxides causing ring-opening and the 

addition of a new functional group, for example a hydrazone group [95]. Finally, 

GO can be non-covalently functionalized with molecules with aromatic parts, 

i.e., phenyls, that will attach to the hexagonal lattice via π-π stacking [96]. 
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1.2. SYNTHESIS OF GO. PREPARATION METHODS AND 

MECHANISM OF FORMATION 
 

The first reported synthesis about the oxidation of graphite was presented by 

Brodie in 1855 [23]. In the Brodie’s method, potassium chlorate (KClO3) was 

used in fuming nitric acid to treat graphite, obtaining a compound that was 

referred as “graphitic acid”. In 1898, Staudenmaier presented a new protocol 

with the aim of avoiding dangerous reagents and gaseous chlorine-containing 

by-products [97]. Using exfoliated graphite as a precursor, he maintained KClO3 

as oxidant but in a mixture of concentrated nitric and sulfuric acid, and 

performed the reaction at room temperature. The reaction was faster than the 

one proposed by Brodie, and Staudenmaier never observed any explosion 

following his method, which was one of the dangers in Brodie’s method. 

In the following years, various researchers tried several modifications of these 

methods in order to obtain less hazardous and more efficient processes [98], 

[99], [100]. It was in 1957 when the most famous method in the oxidation of 

graphite appeared, by the hand of Hummers and Offeman [101]. In their work 

they applied, for the first-time, potassium permanganate (KMnO4) as an 

oxidant, and they used powdered graphite flakes in an anhydrous mixture of 

sodium nitrate (NaNO3) diluted in concentrated sulfuric acid. The 

permanganate was added in portions keeping the temperature below 20 ºC. 

Then, the temperature was increased to 35 ºC for a reaction time of 30 min. 

The pasty product was afterwards diluted in water, experiencing a temperature 

increase to 98 ºC. After 15 minutes more water was added, and the reaction 

ended with the neutralization of the residual permanganate with hydrogen 

peroxide (H2O2). 

As can be imagined, the use of different methods and kinds of oxidants will 

determine the physical and chemical properties of the GOs [102], [103]. In the 

early procedures of the GO synthesis, very few differences were observed in 

the various products [104]. Today, after having reproduced those syntheses, 
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we know that the produced GOs differ to some extent [105], [106], [107], the 

main differences being: 

• In the Brodie’s method, the product obtained would be what is 

nowadays called a graphite intercalation compound of sulfuric acid 

(H2SO4-GIC), instead of actual GO [108].  

• The purification of GOs prepared by Staudenmaier and Hummers 

methods are tedious. Staudenmaier method presents insoluble KClO3 

salts, which are difficult to separate from GO particles. Hummers’ 

method results in a considerable amount of sulfur in the product, 

demonstrated to be bound covalently to the structure in form of 

organosulfate [109]. 

• The chemical composition varies in the GOs obtained by the three 

methods, but the oxidation degree follows a trend of decreasing C/O 

ratio in the order Brodie > Staudenmaier > Hummers [107], [110]. 

Following the timeline of new methods to prepare GO, the next important 

procedure was presented in 1934 by Thiele [111]. He used electrochemical 

oxidation of graphite in concentrated sulfuric acid, applying high current density. 

This method has been further researched and has gained great popularity 

nowadays [112], [113]. The advantages of this procedure are the avoidance of 

oxidant impurities (apart from the intercalated sulfuric acid) and a higher control 

on the oxidation degree of the GO sheets, which is proportional to the current 

applied [114]. The drawback is a low capacity to oxidize, i.e., the oxidation can 

be controlled but only a low percentage of oxygen gets incorporated into the 

structure. For this reason, the procedure is generally slower than the main 

chemical syntheses [115]. 

The next innovative contribution in the field of GO syntheses took place much 

more recently, specifically in 2010, when Marcano et al. [116] published what 

is probably the most popular modification of Hummers’ method. In their 

synthesis, they excluded NaNO3 from the reagents, they doubled the amount 

of KMnO4, and they performed the reaction in an acid mixture 9:1 of 
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H2SO4/H3PO4. The main advantages of their method are (i) the complete 

removal of NOx toxic gases generated in Hummers’ method and (ii) the yield of 

a higher fraction of well-oxidized carbon, i.e., less unoxidized graphite particles 

in the final product. Also, they claim a better conservation of the aromatic 

structure with less carbon cleavage caused by the oxidation. The main 

disadvantage is the very high amount of KMnO4 used, with a ratio of 6 g of 

KMnO4 per 1 g of graphite, doubling the amount used in the original Hummers’ 

method, a change with clear negative economic and environmental 

repercussions. 

Another modern and interesting publication appeared in 2015 when Peng et al. 

presented a new and environmentally friendly method [117]. In their paper, the 

original potassium permanganate used in Hummers’ method was substituted 

by potassium ferrate (K2FeO4). The particularity of their “green” approach is 

mainly the avoidance of contaminant manganese residues by the generation of 

iron sulfates instead, which are much easier to treat and recycle. The quality of 

their GO was also determined to be as good as that obtained by the other 

methods. The main drawback of this method is the high cost of K2FeO4 in 

comparison to KMnO4 [118]. 

Summing up, the growing popularity of GO is stimulating the search for new 

synthesis approaches and modifications of the existent methods to overcome 

their limitations and to achieve high scalability and controllable procedures 

capable of producing large quantities of GO with tailorable chemistry [119]. 

 

1.2.1. The Original Hummers’ Method 
 

Among the methods just presented, Hummers’ method is the most widely used 

by the scientific community due to the short reaction time and its easiness. Also, 

this method avoids the generation of hazardous chlorine gases and possible 

explosions during the reaction. 
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As mentioned above, Hummers and Offeman reported in 1957 the first 

successful oxidation of graphite using potassium permanganate in a mixture of 

concentrated sulfuric acid and sodium nitrate (NaNO3) in anhydrous conditions 

[101]. Their process started with the stirring of 100 g of graphite powder -325 

mesh and 50 g of NaNO3 into 2.3 L of sulfuric acid 93%. This mix was firstly 

cooled to 0 ºC in an ice bath. Then, under constant stirring, 300 g of potassium 

permanganate (KMnO4) were added to the suspension, controlling the rate of 

addition to prevent exceeding 20 ºC. Then, the ice bath was removed, and the 

temperature of the reaction was brought to 35 ºC, where it was maintained for 

30 minutes. At the end of that time, 4.6 L of water were added, causing violent 

effervescence and an increase of the temperature to 98 ºC. The suspension 

was maintained at this temperature for 15 minutes, and then it was further 

diluted with 14 L of water. The reaction ended by the addition of hydrogen 

peroxide (H2O2) to reduce the residual permanganate. Finally, they filtered the 

obtained graphite oxide, and the solid cake was washed intensively with water. 

It is also worth mentioning that the effectiveness of Hummers and Offeman’s 

procedure relays on the small particle size of graphite used [120], [121]. When 

large-particle-size graphite is oxidized with the same conditions, an 

incompletely oxidized graphite-GO hybrid is obtained [122]. The reason behind 

this is the low diffusion rate of the oxidizers into the graphitic interlayer. 

 

1.2.2. Mechanism of oxidation in the oxidation of Graphite 

to Graphite Oxide 
 

Most of the studies that inquired about the mechanism of formation and the 

structure of GO have been theoretical until recently. In these studies, the 

primary aim was to understand how oxygen is introduced in the graphitic lattice 

and how this affects the honeycomb pristine structure.  
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We summarize here some important ideas. For example, the cracks on GO 

flakes which are observable by electron microscope have been attributed to the 

strain generated by epoxy rings in the graphitic structure [123]. Epoxides are 3-

atom member triangular rings that, in general, are highly reactive due to the 

strain of the bond angles. This scenario will inevitably lead to ring opening in 

parts of the structure and the consequent loss of aromaticity and the weakening 

of C-C bonds.  

Another interesting study [124] suggested that, in general terms, the graphite 

source used to produce GO following any of the methods cannot be considered 

as pure crystalline graphite and the presence of defects and discontinuities in 

some parts of the graphitic structure and at the edges of the planes must be 

accepted. These defects will be the starting loci for the oxidation wherefrom the 

formation of functional groups will propagate to the basal planes. 

These studies help to understand the structure of GO and the formation 

mechanisms. However, they usually consider the precursor to be a single 

graphene layer, while the reaction occurs to multiple stacked layers in what we 

know as graphite. In a recent paper Boukhalov et al. [125] demonstrate the 

significant difference in the oxidation mechanism between single-layer 

graphene and bulk graphite, considering the formation of CO2 and the 

necessary role of water to transform epoxy groups to hydroxyls and to 

intercalate between the graphitic layers.  

The best developed mechanism of formation of graphene oxide from graphite 

using the reaction conditions of Hummers’ method is probably Dimiev et al.’s, 

as described in various publications [109], [126], [127], [128], [50]. In the 

following section, their ideas are presented and summarized. 
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1.2.2.1. The oxidation mechanism in Hummers’ method 

 

In the reaction corresponding to the oxidation of graphite to graphene oxide 

(GO), the following three steps can be identified, after each of which the product 

can be isolated and observed: 

• Step 1: Intercalation of sulfuric acid in the graphite structure, forming a 

sulfuric acid- Graphite Intercalation Compound (H2SO4-GIC). 

• Step 2: Conversion of the H2SO4-GIC to pristine graphite oxide (PGO). 

• Step 3: Conversion of the PGO to GO by the addition of water. 

 

• Step 1: intercalation of H2SO4 in the graphite galleries. 

The first step, the intercalation of sulfuric acid into the graphite structure forming 

H2SO4-GIC, begins immediately after exposure of the graphite to the acidic 

oxidizing medium. In this step, graphite acquires a characteristic blue color 

(Figure 15). Ideally, in this stage all the graphene planes in the flake are 

separated by H2SO4 molecules. This H2SO4-GIC particle can be separated and 

observed as in Figure 15. In the micrograph, the blue part corresponds to the 

unoxidized H2SO4-GIC, while the brown edges are already oxidized by the 

KMnO4. 

It is also important to mention that this H2SO4-GIC is formed when using any of 

the known oxidation methods of graphite: the Brodie and Staudenmaier 

methods involving KClO3/H2SO4, the new green approach involving 

K2FeO4/H2SO4 [122] and also the electrochemical methods of graphite 

oxidation in H2SO4 [129], [130]. So, the formation of H2SO4-GIC is not exclusive 

to the Hummers’ method. 
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Figure 15: Optical reflection microphotograph of a graphite flake isolated from step 1. 
Note blue color in the center corresponding to graphite with intercalated H2SO4 and 
brown edges as already oxidized GO. Adapted from [127] with permission from the 
American Chemical Society. 

 

The ability of the acidic oxidizing media to intercalate in graphite is the first 

necessary condition for the successful oxidation of graphite, which is the 

second step of the reaction, which starts due the oxidation capability of the 

MnO4
- ions. 

In this step, NaNO3 plays the role of helping the intercalation of KMnO4 and 

H2SO4, expanding the interlayer distance of the graphitic galleries and 

permitting a better oxidation of the basal planes [131]. Hummers’ method is 

also possible without NaNO3, leading to GO with similar characteristics [132]. 

 

• Step 2: Oxidation of H2SO4-GIC to pristine graphite oxide 

(PGO). 

This step involves the full insertion of the oxidizing agent into the graphite 

galleries and the reaction between the oxidizer and the graphite planes.  
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As shown in Figure 15, the reaction of oxidation occurs from the edges to the 

center of the flakes, as the characteristic blue color of H2SO4-GIC turns into a 

brownish color corresponding to the stage 2 PGO, indicating this edge-to-

center reaction progression.  

Regarding the oxidizing agent that acts in this step, we know that 

permanganate is a necessary compound in Hummers’ method, as no GO is 

obtained with its absence. In the past, there was some debate on which was 

the actual manganese-related oxidant. Some authors suggested that the 

oxidizer was manganese heptaoxide (Mn2O7) [43] while others argued that the 

oxidizer could be the permanganyl ion (MnO3
+) [127]. Both compounds are now 

believed to be present in the reaction, as shown in Scheme 1. The presence of 

manganese heptaoxide is easily observable during the reaction as the mixture 

turns into a green color characteristic of this compound [133]. 

 

𝐾𝑀𝑛𝑂4 + 3𝐻2𝑆𝑂4  
               
→     𝐾+ + 𝑴𝒏𝑶𝟑

+ + 𝐻3𝑂
+ + 3𝐻𝑆𝑂4

−  

𝑀𝑛𝑂3
+ + 𝑀𝑛𝑂4

−  
               
→     𝑴𝒏𝟐𝑶𝟕   

 

However, it was recently proposed that the manganese compound does not 

directly react with H2SO4-GIC, and that the incorporation of oxygen to the 

carbon atoms would in fact be carried by H2O molecules present in the mixture 

(as concentrated acid contains a 2-5 %wt of water molecules) [50]. In this view, 

the true role of the Mn-based species is to accept the electrons generated by 

the incorporation of water molecules to graphite, creating an electrochemical 

potential to the acid mixture, but not forming direct bonds with graphite.  The 

proposed oxidation mechanism is shown in Figure 16, where a H2O molecule 

is added to a carbon atom (1), forming an oxonium intermediate cation (2) (-

OH2
+). The electronic density moves through the aromatic honeycomb until 

Scheme 1. Formation of manganese heptaoxide and permanganyl ion. 
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finding a Mn(VII) compound that accepts the electron. It is especially important 

to note that with this mechanism, the Mn(VII) species do not necessary need to 

be in contact with the water-carbon reactive spot, the electron density can move 

through the graphenic layer until finding the electron acceptor. Afterwards, the 

intermediate cation transforms to a hydroxyl via deprotonation (3). The 

structure can be further oxidized again with another water molecule (4), that 

ultimately transforms to another hydroxyl (5), forming the first functional group 

of the oxidation of graphite, the vicinal diols. 

 

 

Figure 16: Mechanism of the oxidation of graphite with water molecules, with the Mn-
based species accepting electrons from the graphene honeycomb. Reproduced from 

[50] with permission from Elsevier. 
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The suggestion that the Mn(VII) only acts as an electron acceptor is supported 

by the fact that GO can be also obtained in electrochemical processes where 

graphite is dispersed in a sulfuric acid dilution without KMnO4 or other oxidants 

[129], [130], [134]. 

Following the reaction chain, the generated diols would transform easily to 

epoxides and organosulfates: 

Epoxides and vicinal diols are well-related functional groups that can reversibly 

transform one into the other. Taniguchi et al. [135] proposed that the 

transformation of epoxides to hydroxyls are driven by variation of the pH of the 

medium. The mechanism of such transformations is shown in Figure 17. An 

epoxide as attacked by OH- as a nucleophile in basic conditions (a), leading to 

the opening of the ring with the insertion of a new oxygen and the attack of the 

existent O- to a water molecule (b), this leads to the formation of vicinal diols 

(c). In acid conditions, vicinal diols can react with a hydronium molecule (H3O+) 

forming an intermediate cation that can abandon the structure in form of a water 

molecule (f). The remaining hydroxyl reacts with the neighbor carbocation (e) 

closing the ring (d). The remaining acidic proton will be captured by a water 

molecule.  

It must be pointed that the formation of epoxides from vicinal diols might be 

promoted by manganese heptaoxide, as several epoxidation organic reactions 

by this compound have been studied [136], and this would explain why 

epoxides are the main functional group of GO [109]. Strain caused by new 

generated tetrahedral sp3 carbons in a flat sp2 lattice could also favor the 

stability of epoxides, as they maintain the flat conformation of the carbon atoms 

in the graphenic lattice [137], [138]. 
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Figure 17: Transformation of epoxides to vicinal diols and vice versa proposed by 
Taniguchi et al. Reproduced from [135] with permission from Elsevier.  

 

Organosulfates can be generated in a parallel route from neighboring epoxides 

as shown in Figure 18. The transformation of epoxides to organosulfates 

through ring-opening is thermodynamically favorable [139]. Two neighboring 

epoxides receive the addition of a molecule of dihydrogen sulfate, while one of 

the epoxides opens in a typical ring opening reaction, with the formation of a 

monosulfate (2). The intermediate monosulfate rapidly attacks the adjacent 

epoxide as a nucleophile, with the formation of a cyclic sulfate, called a covalent 

sulfate (3). This species is more stable and persists further treatments with 

water, being still present in the final product. Part of these organosulfates, 

however, are hydrolyzed upon exposure of GO to water, as organosulfates are 

also very reactive [140]. Water molecules act as nucleophiles causing a ring 

opening which is the reverse reaction of the organosulfate formation (4). The 

hydrolysis continues to the monosulfate generated previously and another 

nucleophilic attack occurs, with the generation of two vicinal diols (5).  
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Figure 18: Formation and hydrolysis of organosulfates. Adapted from [46] with 
permission from John Wiley and Sons. 

 

The formation of carbonyls and carboxyls succeeds easily at the edges of the 

flakes and at any defect that may exist in the aromatic structure [109]. We know 

that commercial graphite flakes are composed  of multiple crystallites that are 

stacked forming an individual flake [141], [142]. These crystallites will also have 

crystallographic defects such as grain boundary defects, line defects, or 

hydrogen-terminated vacancies [143], which will be the first spots to be 

attacked by the oxidants. However, the ratio of edges and defects to the total 

aromatic surface is still low, and this is reflected by the limited number of 

carbonyls and carboxyls observed in the final GO. 

However, they can also be formed by the cleavage of epoxides and vicinal diols 

[138], [144]. A schematic representation of the C-C cleavage with the formation 

of carbonyls and carboxyls from two neighboring epoxides is shown in Figure 

19. 
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Figure 19: Schematic formation of carbonyls (b) and carboxyls (c) from two neighboring 
epoxides (a). Reproduced from [144] with permission from Elsevier. 

 

Finally, esters and lactols can also be found in GO, due to transformations of 

carboxylic acids with separated hydroxyls in the case of esters (Figure 20a) and 

from carbonyls and internal hydroxyls in the case of lactols (Figure 20b). 

 

 

Figure 20: General reactions for the formation of a) esters and b) lactols. Images 
adapted from Wikipedia. 

 

• Step 3: delamination of Pristine Graphite Oxide (PGO) to 

Graphene Oxide (GO) and termination with H2O2. 

Until this step, the reaction conditions were maintained anhydrous with some 

degree of water present in the sulfuric acid. At this point, pristine graphene 

oxide (PGO) would have a characteristic chemical composition mainly based 

in epoxides and organosulfates covalently bounded to the structure [109], [145]. 

These functional groups undergo extensive transformation upon exposure to 

water [146]. 
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When PGO is exposed to water, the chemical composition of the as-

synthesized material transforms radically, as water has a nucleophilic character 

that attacks electrophilic centers in the structure. Then, all the reactions shown 

in step 2, which occurred in a low degree in that stage develop heavily, with the 

development of all the functional groups and resulting in the chemical richness 

of GO. The functional group formation is accompanied by the self-exfoliation of 

the GO layers [124] into GO flakes. 

H2O2 is used in the termination of the reaction by reducing the remaining 

permanganate thus stopping its oxidating power. However, it was recently 

demonstrated that the addition of H2O2 also affects the chemistry of GO [147], 

as it reduces the oxo-functional groups of GO, obtaining lesser oxidation 

degree in samples where much H2O2 was used to neutralize the reaction, while 

a higher chemical richness when the addition of H2O2 was avoided.  

 

1.2.3. Generation of small polycyclic molecules: One- and 

Two-Component Structural Model 
 

The two-component structural model of GO proposed in 2011 by Rourke et al. 

[148] has enjoyed huge popularity. According to the model, the GO generated 

in the oxidation reaction of graphite would consist in two kinds of specimens: (i) 

slightly oxidized graphite oxide and (ii) small polycyclic organic molecules. 

These small polycyclic molecules would be adsorbed on the surface of graphite 

oxide. In Rourke et al.’s publication, the small molecules are named “oxidation 

debris” (OD). This term has gained considerable notoriety in the technical 

literature. The OD would be adsorbed onto the GO surface and would be stable 

in water. The desorption could be achieved by the addition of a strong base and 

the increase of the pH. It was in these conditions where the authors observed 

and characterized these small polycyclic molecules. A representation of the 

two-component structural model proposed by Rourke is shown in Figure 21. 
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Figure 21: Representation of the two-component structural model of Rourke. GO would 
consist in a mildly oxidized graphene layer covered by highly oxidized and relatively 
small molecules: the oxidative debris. Reproduced from [148] with permission from John 
Wiley and Sons. 

 

After that study, several research groups used this model to explain their 

conclusions about properties observed on GO. For example, the model has 

been used to exclusively explain its fluorescence [149] and electrochemical 

properties [150]. Some authors performed interesting studies about the 

formation and control of the OD [151], [152], which seems to strengthen this 

theory. 

However, Dimiev et al. questioned this model in 2015 with a counter-study 

pointing out its incongruences [128]. In Dimiev’s paper, the presence of OD 

under basic conditions is attributed to an actual disintegration of a single GO 

layer due to strong nucleophilic attacks caused by OH- ions, which has been 

confirmed by studies where base-washed GO caused its cleavage [153], [154]. 

Rourke et al. responded to Dimiev et al.’s criticisms by arguing in favor to the 

two-component structural model principles [155]. The debate is still ongoing, 

with division between authors that consider GO as a unique and fragile 

structure that tends to cleave into smaller pieces (one-component structural 
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model) [156], [157] and authors that consider GO as a mildly oxidized structure 

covered with detachable oxidation debris (two-component structural model) 

[158], [159]. 

 

1.2.4. Purification of Graphite Oxide and washing 

procedures 

 

In the large-scale production of GO, the synthesis itself is not the most critical 

step. The bottleneck is in the purification steps that follow the reaction. 

Purification of GO is performed by several washing procedures in water to 

remove the acids and heavy metals impurities. Also, when washed, GO product 

exfoliates into thinner sheets forming a very stable colloidal solution [160]. This 

adds more difficulties to the purification protocols as small GO sheets do not 

sediment and tend to clog the pores of filters. 

Principal routes of purification were established in the early days of GO 

preparation [101]. The purification step always starts with a dilution of the acids 

present in the mixture using large quantities of water.  

After the dilution step, sedimentation-decantation cycles are the easiest method 

to separate GO from the contaminants remaining from the reaction. After each 

cycle, as the pH of the medium increases, the affinity of GO with water 

increases [161] and the time for sedimentation lasts longer. The reason is the 

high negative charge present in the GO sheets due to its oxygen functional 

groups [20], [162]. This negative electrostatic charge present in GO sheets 

facilitates their dispersion due to the interaction with water molecules, but at the 

same time, when the pH decreases or impurity ions still exist in the dispersion, 

the affinity for water lessens, the dispersibility of GO decreases, and the 

sedimentation is shortened. In order to accelerate the process, HCl is usually 

used to wash GO as it reduces the pH and facilitates its sedimentation [163]. 

HCl has been the substance of choice for this aim due to the easiness of its 

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



washing afterwards and the monitoring of its concentration through pH 

measurement.  

Purification processes usually repeat some dilution/sedimentation cycles until 

the nearly complete removal of reagent impurities. Then, GO is further washed 

by filtration [164], centrifugation [165] or dialysis [166] to remove the HCl and 

obtain pure GO in water. 

Both centrifugation and dialysis may be adequate to purify small amounts of 

GO. In the case of centrifugation, high centrifugation speeds or times are 

needed, not suitable for processing large batches of GOs. Also, many cycles of 

centrifuging-redispersing are needed to fully wash GO, wasting a lot of water. 

Moreover, in every centrifugation step, undeposited GO flakes, presumably 

with the highest oxidation and exfoliation degrees, are inevitably lost in the 

discarded water [167]. Dialysis, on the other hand, has the drawback of being 

very slow, usually taking weeks to effectively remove all the ions, with the 

constant need to change the water used.  

Filtration can usually be accomplished in less time. After the washing of the 

reagent impurities with HCl, dead-end filtration or crossflow filtration can be 

used [164], [168]. In dead-end filtration, the water flows through a filter, whereas 

in crossflow filtration, the solution flows parallel to the filter. Vacuum-assisted 

filtration can also be used, but, at high concentrations, the filter cake gelates in 

water and rapidly blocks the flow of solvent through the filter [169]. 
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1.3. THE IMPORTANCE OF CONTROLLING GO 

REACTION PROCEDURES 
 

1.3.1. Needs in GO research 
 

Interest in GO arose from the discovery of graphene, and its growing popularity 

is clearly reflected by the number of scientific contributions that have been 

published in the last decade and a half. Figure 22 displays the number of 

publications resulting from searching by “Graphene Oxide” in Scopus. Since 

2006, when the first article was published, the number of entries has grown 

exponentially at the beginning, and is still growing nowadays. 

 

 

Figure 22: Number of GO publications in a year, as obtained by searching “Graphene 
Oxide” in Scopus. Data consulted on 22-08-2021.  
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For a trendy scientific topic, great number of contributions comes inevitably with 

a rush by authors wanting to produce an original study and be the first publish 

it. For GO, this rush is visible in publications where the authors apply GO in 

some uncommon applications, but often ignore the characterization of the 

material.  

It is common to read in the technical literature that the GO “has been prepared 

by a modification of Hummer’s method” or purchased from somewhere. In 

these cases, important information about the synthesis conditions is typically 

neglected. Many authors find an extravagant application and compare the 

properties of their material by varying typical parameters such as GO 

concentration or the application methodology. For example, we can find articles 

where GO has been applied as a nanofiller to a polymer used in the aerospace 

industry [170], in ocular regenerative medicine [171] or in protective facial 

masks against Covid-19 [172]. But they use a generic GO with unknown 

chemical characteristics. This raises questions such as: How can someone be 

sure that the GO they will prepare in their lab can accomplish the same or 

similar results? And how can someone get better results if they control the 

parameters which they did not? 

In the previous sections, we concluded that GO is a compound with very 

complex chemical behavior. There exist different ways to obtain it from 

graphite: it can be oxidized chemically using different reagents or 

electrochemically using different voltages. The result is a graphitic material with 

oxygen bound covalently. In this form, the C/O ratio is commonly reported to 

have an approximate measure of the degree of oxidation of the graphite. 

However, each GO has at least four main functional groups: epoxides, 

hydroxyls, carbonyls and carboxyls, whose relative abundances can 

undoubtably vary in each reaction step.  

We would be lucky if the variability of GO ended here. However, after 

performing the reaction, GO must be purified. Quenching with water is the most 

common way to do it, but as-synthesized GO also reacts with water. After the 
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purification, we obtain graphite oxide of different sizes, which must be 

exfoliated. Exfoliating the graphite oxide in water can be done through different 

methods, from shaking manually a vial containing it or by sonicating it. The 

method used shatters GO into small pieces to an extent which depends on the 

method used. Finally, GO is also pH sensitive, and their dispersions are 

metastable, so it degrades over time at ambient temperature. Storage 

conditions and time can therefore also play a role on the composition and 

chemical makeup of the GO.  

In sum, it is unreasonable to use GO in a research study without giving details 

about the reaction, purification procedures, as well as post-treatments. Buying 

commercial solid GO may be correct in terms of reproducibility. However, 

considering that solid GO is the coarsest kind of GO, as it must be intensely 

sonicated to be redispersed, better results could be obtained by opting for 

synthesizing it by oneself. The widespread synthesis of GO therefore also 

justifies the careful study of the reaction parameters, as well as their safety 

margins.  

 

1.3.2. The parameters to control in Hummers’ method 

 

1.3.2.1. Graphite sources 

 

In Hummers’ method, the common graphite size used is -325 mesh, which 

corresponds to sieved particles of less than 44 µm [173]. This size of graphite 

flakes was already used by Hummers et al. [101]. However, this procedure 

(using graphite with common graphite sizes) leads to large amounts of 

unreacted graphite, due to the slow penetrability of the oxidants [122]. 

Graphite -100 mesh (less than 150 µm particle size) and -2000 mesh (less than 

6.5 µm particle size) were later used in Hummers’ method, resulting in an 
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important variability of the oxidation degree, and C/O ratios of 2.70 and 1.67, 

respectively [174]. Graphite powders with the same size but different 

crystallinity also leads of GO with different oxidation degree [175], [176]. 

Expanded graphite, which is a thermally treated graphite that has an increased 

interlayer distance, has also been used in Hummers’ method to facilitate the 

intercalation of the oxidizers [177], obtaining a higher oxidation degree and the 

total reaction of graphite to GO. Highly Oriented Pyrolytic Graphite (HOPG), 

which is the kind of graphite with larger monocrystalline graphene layers, can 

be used to obtain large monolayers of GO with mild oxidation [178]. GO has 

been also synthesized from graphite waste produced by the diamond industry 

[179] and from graphitized coconut shell [180], obtaining GO in both cases. 

Despite not being a graphite source, it is also possible to perform the oxidation 

reaction to dried GO [181]. The result is a GO with a higher oxidation degree 

after each repetition until the total oxidation of the carbon structure to CO2. 

In conclusion, GO can be fabricated from all graphitized sources, obtaining a 

material that fits in the definition of GO, although, at the same time, small 

variations in the characteristics of the graphite source often leads to GO with 

differentiable properties such as oxidation degree. 

 

1.3.2.2. Parameters that control the degree of oxidation of 

graphite to GO: time, temperature, and concentration 

of oxidizers 

 

The main parameters usually varied in Hummers’ method are reaction time, 

temperature, and concentration of the oxidizers (grams of KMnO4 and NaNO3 

per gram of graphite). These parameters can be varied to obtain GOs with 

different degree of oxidation [182], [183], [184]. The effect of increasing time, 

temperature, and concentration of oxidizers lead, in general, to a higher 

reactivity. Therefore, combining them can be of special interest to accurately 
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tailor the chemistry of GO product. In several publications, these three 

parameters have been studied, together or separately, providing details about 

the GO product obtained in each case [182], [183], [184].  

Reaction temperature is by far the most widely studied parameter [19], [185], 

[186], where higher reaction temperatures result in a higher degree of oxidation. 

It was already shown by Charpy in 1909 [99] that the oxidation of graphite can 

easily lead to over-oxidation, observing a higher weight loss when the 

temperature of the reaction increased. At room temperature, graphite was 

oxidized to GO with almost no weight loss. At 45 ºC, a small amount of graphite 

was lost in form of CO2 [134], but at 100 ºC almost 50% of graphite was 

converted into CO2. He also observed that the weight loss at high temperatures 

could be controlled by limiting the amount of KMnO4 used in the reaction. 

It has also been shown that increasing reaction time at a given temperature 

also favors the oxidation of graphite to GO. Formation of CO2 has been 

detected during the reaction whatever the reaction time is [187], provided a high 

enough amount of oxidizers is present [188]. By controlling the amount of 

oxidizers, the oxidation of graphite is limited to a certain point regardless the 

increase of reaction time. This behavior was observed by Hontoria-Lucas et al. 

[189]. In their work, using Staudenmayer’s method, performing the reaction 

during 240 h they found a ceiling of the oxidation at 120 h of reaction, with no 

further evolution of the elemental composition after that time. 

Apart from the C/O ratio, controlling the above-mentioned reaction parameters 

may also affect the morphology of the GO flakes. It has been reported that 

prolonged oxidation breaks GO flakes into smaller pieces [190]. The same 

happens when increasing reaction temperature, where small increments in the 

reaction temperature lead to a greater exfoliation of the flakes [191]. The reason 

in both cases may be the more effective intercalation of the oxidizers and the 

formation of new functionalities on the basal planes of the GOs [124], forming 

more hydrophilic spots, increasing the negative potential of the surface of the 
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monolayers [192] and favoring their spontaneous separation in water 

dispersions. 

The chemistry of the GOs can be also controlled with these parameters. 

Maintaining a low temperature in all the reaction steps favors the formation of 

first-stage functional groups, which are epoxides (C-O-C) and organosulfates 

(C-O-SO3) [192], [185], which are reactive and can develop into hydroxyls (C-

OH). The organosulfates are known to be easily hydrolyzed by nucleophilic 

attack of water molecules at high temperatures  [193], [145] (being totally 

hydrolyzed at 98º C). Carboxylic acids (O-C-OH) tend to easily decompose at 

high temperatures forming CO2 [194], [195]. However, in some studies, a higher 

content of carboxyls have been found when the temperature of the reaction was 

increased [181], [185], [196]. On the other hand, Epoxides may transform to 

hydroxyls in acidic medium via ring-opening, favored by high temperatures 

[197], [195], [135].  

In conclusion, reaction time and temperature are the key parameters to obtain 

GO with controllable degree of oxidation. The content of oxidizers only play a 

role as a limiting reagent, as the oxidation stops when they are totally consumed 

[187], [189].  

 

1.3.2.3. Purification 

 

GO is usually purified using water, with firstly increases the temperature of the 

acidic mix. Reaching high temperatures due to the addition of water also the 

chemistry of the obtained GO, causing the hydrolysis of epoxides and 

sulfonates to carboxylic acids [197].  

The chemistry modification of GO can be observed during the washing steps, 

as GO has a bright-yellow color initially, which darkens and evolves to a 

brownish black under prolonged exposure of water in the washing procedures. 

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



The color change also matches with the neutralization of the acidity of the 

reaction media.  

Using other solvents for purification also have an important effect on the final 

chemistry of GO [109]. GOs washed with organic solvents such as methanol or 

trifluoroacetic acid had a higher content of epoxides and sulfonates, indicating 

that water used on washing perform a nucleophilic attack to some of these 

groups. 

A total purification of GO without degradation of its chemistry is one of the major 

challenges of the production of reasonably high quantities of GO. Several 

methods exist but the 2D nature of the GO particles hinders all these methods 

in some way. 

 

1.3.2.4. Post-treatments 

 

After the purification procedures of GO, the obtained product is accurately 

known as graphite oxide, with the oxidized monolayers still stacked into large 

particles. To exfoliate these particles to monolayered graphene oxide, the most 

common methods performed in laboratory involve strong stirring [198], [199], 

[200], separation of the non-exfoliated particles by centrifugation [116], [201], 

or sonication [202], [203], [204]. Exfoliation is an important step to obtain GO 

flakes with the desired size characteristics [205], [206]. 

When sonication is applied, not only it succeeds at exfoliating the graphite oxide 

to GO, it also breaks large surface particles into smaller fragments [207], [208], 

[209]. The main explanation about why GO flakes break under sonication is that 

the large flakes obtained after the reaction have weak spots, possibly 

characterized by high concentration of functional groups, that are susceptible 

to be mechanically broken [210], [211], [212]. An image of the possible process 

is shown in Figure 23, where the cleavage of a chain of oxo-functional groups 
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is proposed due to hydrothermal treatment. Mechanical cleavage during 

sonication could act in the same manner.  

 

 

Figure 23: Cleavage of the oxidized spots on GO due to hydrothermal deoxidation. 
Mechanical cleavage could happen in the same way. Reproduced from [210] with 
permission from John Wiley and Sons. 

 

The GO particles’ size influenced the mechanical properties of GO bulk 

structures made of assembled dispositions of the flakes [207], [208], [213]. The 

consensus is that large GO flakes are better in properties than small GO flakes 

if they are exfoliated. Therefore, when undertaking mechanical exfoliation of 

graphite oxide for a particular application, the effect of time and power on the 

fragmentation of the GO particles into smaller pieces should be considered. 

Other side-effects must be considered when selecting the exfoliation protocol. 

For example, ultrasonic exfoliation not only cleaves GO into smaller particles, 

but also affects the chemistry of the obtained GO [214], degrading the less 

stable functional groups.  

 

1.3.2.5. pH stability 

 

The pKa values calculated for GO dispersions varies from 2.0 to 4.0, depending 

on their oxidation degree. These values indicate that GO is a stronger acid than 

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



most of the typical molecules with one carboxylic acid [215]. The origin of this 

high acidity may be conjugated hydroxyls and phenols, that can delocalize 

negative charges and stabilize the carboxylate ion [216]. 

However, the characteristic acidity of GO goes beyond simple pKa values. One 

interesting study [126] was carried by performing titrations with additions of 

NaOH and reversing the titration by adding HCl after different times. The results 

are shown in Figure 24. In Figure 24a NaOH is added to the dispersion of GO 

until reaching a pH=10 (black line). Then, immediately, the reverse titration with 

HCl is performed (red line), reversing the equilibrium. Figure 24b, however, the 

same addition of NaOH is carried on, but the dispersion is let rest 6h before 

reversing the pH. The result is that less amount of acid is needed, indicating 

that the titration started with less pH; therefore, GO much have generated H+ 

during the rest time. The effect is increased in Figure 24c where the addition of 

HCl started after 15h and heating the dispersion at 60 ºC. In that case, the GO 

structure auto-generated many H+ to acidify the pH of the dispersion from 10 to 

8. In Figure 24d, this decrease of the pH as a function of time is depicted. 

Then, it has been demonstrated that in aqueous solutions, there is an 

acidification kinetics of GO associated to a chemical reaction, suggesting that 

H+ are generated in basic conditions. 
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Figure 24: Titration of GO curves. Black lines in a-c represent the forward addition of 
NaOH. Red lines represent the reverse titration, by adding HCl. In a) the reverse titration 
was performed immediately after the addition of NaOH, in b) after 6 h and in c) after 15h 
heating at 60 ºC. d) The change in pH of GO with time after the addition of NaOH. 
Reproduced from [126] with permission from American Chemical Society. 

 

The functional groups responsible of the H+ generation could be the vicinal 

diols, which undergo irreversible transformations generating H3O+ because of 

a nucleophilic attack of the hydroxide anions to tertiary alcohols [126]. The 

acidity of alcohols is caused by the stability of the conjugate base due to the 

delocalization of the negative charge over the area of a graphitic domain. 
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Figure 25: SEM images of GO flakes. a) and b) are pristine GO flakes, showing smooth 
edges. c) and d) are GO flakes treated with NaOH, where the disintegration driven by 
the strong-base treatment can be observed. Reproduced from [128] with permission 
from Elsevier. 

 

Effects of NaOH treatment on the morphology of flakes has been also 

investigated [128]. Morphology of GO flakes before (Figure 25a-b) and after 

(Figure 25c-d) treatment with NaOH have been observed by SEM, showing a 

clear disintegration of the base-treated flakes if compared with untreated flakes.  

In conclusion, the functional groups on the GO structure develop when the pH 

is increased with the release of more protons, indicating that the chemical 

composition is susceptible to changes after modifying the pH of the medium. 

Also, nucleophilic attacks by OH- induce the cleavage of the oxidized domains, 

which may occur in chain reactions [217], further fragmentating the GO flakes. 

Then, the simple washing of GO with water, leaving dispersions with pH=7, may 
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deteriorate its chemistry. Being more recommendable to store the synthesized 

GO in acid conditions. 

 

1.3.2.6. Ageing 
 

GO is a metastable material, comprising oxygen functional groups that can be 

considered active sites and be involved in various reactions, even at low 

temperatures  [218], [219]. It has been found that GO functional groups degrade 

with the passing of time, even when stored after drying to solid state [220]. The 

epoxides groups, theoretically, as they have a strained ring system, tend to 

degenerate to hydroxyls, which releases the stress by recovering the regular 

tetrahedron angles of carbon atoms. These spontaneous chemical 

modifications would have a relaxation time of few days, driven by the availability 

of hydrogen species [221]. In water dispersion, the decomposition of GO 

functional groups accelerates due to nucleophilic attacks of the water 

molecules [222].  

What is also very interesting and relevant is the tendency of oxygen atoms to 

diffuse through the carbon lattice, forming oxidized and non-oxidized domains, 

pairing reacting species susceptible to form O2 and H2O [223].  

In conclusion, storing GO dispersions under low pH, at low temperature, and 

while avoiding light exposure should be recommended to preserve the fine 

chemistry that possesses after the reaction. 
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1.4. APPLICATION OF GO ON TEXTILES 
 

In the recent years, textiles have been in the focus of new developments. New 

functionalities of textile products are sought nowadays, where novel 

nanomaterials can find application. Graphene derivatives have been used in 

textiles improving characteristics such as electrical conduction [224], thermal 

regulation [225], flame resistance [226], antimicrobial action [227], UV 

protection [227], etc. 

Three main methods exist to produce graphene-based textiles. The first 

consists in the coating of conventional fabrics or yarns with GO [228], with the 

possible following reduction to rGO (Figure 26a), which is interesting for its 

electric properties. The second consists in the CVD synthesis of graphene on 

a Cu mesh followed by the acid removal of the metal, leaving a fabric structure 

based on graphene [229] (Figure 26b). The third method consists in the 

preparation of GO fibers through extrusion in a coagulation bath [230] (Figure 

26c), where reduction can optionally be performed to obtain rGO fibers. 

 

 

Figure 26: Principal methods to produce graphene-based fabrics. a) Coating of fabrics 
with GO, followed by reduction. Reproduced from [228] with permission form RSC 
publishing b) Synthesis of graphene on a Cu mesh followed by etching. Reproduced 
from [229] with permission from Springer Nature. c) Formation of GO fibers by extrusion 
in a coagulation bath. Reproduced from [230] with permission from The Royal Society 
of Chemistry. 
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From these methods, the most widely employed is the first one, due to its ease, 

scalability, and low prize of GO. The possibility of using GO as an aqueous ink 

makes it easy to be used in the textile industry as typical inks and colorants are 

already used. In the technical literature, the preferred method for coating 

textiles with GO is dip-coating. With this approach, the fabric is submerged in a 

GO solution and then the fabric is dried. GO has a negatively charged structure 

that interacts with the functional groups of the fabrics, increasing the fixation of 

GO; so, typically, a good coating is achieved with this technique. However, to 

boost the fixation of GO and avoid its shedding, different chemicals and 

processes are employed. For example, Bovine Serum Albumin (BSA), can be 

absorbed on the fabrics, leaving a positive charge that helps the posterior 

electrostatic attachment of the (negatively charged) GO thanks to its negative 

charge [231]. Plasma treatment of the fabric has been also used with the same 

purpose [232]. The use of resins, such as polyurethane (PU) has also been 

reported to increase the adhesion of GO [233]. 

Thermoplastic PU has been widely used in various applications such as 

coatings, elastomers, foams, and adhesives. It has a block copolymer structure, 

with polyol and isocyanate functional groups [234]. When GO is added to a PU 

matrix, cross-linking of GO with PU takes place, forming a rigid composite with 

increased mechanical strength [235]. Water-based PU is used in the textile 

industry to coat fabrics, obtaining a transparent and flexible film adapted to the 

morphology of the fabric which increases the longevity of the fabrics by 

protecting the microfibers from defibering. Therefore, PU can be also used to 

fix GO to the fabric, gaining on the fixation of GO and forming a PU+GO 

composite with increased strength. 
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2. AIMS OF THE THESIS 

 

The research performed in the development of this thesis was financed by an 

industrial R&D project focused on the application of graphene oxide (GO) to 

textiles to improve their mechanical properties.  

As researching on the industrial application of a material can be troublesome 

due to the unavailability of industrial equipment and the need for collaborators 

availabilities, we decided to make fundamental research on GO as a material 

itself, to contribute to the literature with substantial studies. 

GO is a widely used graphene-like nanomaterial. Its promising applications and 

easiness of preparation in a non-specialized laboratory makes GO investigation 

accessible to all kinds of researchers. This availability is, of course, beneficious 

for science, but at the same time, has led to a large number of publications 

where GO has been used on its own or in combination with other materials 

being described as a product obtained by the Hummers’ method reaction, 

without much more information about the reaction conditions that we know that 

affect its chemistry. In addition, the characterization section of these 

publications is usually limited to confirming the presence of GO, without any 

information about degree of oxidation or other important chemical features. On 

top of that, some authors proceed to purification techniques which involve the 

use of acids, centrifugation, or sonication, which are known to affect the 

physicochemical integrity of graphite oxide, yet do not provide much description 

and/or analyses on the transformations of their GO over the preparation steps. 

In sum, we have detected a lack of knowledge in the technical literature, 

regarding the physicochemical properties of GO prepared with variations of the 

typical reaction conditions and before applying any post-treatment. 

This situation motivated us to drive our thesis aims toward fundamental 

research on the GO synthesis via the original Hummers’ method and an 

exhaustive characterization of the product obtained to study its dependence on 

2 
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synthesis conditions, trying to avoid the processing of the material that changes 

its properties, or at least, keeping them constant in all the samples. 

Our main aim was to synthesize GO via modifications of the reaction 

parameters time and temperature of Hummers’ method, and to thoroughly 

characterize the GO product to establish how these parameters affect the 

morphology and chemistry of GO.  

When we tried to purify the obtained GOs, we realized that the post-treatments 

used for purification were also affecting the chemistry and morphology of the 

prepared GOs. For this reason, we also found interesting to study how our post-

treatments affected our GOs prepared with different reaction conditions. 

Therefore, we have identified three thesis fundamental research aims: 

• The effect of the reaction time on the chemistry and morphology of GO 

flakes obtained by Hummers’ method. 

• The effect of the reaction temperature on the chemistry and 

morphology of GO flakes obtained by Hummers’ method. 

• The effect of the extensive washing with water and strong agitation 

post-treatments on the chemistry and morphology of the GOs flakes 

obtained by Hummers’ method under different reaction times and 

temperatures. 

Additionally, we have performed a study in the line of the earlier-mentioned 

industrial textile project, to put in context the work performed in three years of 

research. The aim of this part of the research was: 

• To coat a textile with GO to enhance its mechanical resistance to the 

puncture, with the scale-up of the application to typical coating methods 

of the textile industry. 

The contents of thesis are then divided in two parts: an exhaustive investigation 

on the preparation and characterization of GO and its application on textiles 

during the research project. The two parts are separable as the two research 
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lines were conducted separately. Also, many of the results obtained for the 

application of GO on textiles have not been presented, due to confidentiality 

matters, limiting the weight of this part in the thesis to a unique chapter. The 

research presented in the thesis is then related to the preparation and 

characterization of GOs with different physicochemical properties. 
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3. EXPERIMENTAL TECHNIQUES 

 

Summary: In this chapter, we describe the experimental techniques used in the 

development of this thesis. The first part of the chapter is intended to introduce 

the characterization techniques used for the morphological and chemical 

characterizations of the GOs prepared. Their appropriateness and capabilities 

for GO characterization were established in the literature review of Chapter 1. 

For the morphological characterization, we employed reflection optical 

microscopy (OM) and scanning electron microscopy (SEM). Thermogravimetric 

analyses (TGA) were conducted to determine the thermal stability. The 

structural analysis was determined by X-ray diffraction (XRD). The chemistry of 

the samples was determined by energy-dispersive X-ray spectroscopy (EDS) 

and by X-ray photoelectron spectroscopy (XPS). With EDS atomic 

concentration of the bulk samples was obtained while with XPS, we obtained 

the atomic concentration and chemical composition of the surface. Finally, 

Raman spectroscopy was used as complementary techniques to confirm the 

nature of the GOs. The second part of this chapter addresses the synthesis 

method selected for the obtention of GO and the variations we performed to 

procure GOs with different characteristics in terms of chemistry and 

morphology. 

  

3 

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



3.1. CHARACTERIZATION TECHNIQUES 
 

3.1.1. Optical Microscopy (OM) 
 

Optical visibility is an important feature of two-dimensional nanomaterials, such 

as graphene and graphene oxide. With optical microscopy, it is relatively easy 

to obtain information about the position, lateral dimensions, and thickness of 

the specimen.  Revealing the dimensions and position of GO flakes is crucial 

when it refers to their application to devices in form of thin films [236].  

Optical microscopy covers a wide range of light microscopy methods, such as 

transmitted and reflected light, fluorescence, and laser microscopy methods. 

Advances in resolution, speed of acquisition and digital imaging have enabled 

microscopists to acquire quantitative measurements of specimens efficiently 

[237], [238]. 

An optical microscope uses visible light, with wavelengths from 400-650 nm 

and a series of lenses to magnify specimens. As light passes through the 

sample, light is absorbed, reflected or diffracted. The differences in intensity of 

light are detected forming an image against a bright background. 

 

3.1.1.1. Reflection optical microscopy and interference effects 

of light. 

 

Reflected light microscopy is used when the light is unable to pass through the 

specimens. It is then directed onto the surface of the sample and returned to 

the microscope objective. The range of applications of this technique is 

enormous including the observation of metals, ceramics, minerals, polymers 

and semiconductors. 
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When observing thin particles under optical microscopy, it is common to 

observe colors on transparent, colorless or lightly colored substances. These 

colors are caused by interference effects of light, which is the same 

phenomenon that is found when we observe colors on soap bubbles, spilled oil 

on water or on some glass surfaces [239]. When incident white light reaches 

the surface of a thin film, part of the light is reflected, and part of the light is 

transmitted. When the transmitted light reaches the bottom, the situation 

repeats, with a new split into reflected and transmitted lights. The wavelengths 

reflected from the upper and lower boundaries return in the direction of the 

emission and interfere constructively or destructively in function of depending 

on the thickness of the thin film, its refractive index, and the angle of the incident 

light. A scheme of the process can be observed in Figure 27. From white light, 

only wavelengths that interfere constructively will be observable in form of a 

unique color. In the situation of Figure 27, the blue wave interferes 

constructively from the reflections of the upper and lower boundary of the thin 

film, while the green wave interferes destructively. Thus, in this example, 

considering the color of the waves as the color associated to their wavelengths, 

the thin film will appear blue when observed with reflection optical microscopy. 
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Figure 27: Interference of light from the upper and lower boundary of a thin film. 
Constructive interference occurs when both reflected lights are in phase and destructive 

interference occurs when they are not.  

 

In a distribution of GO flakes, the lateral size of the particles typically extends 

to various orders of magnitude. Flakes of less than 100 nm can coexist with 

large flakes of more than 100 µm.  

From these, large lateral dimensions had been presumed to be beneficial for 

GO since the beginnings of graphene [68], [240]. The isolation of flakes with a 

specific size is of great relevance in the field of micro and nano applications 

[241]. However, obtaining size-sorted GO suspensions is nontrivial. Many 

accurate post-treatments involving sonication, centrifugation and filtration 

procedures are needed. 

With OM, one can obtain a first assessment of the distributions of particles that 

conform the dispersions, paying attention to the thicknesses of the flakes, and 

visualize unexfoliated particles of graphite oxide. Using OM, large areas of a 

surface can be scanned quickly, obtaining qualitative information in a matter of 

minutes. Using visible light as emitting source is beneficial when we observe 
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GO flakes, being able to have an approach about the thickness of the flakes as 

a function of the color and opacity of the flakes.  

Using thin film optics theory, the colors that GO displays based on optical 

reflectance, have been investigated [242]. Figure 28a shows the calculated 

colors for graphene oxide as a function of its thickness. The observable color 

of the flake (or thin film) varies versus its thickness, following the color 

arrangement of the visible spectrum. The optical appearance that GO shows is 

due to interference phenomena of light when white light (comprising all visible 

wavelengths) is used. This study was centered on observing GO flakes 

deposited on a 270 nm thick SiO2/Si substrate (Figure 27b).  

 

 

Figure 28: a) Two-dimensional color image calculated as a function of the thickness of 
graphene oxide deposited on SiO2/Si layer. Apparent colors change as a function of 
thickness due to interference phenomena of light. b) Optical micrograph of GO flakes on 
a 270 nm thick Si/SiO2 substrate. Adapted from [242] with permission from IOP 
Publishing. 

 

In the case of few-layer GO flakes dielectric substrates must be used in order 

to enhance contrast, allowing the identification of single-layer flakes [243], 
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[244]. On “thick” GOs (more than 50 nm), the importance of the substrate is 

greatly reduced [245].  

 

3.1.1.2. Preparation of the samples and instrumentation used 

 

For the optical microscopy techniques performed in this thesis, samples were 

prepared by drop-casting of 2.5 mL of the corresponding GO dispersions 

covering the whole surface of a standard glass microscopy slides. The 

microscopy slides were first cleaned by bath sonication in a solution of 30% 

H2SO4. This increased the hydrophilicity of the slides [246] due to the 

attachment of hydroxyl groups to the surface of the glass, permitting a better 

wettability. Afterwards, the slides were rinsed with deionized water and left to 

dry at 85 ºC. After the drop-casting of the samples, they were let dry at room 

temperature but in a box covered with a holed parafilm, in order to slow down 

the evaporation rate and avoid the formation of coffee rings [247]. 

Reflection optical microscopy images were obtained using a Leica DM 2500 

confocal microscope with a halogen white light source and a 50x Leica objective 

(NA 0.75 – WD 0.37 mm). Digital images were captured with a PixeLink PL-

A662 camera, coupled to the microscope. Samples were mounted on a high-

precision monitored 3D-stage, which was used to control the recorded position. 

For most measurements, the typical scanned area size was 500 µm x 500 µm, 

consisting in a montage of 2596 high-resolution individual images. 

 

3.1.2. Scanning Electron Microscopy (SEM) 
 

Scanning Electron microscopy (SEM) is a microscopy technique that uses a 

focused beam of electrons instead of light. Using electrons instead of light 

allows to have images of higher resolution, achieving magnifications up to 

300.000x. The interaction between the electron beam and the surface of the 
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sample generates several signals that can be used to obtain different 

information about the topography and composition of the sample. These signals 

are secondary electrons, backscattered electrons, Auger electrons, X-rays and 

visible photons [248].  

When the electron beam reaches the sample, they collide with the electrons of 

the surface, changing their path with an energy loss and producing the 

ionization of the electrons of the atoms. The ionized electrons leave the atom 

with low kinetic energy and are detected by a specific detector. These electrons 

are called secondary electrons and they are generated only by superficial 

atoms, giving information about the topography of the sample. Other electrons 

of the beam are scattered backwards once they collide with the atomic nucleus 

of the atoms of the samples. These are called backscattered electrons and give 

information about the atomic composition of the sample, as the interaction of 

the electrons with the atomic nucleus depends on the atomic number “Z”. 

Compositional information can be obtained from the characteristic X-rays 

generated from the interaction of the incident electrons with the electronic shell 

of the atoms. Other less used signals are Auger electrons, non-characteristic 

continuum X-rays and cathodoluminescence. All these physical processes are 

represented in Figure 29. 
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Figure 29: Scheme of the signals generated by the interaction of the electron beam with 
a sample. 

 

The possibility of scanning large surface areas allows SEM to analyze 

simultaneously hundreds of different flakes on the same sample, while 

providing information about the distribution of the flake size, morphology and 

even number of carbon layers in fully exfoliated samples. GO flakes 

occasionally form wrinkles or folds [249]. In Figure 25b we could observe an 

untreated GO flake that has a smooth edge and a fold in the middle of it [128] 

while in Figure 25c the damaged flake treated with base also show wrinkles. 

 

3.1.2.1. Preparation of the samples and instrumentation used 
 

In this thesis, a FEI Quanta 600 ESEM was used to capture high resolution 

SEM images of the dispersed GO flakes, using high vacuum and an operating 

voltage of 2 keV.  
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Dispersions of the GOs were prepared in a concentration of 1 ppm performing 

4 predilutions from the starting concentration of 3 mg/mL. Milli-Q water was 

used to avoid the formation of salt microcrystals in the dried samples. 125 µL 

of each sample was then deposited by drop-casting on a diced silicon substrate 

of 1 cm2. The samples were dried at room temperature in a petri dish covered 

with a holed parafilm tape, in order to slow down the evaporation rate, increase 

the ordering of flakes and to avoid the formation of coffee rings [247]. 

Images at 500x magnification were obtained, comprising numerous flakes per 

image. For each flake, the number of pixels that formed its shape was obtained 

manually using the image software Adobe Photoshop CS3.  

 

3.1.3. Energy-Dispersive X-ray Spectroscopy (EDS) 
 

Energy-dispersive x-ray spectroscopy (EDS) is a spectroscopic microanalysis 

technique used for the identification of chemical elements present in a sample, 

quantitatively or qualitatively. This technique is commonly hosted inside 

scanning electron microscopes (SEM) and transmission electron microscopes 

(TEM). When an electron beam is focused on the sample in either a SEM or 

TEM, the electrons from the beam penetrate the sample and interact with the 

atoms present in the sample producing characteristic X-rays [250].  
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Figure 30: Scheme of the generation of characteristic X-rays, by the interaction of an 
electron to the electronic shell of an atom. 

 

Characteristic X-rays are formed by the electrons of the inner shell of the atom. 

One incident electron interacts with an inner shell electron, ejecting it in an 

elastic collision. Then, an outer electron replaces the vacancy, releasing the 

energy difference as an X-ray (Figure 30). This discrete value of energy is 

intrinsic of each atom. 

The X-rays generated are detected by an Energy Dispersive detector, 

displaying the signal as a spectrum. The combination of the characteristic X-

rays detected permit the identification and quantification of the atomic elements 

of the sample. 

For GO, with EDS the relative quantity of carbon and oxygen can be determined 

despite the quantification of these low-Z elements tend to be inaccurate [251]. 

Sulfur usually found on GO can be also quantified [252], [253], [254]. Lastly, 

EDS is also useful to detect the presence of impurities remaining from the 

oxidation reaction [255]. 
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3.1.3.1. Preparation of the samples and instrumentation used 
 

In this thesis, a FIB-SEM Thermo Scientific Scios 2 Dualbeam coupled to a 

Thermo Scientific Pathfinder X-ray microanalysis detector was used to record 

the EDS spectra, operating at a voltage of 25 kV. 

Samples were prepared from GO dispersions with a concentration of 3 mg/mL. 

111 µL of each GO were deposited by drop-casting on a silicon diced substrate 

of 1 cm2. The samples were let dry in a hot plate at 40 ºC. The drop-casting 

procedure was repeated 6 times for a total deposition of 2 mg in each sample, 

guaranteeing enough thickness to avoid the detection of the silicon substrate 

due to a high penetration of the electron beam.  

 

 

Figure 31: On the left, a low-magnification SEM image of a sample of GO used for the 
EDX analysis. Wrinkles can be observed as the characteristic assembly of dried bulk 
GO. 5 measurements were performed in separated zones as shown in the image. In 
each spot, magnification was increased to 1000x, as shown on the right, to record the 
EDX spectrum. 

 

For each sample, 5 spectra were recorded at different positions of the sample 

with a magnification of 1000x. The 5 spectra were averaged into one spectrum 

per sample. In Figure 31, an example of one analyzed sample is shown, red 

crosses of the left image indicate the different zones that were magnified to 

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



1000x, as shown in the image on the right, and analyzed to obtain 5 spectra of 

different zones of the sample. 

 

3.1.4. X-ray Photoelectron Spectroscopy (XPS) 
 

X-ray Photoelectron Spectroscopy (XPS) is a widely used technique for 

characterization of the chemistry of GO. It provides information about the 

characteristic atomic bonds of each element. XPS is a useful technique for the 

recognition of functional groups, absorbed contaminants or other chemical 

modifications present in the surface [256]. XPS has two important advantages 

when it is applied to GO: it provides elemental content of the outer chemical 

layer of a sample (3-5 nm) and it can quantify the different oxygen functional 

groups on the structure. 

XPS is based on the photoelectric effect. The internal electronic levels of the 

atom are excited with an X-ray beam. The interaction between the X-rays and 

the electrons causes the emission of photoelectrons with a kinetic energy that 

provides information about the energy of each level, and thus, the nature of the 

emitting atom. 

In the photoemission process (Figure 32), an atom or molecule absorbs an X-

ray photon, ejecting an electron. The kinetic energy of the ejected electron 

depends upon the energy of the X-ray, the binding energy of the electron and 

the work function. The binding energy depends upon the element from which 

the electron is emitted, the orbital from which is ejected and the chemical 

environment of the atom from which the electron is emitted [257].  XPS spectra 

are recorded by counting the photoelectrons over a range of kinetic energies. 

Peaks appear in the spectrum from emitted electrons of a characteristic energy, 

enabling the identification and quantification of all the present elements, in 

exception of hydrogen.  
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Figure 32: The photoemission process for the incidence of an X-ray to the electronic 
shell of an atom. The interaction of a given energy X-ray with an 1s electron causes its 
ejection with a characteristic kinetic energy. 

 

For GO, the elemental quantification is determined by running a survey 

spectrum (a scan from 1200 to 0 eV) where all elements constituting the 

samples can be detected. The most valuable information, which is the different 

chemical states of the carbon atoms, is obtained from the C 1s spectrum. The 

energy of the C 1s orbital varies as a function of the type of bonds that C forms 

with other elements, thus allowing their relative abundance to be quantified. 

In the C 1s spectrum of graphite, we encounter a single band centered around 

284.8 eV [258], which is the typical band of the graphitic framework, including 

C-C, C=C and C-H bonds (Figure 33a). The asymmetry of the peak is due to 

the presence of a minor component around 286 eV originated from deviations 

from the pure sp2 graphitic carbon structure [259]. As part of the GO basis, this 

band will be present in all the GO samples with high intensity.  
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Figure 33.a) C 1s XPS spectrum of graphite. b) C 1s XPS spectrum of graphene oxide. 

Reproduced from [259]. 

 

The C 1s spectrum of GO is composed by three apparent components (Figure 

33b). Again, the peak at 284.8 eV is assigned to the graphitic domains, as long 

they are not chemically bound to oxygen atoms. Even if the carbon is not pure 

sp2, it will generate a signal in this area. The most intense peak is centered at 

286.5 eV and it is attributed to the carbon atoms of epoxides (C-O-C) and 

tertiary alcohols (C-OH). These two components are entangled and cannot be 

separated due to the large number of configurations that can be found in GO, 

leading to peak broadening. Lastly, the 289.2 eV signal is usually attributed to 

carboxylic acid/ester groups (O-C=O) [259].  

In the literature, different ways of deconvoluting the integral C 1s spectra can 

be found [260], [255], [261], where the C 1s spectra is deconvoluted in all sort 

of functional groups that may be present in GO. However, the low binding 

energy shift between similar functional groups makes these deconvolutions 

highly speculative, even for comparative purposes.   
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3.1.4.1. Preparation of the samples and instrumentation used 
 

XPS samples were prepared by drop-casting of 125 µL of the corresponding 

GO dispersions with a concentration of 3 mg/mL on a Si 1x1 cm2 diced 

substrate and dried at room temperature. 

The samples were shipped to the XPS laboratory of Prof. Jordi Llorca, at 

Universitat Politècnica de Catalunya (UPC), Barcelona (Spain). The XPS is a 

SPECS system equipped with a XR50 source operating at 250 W, and a 

Phoibos 150 MCD-9 detector. The pass energy of the hemispherical analyzer 

was set at 20 eV and the energy step of high-resolution spectra was set at 0.1 

eV. Binding energy (BE) values were referred to the C 1s C-H sp3 peak at 284.8 

eV. Data processing was performed with the CasaXPS software. Atomic 

fractions were calculated using peak areas normalized based on acquisition 

parameters after background subtraction, experimental sensitivity factors and 

transmission factors provided by the manufacturer. 

 

3.1.5. Thermogravimetric Analysis (TGA) 

 

Thermogravimetry is a technique consisting in the measure of the mass 

variation of a material as a function of temperature and/or time, generally in a 

controlled atmosphere [262]. These changes might be due to different 

processes, as phase transitions, oxidation or reduction reactions or thermal 

decomposition of the material, etc., that will be detected by an accurate 

thermobalance. 

GO prepared via Hummers’ method has a main weight loss for GO around 180-

200 ºC [263]. TGA coupled with mass spectrometry (TGA-MS) can be used to 

analyze the gases formed during the thermal decomposition, being able to 

attribute different processes of decomposition as a function of temperature 

[264]. An example of a TGA-MS analysis is shown in Figure 34. There are two 
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clear decomposition peaks, during the main decomposition peak situated at 

153 ºC, H2O, CO2 and CO are formed. During the secondary decomposition 

peak at 240 ºC, SO2 is primarily detected in addition to water. These results 

clearly indicate that firstly, the oxo-functional groups are decomposed, and 

then, the organosulfates decompose.  

 

 

Figure 34. TGA-MS analysis obtained for GO with the m/z data obtained for the gases 
formed during decomposition. m/z= 18 (H2O), m/z= 28 (CO), m/z= 32 (He), m/z= 44 
(CO2) and m/z= 64 (SO2). Reproduced from [264] with permission of American Chemical 
Society. 
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3.1.5.1. Preparation of the samples and instrumentation used 

 

GO samples for TGA were prepared from GO dilutions dried at room 

temperature. The obtained paper-like products were shattered into small 

pieces. Then, 5 mg of each GO were placed in a platinum crucible and 

introduced into the furnace. Same weight of calcined alumina was used as a 

reference. Two kinds of experiments were performed: (i) a fast overview, using 

a 10 ºC/min ramp from a starting temperature of 25 ºC to 1400 ºC. (ii) A focused 

experiment in the decomposition zones, using a slow ramp of temperature of 

2.5 ºC/min from 25 ºC to 400 ºC. These last experiments were performed by 

triplicate and the weight loss information, and the temperature of decomposition 

were averaged for those three measurements. 

Thermogravimetric analyses were performed for each sample with a 

thermobalance TA Instruments SDT 2960. With these tests, weight loss curves 

were obtained for each GO sample.  

 

3.1.6. X-ray diffraction (XRD) 
 

X-ray diffraction (XRD) is a technique that provides information about the 

structure of crystalline materials in a non-destructive interaction of X-rays with 

the sample [265]. X-rays are electromagnetic radiation with wavelengths in the 

range of 0.1-5 Å. This range is in the same order of magnitude than the typical 

interatomic distance in solids. For this reason, when the X-ray beam penetrates 

the sample, part of the beam is absorbed, transmitted, or scattered, and part is 

reflected elastically. Elastic interactions occur with the electron cloud of the 

atoms and the X-rays are diffracted to certain directions. 
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Figure 35: Schematic representation of constructive X-rays diffracted by a crystalline 
structure. 

 

X-rays diffracted by different atomic planes can be amplified by constructive 

interference, as shown in Figure 35.  The conditions for diffraction are described 

by the Bragg’s law: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃  

Where “n” is an integer, “λ” is the wavelength of the X-rays, “d” is the spacing 

between planes in the atomic lattice of the sample and “θ” is the diffraction 

angle. 

Furthermore, with XRD, the size of sub-micrometer crystallites can be 

determined following the Scherrer equation [266]: 

𝐿 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where L is the size of the crystallite in the direction of the corresponding peak, 

K is a shape factor constant that it is approximated to 0,94 for graphitic samples 

[267], [268], [269]. λ is the X-ray wavelength, β is the Full Width at Half-

Maximum (FWHM) of the corresponding peak expressed in radians and θ is 

the maximum position of the diffraction angle.  

It must be pointed, however, that the use of the term crystallite is not correct in 

all cases as one cannot know whether the information relates to the size of 

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



crystallites or stacked domains. In the case of GO, as it is not formed by 

crystallites, it would be more correct to talk about “size of the coherently 

diffracting domain” or, more condensed, “column length”. For this reason, in the 

thesis we will refer to that value as column length (Lc). 

In the case of graphite, the typical distance between layers is broadly known, 

with a value of 26.5° 2θ, corresponding to the (002) plane and an interlayer 

distance of 3.36 Å [270].  

In the case of GO, a signal corresponding to the (001) plane becomes strong 

in a range from 7º to 12º 2θ [271], with interlayer distances from 12.5 Å to 7.5 

Å respectively. The (002) peak is still present in some cases but tends to show 

a lower signal shifted to 20-24º 2θ [272]. The increase in the distance between 

graphitic planes is caused by the insertion of oxygen atoms on both sides of 

the hexagonal carbon lattice during the reaction procedure.  

Interlayer distance is not a generic parameter for all GO samples. The reasons 

that can change the position of the (001) signal are: the amount of water 

retained during the drying process of the GO solution [273], the use of different 

solvents [274], or differences in the reaction that alter the oxidation degree 

[116]. Changes on these parameters may displace the (001) signal of GO 

according to a higher or lesser interlayer distance of the GO layers. 

In the case of performing a reduction of GO to rGO, the only signal that appears 

is in the range of 23-24º 2θ [261], [271], corresponding to the plane (002) and 

an interplanar distance around 3.7 Å, a similar distance than the obtained for 

graphite, indicating the effective removal of oxygen groups from the structure 

and the compaction of the layers. An example of typical diffractograms that can 

be obtained for graphite, GO and rGO is depicted in Figure 36. 
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Figure 36: Example of typical diffractograms obtained for graphite, GO and rGO. 
Interlayer distance information can be extracted by the position of the peaks along 2θ. 
Reproduced with permission from [275]. 

 

3.1.6.1. Preparation of the samples and instrumentation used 
 

In this thesis, XRD (X-ray diffraction) measurements were made using a 

Siemens D5000 diffractometer (Bragg-Brentano parafocusing geometry and 

vertical θ-θ goniometer) fitted with a curved graphite diffracted-beam 

monochromator, incident and diffracted -beam Soller slits, a 0.06º receiving slit 

and scintillation counter as a detector. The data were collected with an angular 

step of 0.05º at 3s per step and sample rotation. Cu(kα) radiation was obtained 

from a copper X-ray tube operated at 40 kV and 30 mA, corresponding to an X-

ray wavelength of 1.5406 Å. LaB6 SRM 660c was used as standard to obtain 

the instrumental broadening of the peaks. 

Samples were prepared by drop-casting of 1.0 mL of each sample of diluted 

GO with a concentration of 3 mg/mL on a low background Si (510) wafer as a 

substrate. Samples were dried at room temperature to let the water evaporate 
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avoiding the formation of bubbles between the thin layer of GO. Afterwards, 

they were heated to 50 ºC to desorb the retained water and they were stored in 

a sealed desiccant box until the time of analysis, to avoid the samples to absorb 

moisture.  

The XRD patterns were recorded firstly covering a range of 2θ between 5 and 

45 º, where all the peaks of graphite and GO can be found and, later, a second 

round of analysis was performed focused in the area of interest which has the 

main peak of GO, corresponding to the plane (001), centering the analysis in 

the range of 2θ between 7.5 and 15.0 º. The samples were always analyzed 

set by set, so in each XRD graph, the samples depicted had been analyzed 

consecutively with the same atmospheric conditions.  

Diffractograms were analyzed adjusting the peaks to a pseudo-Voigt function 

[276], obtaining the peak position and the Full Width at Half Maximum (FWHM). 

 

3.1.7. Raman spectroscopy 
 

Raman spectroscopy is a standard technique based on the inelastic interaction 

of light with the polarizable electron density of molecules or materials [277]. A 

monochromatic laser excites the sample to a virtual state and the energy decay 

can occur reemitting the light elastically at the same frequency as the original, 

known as Rayleigh scattering, or inelastically at higher or lower frequencies, 

called the Raman effect. 

In the Raman effect, the light excites the molecule from the ground state to an 

excited virtual state and then decays to a vibrational state still above the ground 

state, emitting light with lower frequency. This shift in frequency provides 

information on vibrational, rotational and other low-frequency transitions 

characteristic of molecules and materials, giving a fingerprint spectrum that 

allow their identification.  
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The quality of graphitic materials can be investigated by Raman spectroscopy, 

as they are Raman sensitive to vibrations caused by the graphene lattice in-

plane phonons. 

For graphitic materials, Raman spectra have three important peaks about 1355 

cm-1 (D band) 1590 cm-1 (G band) and 2700 cm-1 (2D band). The G band is 

assigned to the vibrational E2g degenerative mode in graphite single crystal 

and it is an indicator of the stacking structure [278]. For this reason, this band 

shows a low signal for graphene monolayer and increases progressively when 

accumulating layers of graphene, being extremely useful for discriminating 

monolayer from multilayer graphene [279]. The D band is assigned to the A1g 

mode, and it corresponds to the breathing mode of the six-member rings. For 

this reason, this band is related to the density of defects in the honeycomb 

structure [278], [280]. The 2D band is also present as an overtone of the D 

band, and is highly sensitive to the stacking order along the c axis [281].  

In graphitic materials, it has been proven that the relation of the intensity of the 

D and G peaks (ID/IG) is related to the number of defects and the distance 

between these defects [282]. 

In Figure 37a, the Raman spectra of pristine graphene and defective graphene 

are compared. One can observe the presence of the G and 2D bands for the 

case of pristine graphene, and the evolution of the D band (and other related 

bands) when defects are introduced. 
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Figure 37: a) Raman spectra of pristine and defective graphene. Reproduced from [280] 
with permission from Springer Nature. b) Raman spectra of graphite, GO and rGO. 
Reproduced from [283]. 

 

In the case of GO and rGO, Raman spectroscopy is not sensitive enough to 

differentiate samples, due to the introduction of too many defects [284]. This 

can be observed in Figure 37b where Raman spectra of GO and rGO are quite 

similar but different from the graphite precursor. The increase of the D band 

from graphite to GO is caused by the creation of defects, that remain after the 

reduction to rGO [283].  

 

3.1.7.1. Preparation of the samples and instrumentation used 
 

In this thesis, Raman measurements were performed using a Renishaw inVia 

Reflex confocal Raman microscope equipped with a 514 nm Ar+ laser and a 

50x Leica objective. The same samples prepared for EDS (section 3.1.3) were 

used, consisting of 2 mg of dried GO deposited by drop-casting of the 

corresponding dispersions on silicon (1x1 cm2) substrates. The surface of the 

samples was focused in 5 different zones and the spectra were obtained using 
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a laser power of 0,15 mW and 1 accumulation of 10 s each. The spectra of the 

5 zones were averaged.  
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3.2. REACTION PROCEDURE 
 

One of the main aims when producing GO, is the obtention of large and well-

exfoliated flakes. It is already known that permitting more time and temperature 

during the reaction, leads to a higher degree of exfoliation of the graphite oxide 

particles, caused by a higher penetration and reactivity of the oxidants into the 

graphitic galleries. However, the excess of the same parameters also causes a 

higher oxidation of the sp2 carbon lattice, inducing permanent defects and 

transformation of the aromatic carbons to CO2, losing potential properties 

attributed to the continuous aromatic lattice. For this reason, an equilibrium of 

the reaction parameters must be achieved to obtain the optimal GO product. 

Despite we introduced some variations in the parameters of our reactions to 

compare the morphology and chemistry of the different GOs obtained, we 

selected a specific reaction procedure to use it as a basis for our modifications. 

This reaction is the modification of Hummers’ method performed by Eigler et al. 

[19] published in 2013. Eigler et al. used smooth reaction conditions to obtain 

a mildly oxidized GO to be afterwards reduced to graphene with the full 

recovery of the carbon sp2 framework. In these years, graphene oxide was just 

starting to grow only as a precursor of the celebrated graphene. It was several 

years later that GO started to gain interest as a material itself.  

 

3.2.1. Eigler’s modification of Hummers’ method 
 

In Eigler’s modification of Hummers’ method, the authors dispersed 1 g of 

graphite and 0.5 g of sodium nitrate (NaNO3) in concentrated sulfuric acid. They 

cooled the dispersion in an ice bath to about 5 ºC. Then, for a period of three 

hours they added 3.0 g of potassium permanganate (KMnO4) and left the 

reaction to occur while stirring during three additional hours at 20-30 ºC. 
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Afterwards, the reaction mixture was poured on 500 mL of ice and 10 mL of 

hydrogen peroxide 3% (H2O2) were added to finish the reaction. 

 

3.2.2. Our modifications of Hummers’ method 

 

 

 

Figure 38. Images taken during the main steps of the reaction procedure: (1) Mixing of 

NaNO3 and H2SO4 under magnetic stirring. (2) Total dissolution of NaNO3 in the sulfuric 

acid media. (3) Addition of graphite. (4) Addition of KMnO4 and start of the reaction. (5) 

Temperature control using an ice bath during the reaction. (6) Slurry obtained after the 

reaction. (7) Initial hydrolysis and acid quench with diluted H2SO4. (8) Quench with 

cooled water. (9) Addition of H2O2 to remove residual MnO4
- and end of the reaction.  
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In our case, we used Eigler’s methodology to elaborate a series of experiments 

varying the time and temperature of the reaction. We also introduced minor 

modifications about the procedure based on our experience on the oxidation of 

graphite gained in the course of the research. The main steps of our procedure 

for the oxidation of graphite are depicted in Figure 38 and are as follows:  

 

1. Preparation of acidic mix. In a 250 mL Erlenmeyer flask, 2.5 g of NaNO3 

(extra pure, purchased from Scharlab) are added to 120 mL of H2SO4 

95-98% (Pharmpur, purchased from Scharlab). The mix is magnetically 

stirred for some time (generally 15-45 min) to let the NaNO3 fully 

dissolve.  In Figure 38(1) this process can be observed where solid 

NaNO3 is present in the medium.  

2. Dissolution of NaNO3. Figure 38(2) shows how NaNO3 has been totally 

dissolved. In some procedures, as in Eigler’s study mentioned above, 

they immediately add graphite in the first step together with NaNO3, but 

this darkens the solution and the dissolution of NaNO3 cannot be 

followed. Instead, we let NaNO3 fully dissolve before the addition of 

graphite. 

3. Addition of graphite. Next, 5.0 g of graphite flakes (99% carbon basis, 

-325 mesh, purchased from Sigma-Aldrich) are added to the flask with 

care to avoid contact with the sides of the flask, as the particles would 

stick and remain there during the rest of the process without being 

oxidized. An image of the mix can be observed in Figure 38(3). This 

mixture rests during 25 min. During this time, the mix is put in an ice 

bath in the cases for which the temperature of the reaction had to be 

kept low. Otherwise, the step is performed at room temperature without 

any bath. 

4. Anhydrous oxidation of graphite. The next step is the addition of 15.0 

g of KMnO4 (pharma grade, purchased from ITW Reagents) to initialize 

the anhydrous oxidation of graphite. This step is the first that differs 
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from Eigler’s procedure. In their methodology, they started the addition 

of KMnO4 after cooling the mixture and maintained the temperature low 

during the addition. In our procedure, the temperature increase caused 

by the initial oxidation is controlled to avoid surpassing a certain 

reaction temperature. For example, if we perform the reaction at 5ºC, 

we cool the mix to 5ºC, and we add the KMnO4 in small portions to 

avoid heating of the mix. If the reaction temperature is 50ºC, we add 

the KMnO4 in bigger portions at room temperature while keeping the 

temperature from exceeding 50 ºC. This step takes from 5 to 60 min 

depending on the temperature. An image of the mixture after the 

addition of KMnO4 can be observed in Figure 38(4) with a characteristic 

green color corresponding to the presence of manganese heptaoxide 

(Mn2O7) [133]. 

5. Control of reaction temperature. Immediately after all the KMnO4 was 

added, the reaction is brought to the temperature set for each reaction. 

To do that, a hot plate with a temperature probe is used for heating, 

while an ice bath is used for cooling. The reaction tends to generate 

heat in the first minutes of the reaction, accelerating itself in a chain 

effect of temperature increase. However, with some care this step is 

not dangerous as the temperature is easy to decrease by simply putting 

the mixture in the ice bath. In Figure 38(5) this procedure can be seen 

where the flask is put in the ice bath to cool down the mix.  

6. Product of the reaction. After the reaction time, which varies for each 

case, we obtain a brownish and dense slurry as we can observe in 

Figure 38(6). The density of the slurry is different in each case and 

gives a first view of the exfoliation degree of the graphite. 

7. Quenching with diluted acid. The following step is the addition of 100 

mL of H2SO4 10% (chilled to 5ºC). The reason to quench with a dilution 

of sulfuric acid is to avoid the sudden increase of temperature due to 

the dissociation energy of the acidic reaction when distilled water is 

added to the mix. With this intermediate step, the dissociation energy 
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is released in two steps: first with the addition of diluted sulfuric acid 

and later with the addition of distilled water. Thus, 100 mL of H2SO4 

10% are added by small volumes while controlling the temperature of 

the mixture with the ice bath. This addition usually takes from 30 to 120 

min depending on the temperature control specifics. An image of the 

product obtained after the addition of H2SO4 10% can be seen in Figure 

38(7). 

8. Quenching with chilled water. Then, the slurry was transferred to a 1 L 

Erlenmeyer flask and 500 mL of chilled distilled water (0 ºC) are added 

in one go. As can be observed in Figure 38(8), the mix turns a darker 

brown. 

9. Termination with hydrogen peroxide. The final step is the addition of 

100 mL of hydrogen peroxide 3% (dilution prepared from H2O2 30% 

extra pure, purchased from Scharlab) to complete the reaction. H2O2 

neutralizes the oxidant permanganate residues with the formation of 

inert MnSO4 [147]. After the addition, the mixture turns to a golden-

brown color as can be seen in Figure 38 (9), and it is left in magnetic 

stirring for 24 hours to let all the H2O2 reduce the permanganate. After 

this step, the reaction ends, and the product is ready for the washing 

procedure. At this stage, GOs prepared with different conditions 

already displays different colors, which are related to different ratio of 

sp2/sp3 carbon atoms, reflecting the degree of oxidation [285]. 
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3.2.3. Washing procedures of the obtained Graphite Oxide 
 

 

Figure 39. Images taken during the main steps of the washing procedures to obtain 

purified GO: (1) Raw GO from the reaction after the addition of H2O2 and 24 hours of 

stirring, displaying a golden color. (2) Sedimented raw GO. (3) GO after the first 

decantation and water addition, displaying a brownish color. (4) Still acidic GO fully 

sedimented after 24 h of rest. (5) GO after some steps of washing-decanting displaying 

a blackish color. In this step, GO is stable in dispersion and won’t sediment anymore. 

(6) GO sedimented after the addition of HCl and some hours of rest. (7) Filtration of the 

sedimented GO using a large-area filter. (8) Obtained slurry of GO at the end of the first 

washing. 
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After the period of 24 h in H2O2, the mixture turns into a golden color as seen 

in Figure 39(1). At this point, the GO mixture constitutes a diluted but heavily 

acidic mix composed by SO4
2-, Mn2+ [147] , Na+, K+, and polycyclic organic 

acids [148] generated from the carbon structures of the graphite [143]. In the 

mix, graphite oxide microparticles can be seen by naked eye, as they are 

formed by the aggregation of smaller flakes of GO stuck by Van der Waals 

forces [20]. This happens at pH≈0 as all functional groups of GO are protonated 

and the net charge of the surface is near 0 [162], [216], causing GO particles 

to have more affinity for themselves than for the aqueous medium [161]. 

After the final step of the reaction, the mix is left during 24 h in magnetic stir 

When this time completes, the stirrer is stopped and the microparticles start to 

sediment. This process is quite fast and after some hours, all the GO particles 

sediment to the bottom of the flask, as can be seen in Figure 39(2). Next, the 

upper acidic media was decanted from the sedimented GO. The transparent 

liquid, containing strong acids and contaminant heavy metals, was discarded 

properly, and the remaining solid fraction was transferred to a 2L Erlenmeyer 

flask, where distilled water was added to continue with the wash of the GO 

particles. As can be observed in Figure 39(3), the dispersion of particles turned 

brownish. Changes in the color of the mixtures indicate chemical 

transformations, which are related to an increase of the conjugation of the π-

system [109]. Again, the mixture was left to sediment. After some more hours, 

the GO particles sedimented, as can be seen in Figure 39(4), and another 

decantation was performed. 

This process consisting of addition of water-sedimentation-decantation was 

repeated three times, until the dispersion turned to a black color, as observed 

in Figure 39(5). This occurs because the acidic medium starts to weaken, the 

functional groups of the GO ionize into negatively charged oxo-derived groups 

and the affinity with H2O molecules increase, with the consequent delamination 

of the monolayers of graphene oxide and the formation of a metastable 
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dispersion of GO in water. At this point, sedimentation cannot be achieved even 

after leaving the dispersion to sediment for a long time (days).  

The objective behind washing is to get rid of the sulfate and manganese ions 

that were intercalated into the graphitic structure [127]. With the graphene oxide 

layers exfoliated and the intercalated contaminants released, pH can be 

lowered again with the addition of hydrochloric acid (HCl) to aggregate the GO 

flakes and facilitate a last sedimentation-decantation step. HCl is adequate as 

chlorides can be easily washed afterwards. 

For this purpose, HCl 37% (Pharmpur, purchased from Sharlab), was used. 

The amount varied between 30-100 mL of the concentrated HCl, as the different 

obtained GOs had different sedimentation rates (due to differences in 

exfoliation degree). In Figure 39(6) the final sedimentation after the addition of 

HCl can be observed. The solid GO again shows a brownish color, due to the 

restacking of the GO flakes into microparticles attracted by Wan der Waals 

forces due to the decrease of the ionization and the decrease of electrostatic 

repulsive forces.  

Finally, the last decantation is performed, and the solid part is transferred to a 

conventional filtration paper placed in a holed tray, as shown in Figure 39(7), 

and dead-end filtration was performed [164]. This common filtration technique 

has proved to be the most effective for us, as in pump filtration the GO flakes 

rapidly clogged the pores of the filter, ceasing the passage of water.  

After the addition of 2L of water to the filter and resting time (around 3 days), 

the GO recovered its black color, and became a dense paste-like mass, as can 

be seen in Figure 39(8). The paste, with a pH~3 and a concentration around 25 

mg/mL, was then gathered and stored at 5 ºC. The reason to keep GO in acid 

conditions and at low temperature is to avoid decomposition of the functional 

groups, which are unstable in non-acidic aqueous medium after long periods of 

time [221], [286], [287].  
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3.2.4. Samples of GO prepared at varying reaction 

parameters 
 

GO samples were prepared with the procedure described above at different 

conditions of ‘reaction time’ and ‘temperature’ in step 4 (anhydrous oxidation of 

graphite). The time spent by quenching the acids was not considered in the 

reaction time. However, the temperature was controlled indeed in all the steps, 

including in the quenching steps (6) and (7). This is a significant difference from 

the original Hummers’ method [101], where the temperature in the quenching 

steps rose to 98 ºC, potentially affecting the resultant chemistry of the GOs. 

The total number of samples prepared was 8 and they are summarized in Table 

1, indicating the chronology of the syntheses. Samples were prepared using 

temperatures of 5, 25, 50 and 75 ºC and times of 30, 60, 120, 300 and 540 min.  

 

Table 1: Summary of the different GOs prepared at varying reaction times (set 1, 
highlighted in blue) and temperatures (set 2, highlighted in red). Colors indicate the 
groupings of samples into two sets. The value displayed indicates the order of the 

syntheses.  

 Temperature 

Time 5 ºC 25 ºC 50 ºC 75 ºC 

30 min  1   

60 min  3   

120 min 7 4 8 6 

300 min  2   

540 min  5   
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For a better comparison of the samples prepared, the samples are divided into 

two sets. Thus, the characterization of the samples was performed set by set 

and the results are presented in Chapters 4 and 5, as follows: 

• Sample set 1 (Table 1, in blue) comprises five samples, which were 

prepared with a reaction temperature of 25ºC and times of reaction of 

30, 60, 120, 300 and 540 min.  

• Sample set 2 (Table 1, in red) comprises four samples, which were 

prepared with a reaction time of 120 min and temperatures of 5, 25, 50 

and 75ºC. 

The specific conditions of each reaction performed for each GO are gathered 

in Appendix 1. There, the quantity of GO obtained, the concentration and pH of 

the final dispersions are also shown. 

 

3.2.5. Post-treatment protocol 
 

To investigate whether further purification of the prepared GO samples 

influenced their chemical structure, another washing procedure was performed 

to a fraction of the obtained paste of each GO. The newly purified dispersions 

consisted of 250 mL with a GO concentration of 5 mg/mL. For each paste of 

GO obtained after washing (Section 3.2.3), the corresponding volumes (around 

50 mL) were diluted, separately, in 3 L of distilled water, and, one by one, were 

poured over a dead-end filter paper. The paste was washed until the drained 

water reached a pH of 7. After the filtration, the paste was transferred to a flask, 

and distilled water was added to a volume of 300 mL, and the mix was put in 

strong magnetic stirring (800 rpm) during 24 h to exfoliate and disperse the GO 

particles. Afterwards, the dispersions were stored at 5ºC. A summary of the 

prepared samples is shown in Table 2. For each set, at the left, the untreated 

GO samples prepared with our modifications of Hummers’ method. At right, the 

obtained post-treated GO after performing the post-treatment protocol. The 
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time and temperature from the reaction conditions are maintained in the naming 

of the post-treated GOs. 

 

Table 2: Summary of all the samples prepared in this thesis. In bold, new series of 
samples prepared by applying a post-treatment protocol on the GO samples of set 1 
and 2. 

Set 1 Set 2 

Sample Post-treated Sample Post-treated 

GO-30 min ptGO-30 min GO-5 ºC ptGO-5 ºC 

GO-60 min ptGO-60 min GO-25 ºC ptGO-25 ºC 

GO-120 min ptGO-120 min GO-50 ºC ptGO-50 ºC 

GO-300 min ptGO-300 min GO-75 ºC ptGO-75 ºC 

GO-540 min ptGO-540 min     
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4. THE EFFECT OF REACTION TIME IN 

HUMMERS’ METHOD TOWARDS WELL 

EXFOLIATED GRAPHENE OXIDE OF LOW 

OXIDATION DEGREE 

 

Summary: Graphene oxide (GO) has been synthesized by a modification of 

Hummers’ method using different times of reaction of 30, 60, 120, 300 and 540 

min while maintaining all other parameters constant and avoiding aggressive 

post-treatments such as sonication and strong agitation that are known to affect 

the chemical and structural integrity of the flakes. The morphology of the 

obtained flakes has been investigated by optical and electron microscopies. 

Chemical properties of the GOs have been determined by TGA, XRD, XPS and 

EDS. The degree of exfoliation strongly increased with the reaction time, while 

no significant differences were found between the GOs in terms of their 

chemistry. Thus, we demonstrate that increasing reaction time is enough for 

the obtention of large-sized and well-exfoliated GO flakes, while maintaining a 

chemical richness that would be hindered by aggressive exfoliation techniques. 

  

4 
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4.1. MORPHOLOGICAL CHARACTERISTICS BY OM 

AND SEM 
 

4.1.1. Morphology of graphite precursor 
 

Firstly, to put in context what can we encounter when we observe the 

morphology of our graphitic samples, we analyze the morphology of the 

graphite particles used as precursor. Optical microscopy and SEM images have 

been obtained of the distribution of particles, which are shown in Figure 40a-b, 

respectively. Our graphite had a specific size of -325 mesh, which corresponds 

to sieved particles of less than 44 µm [173].  

 

 

Figure 40: Morphology of the graphite flakes used for the GO syntheses. Obtained by 
a) Optical microscopy and b) SEM. 

 

In the optical micrograph of Figure 40a the sizes of the particles can be 

observed. Note that some thick particles are out of focus, displaying a black 

shape. The importance of this image is that all our GO flakes will be comprised 

in the same range of sizes. Thus, the following optical images of the GO 

samples will be consistent with their parent distribution of graphite particles. In 

the SEM image of Figure 40b the individual flakes can be observed more 
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consistently, being able to perceive the layered structure and platelet shape 

typical of graphite. 

 

4.1.2. Morphology of GOs of set 1 of samples 

 

Using the optical microscope, GO samples prepared with different reaction 

times were observed, to obtain an overall overview about the size and thickness 

of the particles and observe how increasing the reaction time affects the 

morphology of the GO flakes. Optical micrographs of the GO samples of the 

set 1 are depicted in Figure 41.  

Observing the dispersion of particles of the sample GO-30 min, we can notice 

in the center of the image that there exist several big graphitic particles. Some 

exfoliated flakes can be also observed, showing interference colors. These 

flakes are significantly smaller than the graphitic particles. Some bright flakes 

with thicknesses less than 80 nm are also detectable but it is important to note 

that most of these are very small in lateral dimensions, being observed as small 

dots, especially in the center-left part of the image. 

Sample GO-60 min changes importantly compared to the previous sample. 

Flakes appear much more exfoliated, with an increase in their lateral 

dimensions. Tiny particles are still present but it is clear that large-sized flakes 

predominate. Some graphitic particles still exist but they are less numerous. 

Some bright and colored flakes indicate that most of the fraction belongs to 

flake thicknesses between 50 and 300 nm.  

Sample GO-120 min consists, again, in large flakes. In this case, colored flakes 

are minority and almost all flakes are comprised in a thickness less than 80 nm, 

given by the bright blue color with low opacity. Graphitic particles are still 

present, but they show interference colors in their borders, indicating partial 

oxidation and an out-to-in exfoliation of the particles. 

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



Sample GO-300 min presents much larger flakes compared to the previous 

samples, until reaching 200 µm from end to end in some individuals. Again, 

graphitic particles are present but most of the flakes are well-exfoliated 

presenting bright color with different opacities, which indicates a thickness less 

than 80 nm for all of them. 

Sample GO-540 min is composed by large particles, in the same magnitude 

than the previous sample, but appears that the bright bluish flakes ere more 

transparent, which indicates even a lesser thickness related to a higher 

exfoliation. In this sample, just a few interference colors appear related to 3D 

graphitic particles not totally exfoliated, indicated by different colors in the same 

particle. 

From the images observed, it can be concluded that more reaction time leads 

in general to a better exfoliation of the graphite particles into GO flakes.  
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Figure 41: Optical reflection micrograph of GO samples deposited on a glass substrate. 
GOs belong to the set 1 of samples. Each micrograph corresponds to a sample prepared 

with different reaction times, as indicated. 
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SEM images of the micrographs of the GO samples prepared with different 

reaction time are shown in Figure 42. Individual flakes can be observed with 

different contrasts but with well-defined borders. Again, graphitic 3D particles 

can be observed coexisting with flat GO flakes, showing a range of contrasts 

with the substrate, related to their different thicknesses. The GO flat flakes tend 

to be smaller for the GO samples prepared with lower time, while for the 

samples prepared with higher reaction time larger flakes can be observed.  
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Figure 42: SEM images of the GO samples of the set 1, prepared with different reaction 
times. 

 

 

4.1.3. Size distribution analyses of the GO flakes 
 

In the following section we perform size statistics of the flakes from several 

images captured for each GO sample. Their average sizes are commonly 
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reported, often assuming that they follow a Gaussian distribution. However, the 

experimental data shows that the size distribution of GO flakes is highly 

asymmetric, responding better to the fitting of a log-normal model [288]. In 

addition, the Gaussian distribution is not adequate to characterize broad 

distributions of object sizes because it has finite value for negative values of 

the independent variable, whereas size cannot be negative. 

We analyzed the lateral dimensions of the GO flakes prepared with different 

synthesis conditions. An example of a SEM image of the sample GO-300 min 

is shown in Figure 43a. The image shows that the flakes are dispersed enough 

to differentiate individual objects (flakes and particles). Using Adobe 

Photoshop, the contour of the flakes was traced to obtain their area in pixels, 

which can be used afterwards to obtain the area in microns. Not all the 

observable particles were used to perform the size statistics. The selection 

criteria for counting the flakes are displayed graphically in Figure 43b. 

Recognizable flakes of all sizes were selected (green contour). Granular, 

unrecognizable or flakes not fully captured were discarded (red lined). Some 

flakes were folded. In this case, the area of the fold was added to the area of 

the original flake (blue filled). Then, the area of each flake was calculated. The 

area of the flakes is a parameter whose values are difficult to visualize, as their 

range is very broad, roughly from 10 to 5000 µm2. The high end of this range, 

even seeming a large number, can belong to a flake of only 50x100 µm. For 

this reason, instead of the sheet area the particle size was easier to visualize 

using a size parameter “s” defined as the square root of the sheet area “A” 

[289]: 𝑠 =  √𝐴. 
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Figure 43: Methodology used to obtain size distributions from the area of the flakes 
through SEM images of the GO dispersions. a) Example of an original image of a GO 
sample. b) Same image with the selected flakes and determination of their areas. Green 
lines surround good flakes used for the counting. Blue lines represent clearly folded 
zones of the flake, which area was summed as part of a single flake. Red lines represent 
discarded flakes for the counting. 

 

In Figure 44, the flake size distribution histograms of the GO samples are 

plotted along with lognormal distribution fits. Each was obtained from 250 

flakes. The distributions tend to broaden with longer reaction time. This can be 

seen in the statistical information of the log-normal fittings provided in each 

graph. This trend can be seen in Figure 44f, in which the five log-normal fit 

curves are plotted together (as probability density functions with areas 

normalized to 100%). Whereas the extrema (mode) of the size distributions are 

similar, at around 10 µm, the distribution tails at large flake sizes become more 

prominent as the reaction time increases. 
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Figure 44: GO flake size histograms from 250 flakes of the GO samples prepared with 
varying reaction time: a) 30 min, b) 60 min, c) 120 min, d) 300 min, and e) 540 min. Log-
normal fit of each distribution is show as the black line. Inset shows statistical information 
of each sample. f) The log-normal distributions plotted together for comparison, where 

the area under the curves have been normalized to 100%. 

 

Considering that only flat flakes were counted, these results may reflect 

differences in the delaminating mechanism of the graphite polycrystalline 

particles, where small superficial flakes are the first to detach from the grain as 

the oxidants penetrate the particle. When the particle has been exposed for 

long enough to the oxidants, it splits into its larger subunits of ordered graphitic 

layers. This explains the behavior of the log-normal curves of broadening to 

higher sizes as the percentage of large flakes increases while maintaining a 

similar fraction of small particles, produced during the initial stages (first 

minutes) of the reaction. 
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4.2. THERMAL STABILITY BY THERMOGRAVIMETRY 
 

Thermal stability of the GO samples belonging to the set 1 of samples were 

analyzed by TGA in the presence of air. For reference, the graphite used as the 

precursor in all the reactions was also analyzed in its as-used powder form.  

Initially, we ran one TGA analysis on 1 sample per reaction time condition to 

have a general view of the behavior of the samples in all the range of 

temperatures and check the weight losses that develop until total combustion. 

The temperature of the furnace was brought to 1400 ºC in a ramp of 10 ºC/min. 

The results obtained are represented in Figure 45a. All the GO samples follow 

the same thermal degradation trend regardless of the reaction time used in their 

synthesis, while being very different from the degradation trace of graphite. In 

the TGA curves of GO, three important variations of weight can be noticed, 

which can be verified by the first derivative trend shown in Figure 45b: (i) From 

25 to 100 ºC, there is a first weight loss for the GO samples corresponding to 

the desorption of water [290], which constitutes around a 20% of the weight. (ii) 

From ~100 to 200 ºC, the thermal degradation of the oxo-functional groups, 

representing around a 25% of the total weight [264]. (iii) From 200 to 350 ºC, 

the decomposition of the organosulfates to SO2, with a weight loss around 10%.  

After the decomposition of all the functional groups, the GO samples should 

consist in a mildly-oxidized carbon frameworks, similar to rGO but with a bunch 

of holes and discontinuities in the graphitic structure [291], [292].  

Later the samples stabilize until (iv) the decomposition of the carbon 

framework, which starts at 500 ºC and runs until 1100 ºC. At these 

temperatures, the graphitic framework decomposes to CO2 in the presence of 

air. This is also true for graphite, which remains unaltered until 600 ºC and then, 

starts to decompose until the end of the analysis. 
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Figure 45: a) TGA curves for the GOs prepared with different reaction times and for the 
graphite precursor, using a ramp of 10 ºC/min in air. b) First derivative of the TGA curves. 

 

The fact that all the GO samples follow the same trend is particularly interesting, 

especially for the GO-30 min sample. Considering its optical microscopy image 

(Figure 41), where large “graphitic” particles where present conforming the 

dispersion. One would have expected that the TGA curve of that sample would 

share similitudes with the curve of graphite. Instead, we find that the GO-30 min 

has a thermal decomposition behavior more similar to the GO-540 min case 

than that of the original graphite. 

It should be pointed that the typical curves of GO have strong similarities to the 

TGA curves obtained for intercalated graphite compounds (GICs) [293], [294]. 

This could confirm the reaction mechanism of GO produced following 

Hummers’ method as explained in Section 1.2.2, where graphite rapidly 

interacts with the oxidizing media forming H2SO4-graphite intercalated 

compound (H2SO4-GIC) followed by the oxidation and detachment of the 

oxidized layers in a slower rate. Thus, we can conclude that in all the GOs, the 

H2SO4-GIC stage was reached during the reaction, while the oxidation of the 

inner parts of the H2SO4-GIC particles could have been more or less complete 

depending on the reaction time, causing then the slight differences between 

samples observable in the TGA curves.  
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To obtain a sharpened view of the weight losses, new thermogravimetric 

analyses were performed, from 25 to 400 ºC in air atmosphere, with a slower 

ramp of 2.5 ºC/min and repeating the samples by triplicate. In Figure 46a the 

median curve of the three measurements for each sample is represented. The 

derivative curves of the samples (DTG) have been calculated and they are 

shown in Figure 46b.  

For all the conditions, the desorption of water already starts at 25 ºC and 

completes around 100 ºC. In Figure 45, the desorption of water appeared to 

complete at 150 ºC, but this may simply be a delay caused by the faster ramp 

(10 ºC/min). It is reasonable for water to be totally desorbed at 100 ºC. 

After the desorption of water, the samples stabilize along a few ºC and, at 110-

125 ºC, the first stage thermal decomposition of the functional groups starts 

taking place, ending at 175-200 ºC. The second stage of thermal decomposition 

immediately starts until approximately 350 ºC.  

Looking closely to the derivatives, we observe that the decomposition of the 

oxo-functional groups, from 125 to 200 ºC has, in all the cases, a wide peak, 

formed probably by the sum of different peaks corresponding to different 

decomposition of the oxo-functional groups. For this reason, we went one step 

further and we analyzed the peaks of the DTG curve to find quantitative 

differences between samples. An example analysis of the DTG curve is 

represented in Figure 45d to highlight the significant weight loss events and 

associated temperatures. We also used these analyses to find the exact 

percentage of weight lost in each process and the corresponding temperatures. 

The methodology is explained hereafter: 
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Figure 46: a) TGA performed for the quantitative analysis of the curves. a) TGA curves 
obtained from 25 to 400 ºC with a ramp of 2.5 ºC/min. b) Derivative curves of the TGA 
curves. c) Significant points for the quantitative analysis marked in one TGA curve. d) 
Example of how the significant points have been extracted of one derivative curve. 

 

The DTG curves (in black) were deconvoluted in four peaks using Lorentzian 

fitting. The first peak is set in the first range of temperatures and corresponds 

to the desorption of water present in the GO samples (red line). The main peak 

attributed to the first stage decomposition of the functional groups (oxygen-

based functional groups) is deconvoluted in two peaks. A first peak centered 

around 130 ºC (green line) and another peak centered around 200ºC (blue line). 

The center of these peaks will give us the information about the temperatures 

(Td1) and (Td2) where the different groupings of functional groups decompose. 

The splitting of the decomposition of oxo-functional groups in two groupings is 

arbitrary, but it will permit us to find differences between samples as this 

deconvolution allowed a good fitting of the peaks. The fourth peak is adjusted 
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around 250 ºC to find the temperature of decomposition of the organosulfates 

(Td3).  

From the intersection of the peaks, we extracted the starting and ending 

temperatures of each decomposition (T1, T2 and T3). From these values of 

temperature, the corresponding weights were obtained, and the weight losses 

were calculated as their difference, being the percentage of water lost (%Ww): 

100% - WT1; the percentage of the oxo-functional groups degradation (%W12):  

WT2 – WT1; and the percentage of the degradation of the organosulfates 

(%W23):  WT3-WT2. 

Hence, all the important data extracted from the derivative curves is depicted 

in Table 3 as a summary of the results of the GO samples of the set 1. 

 

Table 3: Summary results table of temperatures of decomposition, percentage of weight 
lost on decomposition and percentage of water desorbed from each GO sample 
synthesized with different times of reaction. 

 Td1 (ºC) Td2 (ºC) %W12 Td3 (ºC) %W23 %Ww 

GO-30 min 145 172 24 246 10 19 

GO-60 min 150 177 27 253 8 18 

GO-120 min 149 176 26 250 8 20 

GO-300 min 148 174 27 254 8 20 

GO-540 min 140 163 26 240 13 21 

 

 

From the quantitative data, some tendencies can be observed as a function of 

the reaction time of each sample. In general, temperatures of decomposition 

decrease with increasing reaction time. The % of weight lost in these 

degradations and the % of water increase. This could confirm a slight increase 

in the oxidation degree with the reaction time, although the samples behave too 

similarly to extract definitive conclusions. 
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4.3. INTERPLANAR DISTANCE BY X-RAY DIFFRACTION 
 

XRD measurements were performed on sample set 1 prepared with different 

times of reaction and on the graphite used as a precursor in the reaction. The 

first measured spectra consisted in a wide scan over the 2θ range from 5º to 

90º to observe all the diffraction planes that exist in our samples. These are 

shown in Figure 47a. The obtained curves were normalized, as graphite gave 

a much higher intensity, due to its high relative crystallinity. All the GO samples 

gave signals in the same magnitude of intensity. Graphite gave two diffraction 

peaks corresponding to the plane (002) at 26.6º and to the plane (004) at 

54.75º. These values correspond to an interplanar distance of 3.36 Å along the 

c axis for graphite. For all the GO samples, the most intense peak appears 

around 11º, corresponding to the plane (001) and an interplanar distance of 

about 8 Å along the c axis. The increase of the interlayer distance in relation to 

graphite is caused by the expansion of the structure along the c direction 

caused by the creation of functional groups between the planes. There is a 

clear shift between the samples, as each GO has different properties that affect 

their interlayer distance. In GO samples, the plane (002) also shows a weak 

signal at the double 2θ value of the (001) position, at around 22º.  

In Figure 47b-c, an expanded view of the low-intensity signals is shown for the 

GO samples and for graphite, respectively. Diffraction planes of graphite have 

been assigned to their corresponding signals according to reference [295]. 

From all the minor signals of graphite, it is worth commenting the two-

dimensional lattice reflections corresponding to the (100) and (110) planes, 

which give signal at 42.45º and 77.55º 2θ, respectively. These two signals could 

be present in GO samples that conserved some aromatic domains, but they 

were not observed in our case. 
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Figure 47: a) Normalized XRD patterns recorded for the GO samples of set 1 of samples, 
varying reaction time. Measured pattern of starting graphite has been added for 
comparison. On the right, an expanded view of the low-intensity signals of the b) GO 
samples and c) graphite. 

 

In the expanded XRD patterns for GO (Figure 47b), a peak at 26º can be 

observed for some of the samples. That signal corresponds to the (002) 

diffraction plane of graphite residues, still present in the GO samples. The 

samples that show that signal are, from highest to lowest: GO-30 min, GO-120 

min and GO-60 min. No apparent signal appears for the samples GO-300 min 

and GO-540 min. This suggests that in samples where the reaction time was 

lower, not all graphite was transformed to GO or was expanded by the 

intercalation of the oxidants. However, the intensity of the signal does not follow 

any monotonic trend with reaction time. Two possibilities could have caused 

graphite to be present in the samples: (i) too little time of reaction to fully convert 

graphite to GO, or (ii) remaining of graphite particles stuck to the glass walls, 

not exposed to the oxidants but collected with the GOs after the reaction. 

In other studies [261], [296], [297], GO samples gave a signal corresponding to 

the (100) plane at 2θ around 42º. This signal is related to high crystallinity along 

the two-dimensional hexagonal lattice, being more prominent in mildly oxidized 

GOs samples and rGO. In our case, a very weak and broad signal can be 

perceived at that zone.  
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For a better observation and analysis of the (001) signal of GO samples, a 

second set of XRD measurements were performed focused on the 2θ range 

from 7.5 to 15º. The XRD patterns obtained are shown in Figure 48a. In this 

case, a shift of the peak along 2θ can be observed clearly for each sample. In 

Figure 48b the calculated d spacings and column lengths are represented 

versus time of reaction to observe the tendencies versus this parameter.  

 

 

Figure 48.a) XRD patterns of GO samples prepared with different reaction times, 
recorded with the same ambient conditions focused on the (001) signal in the 2θ range 
between 7.5 and 15.0º. b) Plot of the corresponding interplanar spacing "d" obtained by 
the Bragg's law and column length obtained by the Scherrer equation versus the time of 
reaction of the preparation of each sample. 

 

We can observe that the d-spacing increases with the time of reaction. 

However, it must be pointed that this increase is not very pronounced, with a 

difference of only 1.2 Å between the samples GO-30 min and GO-540 min. 

Such a distance is not enough to even fit one layer of water molecules between 

carbon planes [58]. This could be because the d spacing is an average obtained 

from many contributions over a large area of deposited GO. Therefore, the mild 

increase in the intercalated functional groups and water molecules in different 

locations of the sample may be responsible for the observed increase of the 

interlayer distance with reaction time, which, in addition, is consistent with the 

expectation that a longer reaction should generate more functional groups and 

greater exfoliation that retained more water molecules upon drying.  
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Regarding the column length, we determined values in a relatively narrow 

range, between 8.5 and 11.8 nm, while for the starting graphite powder the 

column length is 51.5 nm. There is a clear decrease in crystallinity for all the 

GO samples compared to graphite. However, no substantial differences 

between the GO samples indicates that there was no special correlation 

between the internal structure of the flakes and the reaction time. Thus, a 

greater exfoliation does not come with more disorder of the stacked layers. 
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4.4. DENSITY OF DEFECTS BY RAMAN SPECTROSCOPY 
 

Raman spectra were obtained on the GOs prepared with different reaction 

times (set 1) and on the graphite flakes used as precursor. They are shown in 

Figure 49. The Raman spectrum of graphite differs greatly from the Raman 

spectra of the GO samples, which are similar. Graphite shows an intense G 

band at 1580 cm-1, a minor D band at 1356 cm-1 and an intense 2D band at 

2713 cm-1. The large G and 2D to D intensity ratio indicates high stacking of the 

graphitic layers and low density of defects, respectively. All the GOs had similar 

spectra, with intense D and G bans at 1351 cm-1 and 1596 cm-1, respectively, 

but a less intense 2D band at 2703 cm-1, compared to graphite. The high 

intensity of the D band  indicates a higher disorder and presence of defects for 

the GO samples than for graphite [278]. The shift of the G band of the GOs 

towards higher wavenumber with respect to graphite is attributed to the 

formation of new sp3 carbon atoms by oxidation [281]. 

The ID/IG ratios of our GO samples have values of 0.96-0.97 in all cases, much 

larger than for graphite, which have a value of 0.24. This confirms the effective 

oxidation of graphite to GO in all the GO samples, as the oxygen introduction 

caused an increase of defects in the honeycomb structure, increasing the D 

band intensity. But the fact that the ID/IG ratios for GO are all similar indicate 

little differences in their quality (similar density of defects). However, when 

measuring GO with Raman spectroscopy, it is common to be unable to find 

differences related to the quality of different GO samples, because above a 

defect level of ~3% in the carbon sp2 framework, the D and G bands will have 

the same relative intensity for all the samples [298]. 
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Figure 49: Raman spectra of the GOs prepared with different reaction times and for the 
graphite precursor. Inset: ID/IG ratios for each sample. 
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4.5. ELEMENTAL AND CHEMICAL ANALYSES BY EDS 

AND XPS 
 

Energy-Dispersive X-ray Spectroscopy (EDS) and X-ray photoelectron 

spectroscopy (XPS) are complementary techniques that can be used to 

characterize the elemental composition of the GOs. EDS has a high penetration 

in samples, being able to obtain information from the inner parts of samples. 

EDS is very sensitive to detect the presence of different elements in low 

concentrations, however, for their quantification the limit is about 0.1 %at [250]. 

The technique shows even higher imprecision when the analyzed elements 

have low atomic number “Z” [299]. This weakness is prominent in the case of 

GO, which composition is mainly carbon and oxygen, but it is still useful to 

detect reaction remains and/or other contaminants present in the samples. 

XPS’s two important advantages when it is applied to GO: it provides elemental 

content of the sample and it is quantitative, also providing the percentage of the 

different oxygen functional groups on the structure. The elemental 

quantification is determined by running a survey spectrum where all elements 

constituting the samples can be detected. The most valuable information, which 

is the different chemical states of the carbon atoms, is obtained from the C 1s 

spectrum. 

With the information of both techniques, the ratio between carbon and oxygen 

(C/O ratio) of the GO samples can be obtained, which is the main indicator used 

in the literature about the oxidation degree of GOs. 

 

4.5.1. Elemental and chemical analyses of graphite 

 

Our graphite powder used as a precursor for the reactions has been analyzed 

by EDS and XPS. In Figure 50, the EDS spectrum is shown, where an intensive 
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peak can be found at 0.3 keV corresponding to carbon, as the main constituting 

element of graphite. A relative intense band at 1.7 keV is present corresponding 

to silicon, coming from the silicon substrate holding the graphite flakes (SEM 

image shown in Figure 40b). Oxygen, which is usually found on the terminating 

carbon atoms of graphite [255], [300], was not detected. 

 

 

Figure 50: EDS spectra of graphite used as a precursor. 

 

The elemental composition at the surface of our graphite flakes by XPS was 

obtained from survey spectrum shown in Figure 51a, which contains peaks 

corresponding to C 1s, O 1s and Si (2p and 2s) binding energies, the latter 

being due to the substrate, as for EDS. The relative abundances of carbon and 

oxygen obtained were 96.5% and 3.5%, respectively. The high amount of 

oxygen detected by XPS is probably because the edges of the graphitic 

structure are prone to be oxygen-terminated [300], which are detected in higher 
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concentration when probing only the surface of the graphite flakes instead of 

their bulk (by EDS). 

In Figure 51b, the C 1s spectrum of graphite is shown, where we encounter a 

single band centered around 284.8 eV, which is the typical band of the graphitic 

framework, including C-C, C=C and C-H bonds [258]. This band is assigned to 

the graphitic domains, as long they are not chemically bound to oxygen atoms. 

Even if the carbon is not pure sp2, it will generate a signal in this area. The 

asymmetry of the peak is due to the presence of a minor component around 

286 eV originated from oxygen functional groups at the edges of the graphene 

layers [300]. Lastly, a low-intensity peak at 191.4 eV corresponds to π-π* 

interactions, proving the quality of the sp2 graphitic structure [259].  

 

 

Figure 51: a) XPS survey spectra of graphite used as a precursor. a) Survey spectrum. 
b) High-resolution spectra of the C 1s band. 

 

 

4.5.2. Bulk atomic composition of the GOs by EDX 
 

Bulk samples of the GOs from samples’ set 1 were analyzed by EDS to obtain 

the atomic concentration of each GO prepared at different times of reaction. 
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For each condition, the averaged EDS spectrum of 5 spectra obtained at 

different locations in each sample is shown in Figure 52.   

 

 

Figure 52: EDS spectra of the GO samples of the set 1 with the detected elements 
indicated. 

 

The main elements detected are carbon (C), oxygen (O) and sulfur (S), as the 

known elements that form GO with its functionalities. Other elements detected 

by EDX are chlorine (Cl), potassium (K) and manganese (Mn). Chlorine is 

present in the samples because of the washing procedures where hydrochloric 

acid was used to acidify the dispersions of contaminated GO and facilitate the 

sedimentation-decantation steps (Section 3.2.3). Although the presence of 

chlorine is inelegant, as it is a deliberately added contaminant, its presence in 

GO samples is somewhat reiterative and accepted in the technical literature 

[107], [301], [254], [302]. Potassium and manganese remained in our GO 
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samples from the synthesis procedure, trapped in K2SO4 and MnSO4 [107], 

[147]. 

The fact that the presence of chlorine is residual in the samples which were 

prepared with lower time of reaction and relatively high in samples with higher 

time of reaction responds only to the purification process performed. As seen 

in the morphology results (Section 4.1), using more time of reaction effectively 

led to a higher exfoliation of the GO sheets. This had an impact in the washing 

procedures of the GO samples: (i) in the sedimentation-decantation procedure, 

more HCl had to be added to accelerate the sedimentation, as well-exfoliated 

GO sheets tended to remain in suspension for too long periods of time, whereas 

high amounts of added HCl caused the particles to agglomerate and sediment. 

(ii) On the other hand, in the filtration process, the same circumstance was 

present. Well-exfoliated distributions tended to clog the filter faster and 

extensively, leading to a slow and less effective washing. Both factors have 

contributed retaining chloride ions between the GO sheets which was 

encouraged by the higher exfoliation of the flakes obtained for higher reaction 

times. 

 

4.5.3. Surface chemistry of the GOs by XPS 
 

Chemical surface of the GOs of the set 1 of samples was analyzed by XPS to 

obtain the atomic concentration and the quantification of functional groups 

present in the surface of each GO sample.  

XPS survey spectra of the GOs is shown in Figure 53a, where all the samples 

reproduce the same typical pattern of GO, obtaining in all cases two intense 

peaks corresponding to the C 1s (around 285 eV) and the O 1s (around 530 

eV) orbitals. The S 2p peak can be seen around 168 eV and has been also 

analyzed. Other peaks present in all samples are the S 2s (232 eV) and, 

surprisingly, an unexpected, although small, N 1s peak (401 eV) [303]. Nitrogen 
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was not detected by EDS in any of our samples despite being in the reagents 

as NaNO3. Being detectable by XPS could mean that its presence is higher at 

the surface than in the core of the particles. However, the reason behind this is 

unclear. It could also be caused by external contamination. 

Other elements detected by EDS are K, Cl and Mn, which would show binding 

energies around 295 eV (K 2p), 195 eV (Cl 2p) and 650 eV (Mn 2p). However, 

they were not detected by XPS. In this case, these elements could be trapped 

in the inner core of the unexfoliated particles but washed from the surface. For 

this reason, they can be detected by EDS but not by XPS. 

 

 

Figure 53: a) XPS survey spectra of the GOs prepared with different reaction times. 
High-resolution spectra of b) C 1s, c) O 1s and d) S 2p. Deconvolution was performed 
for all the spectra but is shown only for the 30-min lines. 
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For the analysis of the functionality of the GOs, high resolution spectra of the C 

1s peak was obtained, which are shown in Figure 53b for the five samples. In 

the literature, different ways of deconvoluting the integral C 1s spectra can be 

found [260], [255], [261], where the C 1s spectra is deconvoluted in all sorts of 

functional groups that may constitute GO. However, the low binding energy shift 

between similar functional groups makes these deconvolutions highly 

speculative, even for comparative purposes. For this reason, we present the 

deconvolution of the C 1s spectrum of our GOs in just four components, with 

the following assignations [304]: 

• C-C, C-H and C=C bonds to 284.8 eV;  

• C-O bonds to 286.7 eV; 

• C=O bonds to 288.2 eV; 

• O-C=O bonds to 289.4 eV. 

The deconvolution, despite being performed for all samples, it is represented 

visually only for the first line for clarity. The most intense peak at 284.8 eV is 

assigned to the graphitic domains. The peak at 286.7 eV is attributed to the 

carbon atoms of epoxides (C-O-C) and tertiary alcohols (C-OH). These two 

components, despite being the most important functional groups of the basal 

planes, are entangled and cannot be separated due to the large number of 

configurations that can be found in GO, leading to spectral broadening. The low 

intensity peak at 288.2 eV corresponds to ketones (C=O), quinones (O=C-

C=O), and aldehydes (HC=O). Lastly, the less intense signal at 289.4 eV 

comprises the carboxylate derivates such as carboxyls (O=C-OH), lactols, and 

esters (O=C-O-C). It can be observed that the GO samples prepared with 

different times of reaction exhibit similar patterns with small changes in the 

relative intensity of the peak situated at 286.5 eV. 

Although O 1s spectra of GO do not give much more information about the 

chemistry of GO, as all the C-O bonds are overlapped in the same band near 

532 eV, they were recorded to check any observable deviation. The high-
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resolution spectra of the O 1s spectra of the GO samples are shown in Figure 

53c. The signal apparently corresponds to a single component. In the literature, 

however, this signal has been deconvolved into between 2 and 4 components 

[193], [255]. However, these deconvolutions are speculative and are generally 

assigned to match the quantification of the functional groups assigned with the 

C 1s spectra. For this reason, here we avoid assigning components to this 

peak, beyond identifying it as gathering the C-O contribution from all the 

functional groups. 

Finally, the high-resolution spectra of the S 2p peaks has been obtained and is 

shown in Figure 53c. In this case, a 2p spin orbit splitting occurs, which causes 

the peaks to be formed by the sum of the areas of the two spin orbit peaks (2p1/2 

and 2p3/2) with an area ratio of 1:2 (corresponding to 2 electrons for the 2p1/2 

level and 4 electrons for the 2p3/2 level). In the case of sulfur, the separation 

between the peaks is always 1.18 eV [305]. As both peaks correspond to the 

same S-O bond, this leads to the 100% of signal to be assigned to sulfur 

bonded to oxygen atoms in form of organosulfates. 

Table 4 displays the elemental compositions of the samples as obtained by 

XPS and by EDS. The relative atomic abundances vary little from sample to 

sample, with no clear tendencies with the reaction time, except maybe an 

increase of the sulfur content. By XPS, carbon content is around 74%, oxygen 

around 24% and sulfur around 2%. The C/O ratios by XPS have values around 

3, which are on the high end of the ranges reported by other XPS studies, such 

as [105], [142], [255], where typical C/O ratios range from 1 to 3. In fact, the 

C/O ratios obtained for these samples are in the low range of ratios obtained 

for mildly reduced GOs and thermally treated GOs, with C/O values of 3-6 [144], 

[306]. Chemically reduced GOs (rGOs) have higher C/O ratios, ranging 

between 5-15 [307]. We therefore conclude that our samples are less mildly 

oxidized because of the preservation of the low temperature during the reaction 

[19]. 
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By EDS a higher oxygen abundance has been found than by XPS, thus lower 

relative abundance of C. This difference with the XPS analysis may be due to 

the greater penetration of the electron beam in EDS, and its detection of oxygen 

in retained water, which had been previously quantified at 20%wt by TGA. 

Interestingly, the C/O obtained by EDS, despite being lower than by XPS, 

follows the same tendency along the samples as the C/O ratio obtained by XPS.  

A higher quantity of sulfur can be also detected by EDS than by XPS. This could 

be because organosulfates, which can be hydrolyzed to vicinal diols [109], are 

more prone to suffer hydrolysis if they are at the surface of the GO flake, 

whereas if they are intercalated in the graphitic structure, they are more 

protected from nucleophilic attack. For this reason, sulfur concentration could 

be lower at the flakes’ surface than in their bulk.  

 

Table 4: Relative atomic abundances of the GO samples from XPS and EDS elemental 
analyses. 

 XPS Elemental 
composition (At%) 

EDS Elemental composition (At%) 

  C O S C/O C O S Others* C/O 

Graphite 96.5 3.5 - 27.57 100.0 - - - - 

GO-30 min 74.0 24.2 1.8 3.06 48.5 48.5 2.8 0.3 1.00 

GO-60 min 74.6 23.7 1.8 3.15 50.3 47.2 2.3 0.2 1.07 

GO-120 min 75.0 22.7 2.3 3.30 49.8 47.5 2.5 0.2 1.05 

GO-300 min 73.1 24.4 2.5 3.00 47.2 49.4 3.0 0.4 0.96 

GO-540 min 72.6 24.8 2.6 2.93 47.1 49.1 3.5 0.3 0.96 

* Others: Cl, K, and Mn. 

 

The relative abundance of the deconvoluted components of the XPS C 1s 

spectra is shown in Table 5. From the C 1s assignations, C-O components, 

epoxides (C-O-C) and hydroxyls (C-OH) are the most abundant functional 

groups of all samples by far. A slight tendency with reaction time can be 

observed in which the C-O bonds decrease while C=O and O-C=O bonds 

increase, as the hydroxyls and epoxides oxidize to carbonyls and carboxyls. 
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Also, as the latter, most oxidized functional groups can only be present at the 

edges of the carbon grid, a higher amount could arise from a higher 

fragmentation of the carbon hexagonal lattice. But, again, the differences are 

not great, and we find less abundance of these most oxidized functional groups 

than have been reported in other studies. For example, the proportion of C-

O/C=O/O-C=O tends to be around 35%/15%/5% for GO prepared with 

Hummers’ method [142], [255], [36], which means that our GOs have a higher 

fraction of less-oxidized functional groups.  

 

Table 5: XPS compositional analysis of the C 1s spectra of the prepared GOs. 

 XPS C 1s (At%) 

 C-C, C-H, sp2 C-O C=O O-C=O 

GO-30 min 52.7 41.2 4.5 1.6 

GO-60 min 54.0 39.8 4.6 1.7 

GO-120 min 57.7 35.2 5.3 1.8 

GO-300 min 55.8 38.5 4.5 1.3 

GO-540 min 55.5 36.8 5.7 2.0 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



4.6. CONCLUSIONS 
 

We have reported a synthesis procedure of graphene oxide using a 

modification of Hummers’ method, varying the time of reaction from 30 to 540 

minutes. The morphological characterization of the samples showed that the 

reaction time correlates strongly with a greater exfoliation of the graphite oxide 

particles into thin flakes with large lateral dimensions. Thermal degradation by 

TGA showed that all the samples degrade similarly and very differently from 

the graphite precursor, with three weight losses corresponding to the 

desorption of water, the decomposition of the oxo-functional groups and the 

decomposition of the organosulfates. XRD patterns show a gentle increase of 

interlaminar spacing versus sample reaction time, attributed to the greater 

exfoliation of the flakes. The average number of stacked layers ranges from 9 

to 13 units. Raman spectroscopy confirms the oxidation of graphite to GO in all 

the samples, with no differences in the density of defect of the GOs. 

Compositional characterization shows no significant differences between the 

GOs prepared at different reaction times, neither in the analysis of the flakes 

surface by XPS or in that of the bulk of the flakes by EDS. Yet, our GOs have 

a higher fraction of less-oxidized functional groups than are found in the 

literature. Thus, we conclude that increasing reaction time can be a splendid 

route to obtain well-exfoliated GO without causing over-oxidation of the 

material, avoiding high damage to the carbon honeycomb and preserving the 

relative quantity of functional groups. Hydrolysis of the organosulfates is 

avoided because of the sustaining of low temperature in all the reactions. Then, 

controlling reaction time is interesting in applications where well-oxidized GO 

of low functionalization or with high relative presence of thermally-unstable 

functional groups are sought. 
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5. THE EFFECT OF REACTION 

TEMPERATURE IN HUMMERS’ METHOD 

ON THE CHEMISTRY AND 

MORPHOLOGY OF GO 

 

Summary: The effect of the reaction temperature on the morphology and 

chemistry of the GO flakes is studied. The GO samples (set 2) prepared at 

constant reaction time of 120 min and at varying reaction temperatures of 5, 

25, 50 and 75 ºC were characterized following the same methodology as used 

for the samples of the previous chapter. Both the exfoliation and chemical 

characteristics varied much depending on the temperature, obtaining an 

incomplete reaction when the temperature was too low, and a high oxidation 

when temperatures were increased. The exfoliation of the flakes was notably 

higher with high reaction temperature, but the chemical composition changed 

with the hydrolysis of the organosulfates and the relative increase of the most 

stable oxo-functional groups. 

 

5.1. MORPHOLOGY OF THE GO FLAKES 
 

The morphology of the set 2 GO samples prepared with different reaction 

temperatures (Table 1) was studied by optical and electron microscopy in the 

same manner as the GO samples prepared using different reaction times 

(Chapter 4). 

Optical micrographs of the set 2 GO samples are shown in Figure 54. Notable 

differences between the distribution of sizes of the samples can be noticed, as 

it happened for the GOs prepared with different reaction time. 

5 
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Sample GO-5 ºC appears to be fully constituted of relatively small particles and 

flakes. Some exfoliated flat flakes can be observed with low opacity, but 

numerous small colored tridimensional particles are also present. In this 

sample, no large flat flakes are observed. Sample GO-25 ºC corresponds to the 

sample GO-120 min of the set 1, and the observable distribution of flake sizes 

in the figure is similar as seen before in Figure 41 for this condition, being 

formed by large flat flakes displaying different opacities and colors of 

interference. Some graphitic big particles are also present in this sample. 

Sample GO-50 ºC shows that most flakes are flat, large, and semi-transparent, 

indicating high exfoliation degree. Colored flakes and graphitic particles are still 

present to some degree. The sample GO-75 ºC presents a great fraction of 

large and semi-transparent objects, which are well-exfoliated GO flakes. 

Compared to GO-50 ºC the flakes show less opacity, indicating that these 

flakes have smaller thickness. Some big graphitic particles are still present. 

These results show a clear tendency of increased exfoliation with increasing 

temperature. The increase of the exfoliation with the oxidation temperature has 

been observed in studies where small temperature changes were applied to 

Hummers’ method [191]. The reason for such a behavior would be the fastest 

intercalation and the formation of new functionalities on the basal planes of the 

GOs [124], forming more hydrophilic spots in the graphitic plates, increasing 

the negative potential of the surface of the flakes [192], and favoring the 

spontaneous exfoliation in water dispersion. 

SEM images of the GOs of the set 2 of samples are shown in Figure 78. 
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Figure 54: Optical reflection micrographs of GO samples deposited on a glass substrate, 
belonging to sample set 2. Each micrograph corresponds to a sample prepared with 

different reaction temperature, as shown. 

 

In Figure 55, the GO flake size histograms of the samples prepared with 

different reaction temperature are presented, where an increasing tendency of 

the flake size versus the reaction temperature can be noticed, which confirms 

the effect of the higher reaction temperature leads to the effective exfoliation of 

the particles into larger flakes. In this case, a huge difference was found 

between the sample GO-5 ºC and the other samples, indicating for this sample 

the existence of only small flakes within the flat objects encountered, and of a 

clear ineffective oxidation of the graphite particles. Probably for this reason, 

Eigler et al., whose method served as a basis of our reactions, increased the 

reaction time over 16 h when they performed their reaction method with 
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temperatures below 10 ºC [19], as these low temperatures are not sufficient to 

obtain exfoliated GO flakes with an acceptable yield. 

 

 

Figure 55: GO flake size histograms from 250 flakes of the GO samples prepared with 
varying reaction temperature: a) 5 ºC, b) 25 ºC, c) 50 ºC and d) 75 ºC. Log-normal fit of 
each distribution is show as the black line. e) The log-normal distributions plotted 
together for comparison, where the areas under the curves have been normalized to 

100%. 
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5.2. THERMAL STABILITY OF THE BULK GOS 
 

TGA experiments were performed on the GO samples prepared with different 

reaction temperatures. The TGA curves and their derivative are shown in 

Figure 56. Comparing the derivative curves, we can observe an important 

change of these samples compared to those of sample set 1 prepared with 

different reaction times, shown in Figure 46. The derivative curves of samples 

GO-5 ºC and GO-25 ºC have a similar shape to those obtained for set 1, with a 

wide weight loss along a range of temperatures from 100 to 200 ºC. However, 

samples GO-50 ºC and GO-75 ºC have a more sharpened weight decay 

centered at 200 ºC. This change in behavior indicates the possibility of 

differences in the chemical structure of the samples. 

 

 

Figure 56: TGA curves (a) and their corresponding derivative curves (b) of the samples 

of the set 2 prepared with different reaction temperature.  

 

In Table 6, the quantitative data obtained from the curves is presented. From 

these data a clear growing tendency of the temperatures of decomposition of 

the oxo-functional groups (Td1 and Td2) with reaction temperature, despite the 

percent weight loss in these decompositions (%W12) being similar for all the 

samples. The decomposition of organosulfates (Td3) occurs for all the samples 
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at the same temperature, around 250 ºC; but there is a clear decrease in the 

weight loss (%W23) on the samples prepared with higher reaction 

temperatures (from 8% to 5%). Absorbed water (%Ww) is similar in all the 

samples (~20%) except for the sample GO-5 ºC, with less amount of water in 

the sample, probably due to the low exfoliation degree of the particles. Well-

exfoliated big flakes would retain more water upon drying at room temperature 

(see reparation of the TGA samples on section 3.1.5). 

 

Table 6: Summary results table of temperatures of decomposition, percentage of weight 
lost on decomposition and percentage of water desorbed from each sample of sample 
set 2. 

 Td1 (ºC) Td2(ºC) %W12 Td3(ºC) %W23 %Ww 

GO-5 ºC 151 179 24 246 8 16 

GO-25 ºC 149 176 26 250 8 20 

GO-50 ºC 168 190 28 257 5 21 

GO-75 ºC 172 195 28 251 5 20 

 

These TGA results indicate that the samples prepared with more reaction 

temperature have more stable oxo-functional groups and less amount of 

organosulfates. It is known that there is a relationship between the amount of 

functional groups and the weight loss of the GO samples (%W12), as more 

oxidized samples contain more defects and are thus more likely to decompose 

into CO and CO2 [308]. In our case, the degree of oxidation is not clearly 

different between samples because the weight losses are similar in all cases. 

However, the temperatures of decomposition (Td1 and Td2) increase as the 

reaction temperature increases and, considering that the dissociation energies 

of the GO oxo-derived bonds increase in the following order: C-O-C < COOH < 

HO-C-C-OH [309], we infer that the samples prepared with higher reaction 

temperature have a greater amount of (more stable) hydroxyls than epoxides 

and carboxyls. Also, as organosulfates had hydrolyzed to vicinal diols in 

samples prepared with high temperatures [126], these samples would be rich 
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in hydroxyls, but at the expense of losing chemical diversity (organosulfates 

and epoxides) and of generating new holes in the carbon grid (due to loss of 

carbon in form of CO and CO2) [49], [310]. 

The smaller presence of organosulfates for samples prepared with higher 

reaction temperature has been also found in studies where this parameter was 

studied [193], indicating that high temperatures during the quenching with 

diluted acid and water (steps 7 and 8) leads to the hydrolysis of the 

organosulfates [145]. 
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5.3. INTERLAYER DISTANCE OF THE BULK GOS 
 

XRD measurements were performed to the GO samples prepared with different 

reaction temperatures. In Figure 57a, the expanded XRD patterns of the 

samples is shown. The most intense signal corresponds to the (001) plane for 

all the samples, located around 2θ of 10º, while the (002) plane is also present 

with less intensity around 2θ of 20º. A signal at 26º is present for samples GO-

5ºC and GO-50ºC, belonging to the (002) plane and corresponding to 

unreacted graphite particles. This signal is relatively intense for sample GO-

5ºC, due to the greater presence of unreacted graphite in this sample. 

Furthermore, for this sample, a new signal is present at 16.3º. This signal has 

been identified as a (002) signal from an intermediary graphite intercalated 

compound present during the reaction [297], [311], but it is not commonly found 

in the GO literature. MnO2 or MnSO4 crystals, if present, would give a signal 

around 17º [312], [313], but they have been discarded as no presence of Mn 

was detected in this sample by EDS (see below).. 

In Figure 57b, the expanded view of the (001) signal is shown. In this case, 

except sample GO-5 ºC, the samples follow a tendency of shifting towards 

higher angles with increasing reaction temperature. The interplanar distances 

and the column lengths, as calculated from Bragg’s law and Scherrer’s 

equation, respectively, are plotted as a function of reaction temperature in 

Figure 57c. 

The d distances show a decrease versus reaction temperature, with exception 

of sample GO-5 ºC, which has the lowest d distance. The reason of this 

behavior is unknown, but could be related to an incomplete reaction caused by 

the low temperature used, causing the slow penetration of the oxidants into the 

graphitic galleries combined with a slow oxidation of the reactive points [127], 

[19], yielding graphite oxide particles with relatively less oxidated and 

compacted cores. Again, considering that graphite presents an interlayer 

distance of 3.3 Å, the GO-5 ºC sample is still more related to GO than to 
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graphite, in terms of its structure. The Lc values do not show a clear a tendency 

of the stacking order to increase or decrease as a function of reaction 

temperature. 

 

 

Figure 57.a) Normalized XRD patterns for the GO samples of the sample set 2 of 
samples, varying reaction temperature. b) (001) signal expanded view of the same 
samples in a 2θ range between 7.5 and 15.0º. c) d spacing and column length of the 
samples as calculated from Braggs law and Scherrer equation, plotted versus reaction 

temperature. 
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5.4. RAMAN SPECTRA  
 

The GOs of sample set 2 prepared with different reaction temperatures were 

measured by Raman spectroscopy and the results are shown in Figure 58. As 

it happened for the samples of set 1 (Figure 49), all the GO samples of this set 

2 present the same Raman spectra, with ID/IG ratios of 0.96-0.97. We conclude 

that discrimination by Raman spectroscopy of GO samples which differ only in 

the reaction temperature (made by our modified Hummer’s method) is not 

possible or likely. 

 

 

Figure 58: Raman spectra of the GO samples of the set 2. Inset: ID/IG ratios for each 
sample.  
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5.5. ELEMENTAL COMPOSITION OF THE GOS 
 

Elemental compositions of the GO samples prepared with different reaction 

temperatures were obtained by EDS and XPS.  

Bulk samples were analyzed by EDS, obtaining the atomic concentration of the 

elements present in the samples, including possible impurities coming from the 

reaction and washing procedures. The EDS spectra of the GO samples is 

shown in Figure 59, where the detected elements are indicated. 

 

 

Figure 59: EDS spectra of the GOs prepared with different reaction temperature, with 
the detected elements indicated. 

 

As it happened for the GO samples of sample set 1 (Figure 52), the main 

elements detected (C, O and S) belong to the chemical structure of GO, and 
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Cl, K and Mn are detected as impurities remaining from the reaction and 

washing procedures. 

From the XPS analyses, information about the relative atomic abundances and 

the chemical functionalization was obtained. The XPS survey spectra are 

shown in Figure 60a and the high-resolution spectra of the C 1s, O 1s and S 

2p orbitals are shown in Figure 60b-d, respectively. The C 1s spectra already 

shows important differences among the samples, with different relative 

intensities between the signal attributed to the C-O bonds and the signal of the 

graphitic domains (C-C, C=C, and C-H). Components were assigned as in the 

previous chapter: C-C, C=C and C-H (284.8 eV), C-O (286.7 eV), C=O (288.0 

eV) and O-C=O (289.0 eV). 
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Figure 60: a) XPS survey spectra of the GOs prepared with different reaction 
temperatures. High-resolution spectra of b) C 1s, c) O 1s and d) S 2p. Deconvolution is 

shown for the first lines of C 1s and S 2p. 

 

The relative atomic abundances obtained by XPS and EDS are displayed in 

Table 7. Apart from sample GO-5 ºC, there are tendencies related to the 

reaction temperature. The most observable difference between samples is the 

important decrease of the presence of sulfur with increasing the reaction 

temperature, shown by XPS and EDS. This result matches with the TGA 

analyses, which had previously indicated a lesser amount of organosulfate 

groups, confirming that the hydrolysis of the organosulfates during the reaction 

[127] is increased as a result of high temperatures [126], [197]. The relative 

content of carbon and oxygen varies little from sample to sample, with slight 

differences in the C/O ratios. For the surface of the GOs, as determined by 

XPS, the C/O ratios draw a decreasing tendency as a function of reaction 
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temperature. The C/O ratios for bulk GOs increase as a function of reaction 

temperature, possibly indicating that the hydrolysis and decomposition of the 

less-exposed functional groups is lower even at high temperatures. 

Considering that each sulfur is bonded to four oxygen atoms and their 

hydrolysis leads to vicinal diols (2 oxygen atoms) [126], the hydrolysis of 

organosulfates would be accompanied by the decrease of the relative amount 

of oxygen. Also, the high temperatures cause the hydrolysis and decomposition 

of some oxo-functional groups to CO2 [194], [195], with the corresponding 

increase of the relative concentration of carbon, as 1 carbon atom is lost for 

every 2 oxygen atoms. Thus, the oxidation of graphite may have been greater 

with higher reaction temperatures, despite not being directly reflected in the 

C/O ratio values.  

 

Table 7: Relative atomic abundances of the GO samples prepared with different reaction 
temperatures from XPS and EDS elemental analyses. 

 XPS Elemental composition 
(At%) 

EDS Elemental composition (At%) 

 C O S C/O C O S Others* C/O 

GO-5 ºC 73.6 25.7 0.7 2.86 50.6 47.5 2.0 0.0 1.07 

GO-25 ºC 74.2 23.9 2.0 3.11 47.6 49.0 2.9 0.3 0.97 

GO-50 ºC 74.1 25.3 0.7 2.93 49.4 48.2 2.1 0.3 1.02 

GO-75 ºC 73.3 26.2 0.4 2.79 50.7 47.6 1.4 0.2 1.06 

 

 

For GOs prepared by the conventional Hummers’ method, which have a 

maximum temperature of 98 ºC in step 7 of the reaction [101], C/O ratios 

determined by XPS tend to be comprised between 1.6 and 2.7 [314]. Our GOs 

have higher C/O ratios, potentially indicating that our oxidations have been not 

as strong as that of the original Hummers’ method. Dimiev et al. have 

suggested recently that water molecules in acid media are the actual attackers 

of the carbon atoms triggering the oxidation [50]. As water is added to the 
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anhydrous mixture in the step 2 of the reaction, it makes sense that our GOs, 

which were exposed to lower temperatures (5, 25, 50 or 75ºC) than in the actual 

Hummers’ method (98ºC), would have lower C/O ratios than the GOs prepared 

by the conventional Hummers’ reaction. 

Apart from that, we find that the sample GO-5 ºC does not follow this tendency. 

The reason may be related to a better washing of the particles due their low 

exfoliation (OM results: section 5.1). This is corroborated by the fact that no 

impurities were detected by EDS and the dispersion had a higher pH after the 

washing procedures (Appendix 1). Thus, a base-driven hydrolysis of the 

functional groups could have led to the chemistry of this sample to change like 

the samples prepared with high temperature, where the functional groups have 

been degraded to CO2, in this case not by temperature but by basification of 

the medium [126], [128], [315]. 

 

Table 8: XPS compositional analysis of the C 1s spectra of the GOs prepared with 

different reaction temperatures. 

 XPS C 1s (At%) 

 
C-C, C-H, sp2 C-O C=O O-C=O 

GO-5 ºC 45.7 48.2 3.9 2.2 

GO-25 ºC 53.6 40.3 4.4 1.8 

GO-50 ºC 46.0 48.9 2.2 2.9 

GO-75 ºC 47.1 46.5 2.0 4.4 

 

The relative abundance of the deconvoluted components of the C 1s spectra of 

the GO samples is shown in Table 8.  

If we look for tendencies with reaction temperature, we will find that sample 

GO-25 ºC seems to break any tendency. The reason could be the high amount 

of organosulfates present only in this sample for this set. The deconvolution of 

spectra is a pure mathematical tool that can give us information by comparison, 

but when there are similar species causing shifts in the binding energies, 
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caution must be taken when the components are assigned. The binding energy 

of the C 1s orbital of the carbon atom linked to an organosulfate (-C-O-S-) is 

shifted to higher values than hydroxyl carbons (-C-O-H), due to the higher 

electronegativity of sulfur [316]. As sample GO-25 ºC has a higher amount of 

organosulfates than the other samples, it has a shift to about 287 eV (Figure 

60b) caused by the organosulfate bonds that have falsely lowered the relative 

abundance of C-O components while increasing the relative abundance of C=O 

components.  

Except for this sample, the carbonyls (C=O) appear to decrease and the 

carboxyls (O-C=O) to increase as reaction temperature increases. This 

behavior was also found in the literature [196], and could be related to a more 

aggressive oxidation driven by the high temperature, reaching for the C=O 

moieties in a higher oxidation state in O-C=O groups. The increase in the 

relative abundance of carboxylic acids was found in studies in which higher 

reaction temperatures [185] or multiple consecutive oxidation reactions of the 

same GO [181] were used, indicating the clear connection between this oxo-

functional group with the oxidation level of GO. The C-O component of our GOs 

seem to remain constant, but since it involves both epoxides (C-O-C) and 

hydroxyls (C-OH), differences in the abundances of these functional groups 

cannot be detected, despite the likelihood of transformation of epoxides to 

hydroxyls in acidic medium via ring-opening, favored by high temperatures 

[197], [195], [135].  
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5.6. CONCLUSIONS 
 

We have reported a synthesis procedure of graphene oxide using a 

modification of Hummers’ method, varying the reaction temperature by 5, 25, 

50 and 75 ºC, while maintaining the time of reaction on 120 min. The 

morphological characterization of the samples showed a clear relationship of 

the exfoliation degree of the GO particles with the reaction temperature, 

somewhat stronger than the exfoliation obtained in the last chapter by varying 

the reaction time at constant temperature of 25ºC. The chemical composition 

of the samples also changed as a function of reaction temperature. TGA 

measurements clearly showed a higher thermal stability of the functional 

groups for the GOs prepared with high reaction temperatures, indicating a 

higher presence of the most stable fraction of the oxo-functional groups. XRD, 

EDS and XPS showed the same tendencies of evolution of the interlaminar 

distance and the chemical composition of the GOs except for sample GO-5ºC, 

which behaved oddly, possibly due to its greater washing efficiency and 

concomitant increased pH of the dispersion caused by the low oxidation and 

exfoliation of the particles. In the other three samples, the compositional data 

showed a development of the functional groups as a function of reaction 

temperature, leading to a higher oxidation degree and hydrolysis of the 

organosulfates. Thus, we conclude that the effect of the temperature on the 

morphology and chemistry of the GOs is important and can be tailored to obtain 

GOs with different chemistries. However, when performing low-temperature 

oxidations, reaction time should be increased to permit a better exfoliation. With 

high temperatures, a high exfoliation of the flakes is achieved. However, the 

chemical composition of GO also varies, with a variation of the functionalization 

towards more stable functional groups, especially with the hydrolysis of the 

organosulfates. 
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6. THE EFFECT OF BASIFICATION OF THE 

AQUEOUS GO DISPERSIONS AND 

STRONG AGITATION TO THE 

MORPHOLOGY AND CHEMISTRY OF GO 

 

Summary: GO samples studied in the last two chapters, prepared using 

modifications of Hummer’s method, have been post-treated. The post-

treatments consisted in the neutralization on the aqueous media by washing 

each sample by dead-end filtration until the pH of the flowing water had pH=7. 

After that, the samples were subjected to strong magnetic stirring to increase 

the exfoliation degree of the particles. The resultant post-treated GO (ptGO) 

samples were characterized following the same methodology as used for the 

samples of the previous two chapters, comparing the results to their untreated 

counterparts. We found that the post-treatments were crucial, causing greater 

changes in the morphology and chemistry of the GO flakes than the reaction 

conditions (time and temperature) did, obtaining a high shattering of the GO 

flakes into smaller pieces with transformed functional groups due to hydrolysis. 

  

6 
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6.1. MORPHOLOGY OF THE POST-TREATED FLAKES 
 

The strong agitation on GO dispersions is known to usually have an important 

effect on the exfoliation and fragmentation of the size of the GO flakes [122], 

[199]. In our case, we performed an intense washing of the samples followed 

by strong magnetic agitation, which can have affected the exfoliation and 

fragmentation of the flakes. In this section, optical and SEM images of some of 

the post-treated GOs are presented to observe these effects. In Figure 61, 

optical micrographs of the samples GO-30 min, GO-540 min, belonging to 

sample set 1, GO-5ºC and GO-75ºC, belonging to sample set 2, and GO-120 

min (GO-25 ºC), which is common in both sets, are presented. Under each of 

those micrographs, their corresponding post-treated GO counterparts (labelled 

pt) are shown, to effectively compare the effect of the post-treatments on each 

of these samples. 
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Figure 61: Optical reflection micrographs of a selection of untreated GOs and the 
corresponding post-treated GOs (ptGOs) where the effect of the post-treatments on 
each sample prepared with different conditions can be observed. 
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A clear effect of the post-treatments on the morphology of the GOs can be 

observed in the optical micrographs, as the aspect of the flakes is totally 

different after the post-treatments. A bluish “cloud” of small flakes, where 

individual particles can be hardly differentiated appeared after the post-

treatments. For the samples prepared with low reaction time or temperature (30 

min and 5 ºC) differences between untreated and post-treated samples are 

slight. 3D graphitic particles are present in all the cases, but the flat flakes seem 

to be shattered in smaller pieces in the ptGO samples, being notable the 

absence of large flat flakes. For the post-treated sample prepared with 120 

min/25 ºC, the same effect occurs in a stronger manner: almost no large flakes 

are present despite some 3D particles that show interference colors, due to a 

higher thickness. Most of the flakes are thin and uniform. For the samples 

prepared with long reaction time or high temperature (540 min and 75 ºC), this 

effect is extensive. No recognizable individual objects can be observed except 

than the bluish cloud. 

For the visualization of the shattered flakes in the ptGO samples, SEM images 

of these samples were obtained, and they are shown in Figure 62. In those 

micrographs, the huge difference between the size of the GO and ptGO flakes 

can be observed. In the case of ptGOs, the small, shattered flakes that form 

the distributions are well-defined, confirming that the bluish cloud of flakes 

observed in the optical micrographs corresponds to a distribution of flakes with 

smaller lateral sizes of a few micrometers. 
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Figure 62: SEM micrographs of the selected GO and ptGO samples prepared with 
different reaction conditions where the effect of the post-treatments on the morphology 

of the flakes can be observed. 

 

In the previous studies (Chapters 4 and 5) we found that the GOs exfoliate to a 

greater extent when more reaction time or temperature were permitted. The 

samples with long reaction times or high temperatures, which already had well-

exfoliated flakes, tend to be shattered to by aggressive post-treatments. For 

samples prepared with short reaction times or low temperatures, some flakes 

are still shattered into small pieces, but some large, exfoliated particles remain, 

and, most importantly, some of the graphitic unexfoliated particles persist 
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despite the post-treatments. Nonetheless, thick flakes that show interference 

colors in the untreated GO samples, are totally absent after post-treatment, 

indicating that they have been totally exfoliated and shattered to smaller flakes 

by the post-treatments. 

As had also been done for all the GO samples, size distributions of the ptGOs 

have been obtained for the size of the flakes obtained from the SEM images. 

The size histograms of all the ptGO samples are shown in Figure 79 and Figure 

80. while the log-normal fittings of the distributions are represented in Figure 

63. For a full comparison between the sizes of all the samples prepared in this 

thesis, both the GO and ptGO samples are presented for the samples (a) 

prepared with different reaction time and (b) prepared with different reaction 

temperature.  

 

 

Figure 63: Log-normal size distribution curves of the untreated GO (solid lines) and post-
treated GO (dashed lines) samples belonging to a) set 1, prepared with different reaction 
times and b) set 2 prepared with different reaction temperatures. Size histograms of 
each sample are presented in Figure 79 and Figure 80. The curve areas are normalized 

to 100% in all cases. 

 

For the ptGOs corresponding to the sample set 1, shown in Figure 63a, all the 

distributions are centered (mode) around 5 µm, instead of the 10-13 µm for the 

majority of the untreated GO samples. Also, for the ptGOs, the size tendency 
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with reaction time is contrary to that for the untreated GOs. Here, the ptGO-30 

min is the sample with larger flake sizes, while the GO-30 min was the sample 

with smaller flake sizes. This agrees with the optical micrographs (Figure 61) 

where some big flakes were observed for the sample ptGO-30 min, while for 

the others only the bluish cloud of small flakes was present. For the ptGO 

samples corresponding to the sample set 2 conditions (Figure 63b), the same 

difference occurs between the untreated and post-treated GOs, except for the 

sample GO-5 ºC that exhibits a high fraction of small flakes, with a size 

distribution comparable to the ptGOs. In this case, there does not exist a trend 

between size and reaction temperature for the ptGOs. 

 

Table 9: Statistical information from the log-normal distributions of the flake size for each 
untreated GO and post-treated GO samples. 

  GOs ptGOs 

  Mode (µm) Median (µm) Mode (µm) Median (µm) 

Set 1: T= 25 ºC 

30 min 6,42 9,79 3,49 5,22 

60 min 7,33 10,80 4,41 5,68 

120 min 7,61 11,14 4,06 5,04 

300 min 7,30 12,10 3,72 4,95 

540 min 7,70 13,27 3,28 4,50 

Set 2: t= 120 
min 

5 ºC 4,49 6,58 3,65 4,53 

25 ºC 6,61 10,54 3,10 4,20 

50 ºC 8,17 12,32 3,31 4,25 

75 ºC 8,94 13,47 3,48 4,82 

 

The main statistical information (mode and median) of the log-normal fitting is 

displayed in Table 9 for all the GO and ptGO samples, where all the commented 

differences and relations can be confirmed: The size of the flakes of the 

untreated GOs is much larger than for the post-treated GOs. The untreated GO 

follow a general trend of size increase versus reaction times and temperatures, 

which can be attributed to a better exfoliation of the flakes with these 

parameters. However, this clear trend is not shown in the ptGOs. The ptGOs 
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are all comprised in the same range of sizes (median between 4.2-5.2 µm), 

possibly indicating a limit of fragmentation of the flakes, regardless of initial 

conditions (due to different reaction conditions), at least when using the same 

protocol of post-treatments (Section 3.2.5). The same was observed in a follow-

up study in which increasing times of sonication were performed to GO samples 

and the size of the flakes reached a lower limit no matter if more time of 

sonication was allowed [317], so 5-4 µm seems to be a lower size limit for our 

GO flakes, and applying more intense post-treatments would not further 

fragmentate the flakes. 
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6.2. THERMOGRAVIMETRIC ANALYSES OF THE PTGOS 
 

TGA measurements were performed for ptGOs to reveal their thermal stability. 

The curves are shown in Figure 64, where the TGA and DTG curves are 

displayed for the ptGOs of the set 1 (a and b), respectively, and for the ptGOs 

of the set 2 (c and d). Here, an important variation can be observed compared 

to their untreated counterparts. All the ptGOs of the set 1 have the same 

decomposition behavior, as observed on their DTG (Figure 64b). The major 

weight loss has shifted to 200 ºC and sharpened. Observing the samples of the 

set 2 (Figure 64c and d), we find the same behavior. In this case we can 

observe a slight shift in the position of the DTG peak as a function of the 

reaction temperature. It is worth to comment that this behavior also happened 

for the GO samples prepared with high reaction temperature (GO-50 ºC and 

GO-75 ºC, Figure 56), so the chemical structure of the ptGOs could be related 

to the GOs prepared with high reaction temperatures. 

Also, very important to note that for each of the ptGOs, there is almost no weight 

loss from 250 to 300 ºC, corresponding to the decomposition of the 

organosulfates, indicating the relative absence of this functional group. 
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Figure 64: TGA curves and their corresponding derivative curves of the samples of all 
the post-treated GO samples. a) and c) TGA curves for set 1 and 2 reaction conditions, 
respectively. b) and d) their corresponding derivative curves. 

 

The quantitative data extracted from the analyses of the derivative curves is 

gathered in Table 10. For the temperature and percentage of weight lost by the 

decomposition of the oxo-groups (Td1, Td2 and %W12), the values are similar 

among all the samples. Some slight tendencies could be observed like the 

decrease of the decomposition temperatures versus reaction time and their 

increase versus reaction temperature. The values for the decomposition of 

organosulfates (Td3 and %W23) and the amount of water absorbed (%Ww) are 

very similar for all the samples. 

When comparing these results with those from the GOs of sample sets 1 and 

2 (Table 3 and Table 6), we observe that Td1 and Td2 are about 40 ºC higher 

for the ptGOs than for the untreated GOs and the values Td1 and Td2 are 
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closer, indicating a higher slope of degradation for the post-treated samples. 

However, the %W12 is almost the same for both kinds of samples. This 

indicates that the untreated GOs decompose sooner and over a larger 

temperature range than the ptGOs, which decompose rapidly at around 200 ºC. 

This could indicate that the GOs have a higher diversity of oxo-functional 

groups, including the less-stable functional groups that decompose at low 

temperatures, while the ptGOs only have the most-stable fraction of oxo-

functional groups.  

The reason behind these differences could be because with the post-

treatments, the less stable oxo-functional groups of the GOs developed to a 

more-stable version, from epoxides to hydroxyls via nucleophilic ring opening 

[135], or even decomposed from carboxyls to CO2 [264], [181]. However, the 

ptGOs are more thermally stable, although with a similar degree of 

functionalization to the GOs, as the weight lost on decomposition of the oxo-

groups (%W12) is similar for the GOs and the ptGOs. The fact that the GO-50 

ºC and GO-75 ºC samples have similar TGA curves to the corresponding post-

treated GOs, invites us to hypothesize that the modification of the functional 

groups caused by the post-treatments in these samples resembles that for the 

samples prepared with high reaction temperature (but no post-treatment), 

which would be the temperature-induced hydrolysis and decomposition of the 

less stable oxo-functional groups [315]. A decomposition that would be caused 

in the case of the ptGOs by the increase of the pH of the medium [318] and the 

higher exfoliation, allowing a better access of the nucleophiles to the functional 

groups. 

Finally, the temperature corresponding to the decomposition of organosulfates 

(Td3) is the same for GOs and for ptGOs, but the %W23 is much lower for the 

ptGOs (8-13% for GOs and 3-4% for ptGOs), indicating less presence of 

organosulfates due to the washing procedures where the increased pH of the 

medium favored their hydrolysis [126].  
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Table 10: Summary TGA results of temperatures of decomposition, percentage of 
weight lost on decomposition and percentage of water desorbed from all the post-treated 

GO samples. 

 Td1 (ºC) Td2(ºC) %W12 Td3(ºC) %W23 %Ww 

ptGO-30 min 193 206 24 246 3 17 

ptGO-60 min 187 203 26 253 3 18 

ptGO-120 min 188 203 26 250 3 18 

ptGO-300 min 190 204 28 254 4 19 

ptGO-540 min 187 201 28 240 4 18 

ptGO-5 ºC 181 202 24 279 5 13 

ptGO-25 ºC 188 203 26 250 3 18 

ptGO-50 ºC 198 207 28 295 3 17 

ptGO-75 ºC 200 212 27 300 3 16 
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6.3. X-RAY DIFFRACTION OF THE PTGOS 
 

The XRD patterns of the post-treated GOs are shown in Figure 65 for the case 

of the ptGOs of set 1 (a) and set 2 (b) conditions. For the untreated GOs, in 

Chapters 4 and 5 we could observe variations in the position of the (001) peaks 

in function of with the reaction time and temperature. After post-treatment, the 

(001) signals of all the samples are conjoined around 10.7º, indicating a 

homogenization of the interlayer distances of all the GOs caused by the post-

treatments. 

 

 

Figure 65: XRD patterns of the (001) signal of the ptGOs prepared with a) different 
reaction time and b) different reaction temperature. 

 

In Table 11, gathers the d distances and diffraction column lengths (Lc) of all 

the GO and ptGO samples. The reader is advised to be careful when comparing 

the values across different sets of measurements (separated in the table by 

lines), as they were obtained in different days and the results were sensitive to 

atmospheric conditions, which varied for the two sets. As examples, GO-120 

min and GO-25 ºC, ptGO-120 min and ptGO-25 ºC, that are the same samples 

(obtained at 120 min and 25 ºC), respectively, differ due to this factor. 
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Table 11: Summary of the interlaminar distances (d distances) and effective diffraction 
columns (Lc) for all the GO and ptGO samples, obtained by XRD. 

  GOs ptGOs 

  d distance (Å) Lc (nm) d distance (Å) Lc (nm) 

Set 1: T= 
25 ºC 

GO-30 min 8.6 8.5 8,1 10,5 

GO-60 min 8.7 11.3 8,1 11,4 

GO-120 min 8.7 11.0 8,1 12,9 

GO-300 min 9.4 10.5 8,2 14,9 

GO-540 min 9.6 8.5 8,1 15,2 

Set 2: t= 
120 min 

GO-5 ºC 8.1 9.7 8,2 9,3 

GO-25 ºC 8.7 9.6 8,3 11,7 

GO-50 ºC 8.6 12.5 8,3 15,3 

GO-75 ºC 8.4 11.3 8,2 14,2 

 

Samples have been compared within the same set of measurements to 

observe tendencies. All the ptGOs have lower d distances than their untreated 

counterparts and they are all comprised in a narrow range, between 8.1 and 

8.3 Å. Also, their stacking order (Lc) has increased some nm. This behavior is 

related to the exfoliation and the structural homogenization caused by the post-

treatments. The hydrolysis of the voluminous organosulfates and the 

decomposition of some oxo-functional groups would homogenize the chemical 

structure of the ptGOs. The higher exfoliation and shattering of the flakes 

caused by the agitation during sonication may release the compounds trapped 

in the graphitic structure [127] and reduce the oxygen moieties of the lattice 

[319], therefore compacting the resultant structures of the post-treated GOs 

(reducing the interplanar distance). 
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6.4. RAMAN SPECTROSCOPY 
 

Recalling Chapters 4 and 5, Raman spectroscopy did not give any 

advantageous information for the GOs of the set 1 (Figure 49) and set 2 (Figure 

58) samples, where all the spectra had the same characteristics with ID/IG ratios 

of 0.96-0.97. The situation changes for the ptGOs. Raman spectra of ptGOs 

are shown in  Figure 66a-b, respectively for reaction conditions corresponding 

to sample sets 1 and 2. All the ptGOs have the typical Raman spectra of any 

GO material, with the characteristic D and G bands at 1347 cm-1 and 1595 cm-

1, respectively, and the 2D, D+G and 2D’ bands at higher wavenumbers. The 

ID/IG ratio have values around 0.91-0.94, somewhat less than had been 

obtained for the untreated GOs (0.96-0.97). To explain this, the consensus in 

the technical literature is that a decrease in the ID/IG ratio would indicate a higher 

disorder and increase number of defects in GO [320], [321] , this observed 

decrease of the ID/IG ratio for the ptGOs (relative to the untreated samples) 

could indicate an increase in the density of defects, with the formation of new 

holes (by the generation of CO and CO2 [322]) and/or transformation of sp2 

carbons to new sp3 [323], [324].  

However, based on the literature about Hummers’ method, we believe that our 

GOs and ptGOs have a high degree of defects/functionalities. Then, with 

Raman spectroscopy it is not possible to extract solid conclusions about the 

relation between preparation conditions of GO [127], [284].  

At least, though, we can conclude that obtaining for all the GOs the same ID/IG 

ratios while different and decreased ID/IG values for all the ptGOs, can be due 

to a structural transformation caused by the post-treatments, with the possibility 

of decomposition of functional groups or structural damage caused by the 

strong agitation. 
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Figure 66: Raman spectra of the post-treated GO samples for the sample set 1 (a) and 
2 (b) reaction conditions. Insets: ID/IG ratios for each sample. 
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6.5. ELEMENTAL COMPOSITION OF PTGOS 
 

6.5.1. Elemental analyses by EDS 
 

Post-treated GOs (ptGOs) have been analyzed by EDS. EDS spectra of the 

ptGOs for set 1, prepared with different reaction time, and set 2, prepared with 

different reaction temperature, are shown in Figure 67a and b, respectively. 

The spectra are similar for both sets, with the same elements being detected 

with similar relative intensities. 

 

 

Figure 67: EDS spectra of the post-treated GO samples for reaction conditions of a) set 
1, prepared with different reaction times, and b) set 2, prepared with different reaction 
temperatures. Detected elements are indicated. 

 

The most intense signals are still the main elements of GO: carbon, oxygen and 

sulfur. Yet, new peaks from sodium, magnesium, and calcium are observed, 

which had not previously been detected for the untreated GOs. Chlorine and 

manganese are still present from the reaction procedure, but not potassium, 

which seems to have been removed completely during the post-treatments. 

The appearance of sodium, magnesium and calcium is a little controversial, 

especially in such large quantities. The particularity of ptGOs is that they have 
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been washed intensively with high amounts of distilled water. Distilled water 

obtained from traditional water purification systems may retain some amount of 

alkali and alkaline earth metals present in tap water fed to the deionization 

process [325]. On the other hand, GO have been shown to form strong bonds 

with positive ions such as magnesium, calcium and aluminum [326], [327], 

[328]. As a curiosity, calcium chloride salt is used in coagulating baths to bring 

about the rapid agglomeration of GO flakes [329] when desired. Then, 

magnesium and calcium could come from the water used during washing 

procedures, despite being distilled water. Although we did not review them 

specifically, other works exist in which there is an unjustified detection of 

calcium in GO samples [261]. While sodium could remain in GO from the 

NaNO3 used in the reaction, but not observing it when analyzing the untreated 

GO samples leads us to believe that it is a contamination from the distilled 

water. 

 

Table 12: Relative atomic abundances of the post-treated GO samples from EDS 
elemental analysis. 

 EDS Elemental composition (At%)   

  C O S Others* Others** C/O 

ptGO-30 min 52.3 45.9 1.1 0.1 0.4 1.14 

ptGO-60 min 51.6 46.3 1.3 0.2 0.6 1.11 

ptGO-120 min 50.8 46.9 1.3 0.3 0.6 1.08 

ptGO-300 min 51.3 46.8 1.2 0.2 0.4 1.09 

ptGO-540 min 52.0 45.9 1.3 0.2 0.5 1.13 

ptGO-5 ºC 50.1 47.6 1.5 0.1 0.7 1.05 

ptGO-25 ºC 51.2 46.6 1.4 0.2 0.6 1.10 

ptGO-50 ºC 50.7 46.9 1.2 0.2 0.7 1.08 

ptGO-75 ºC 52.1 46.4 0.7 0.1 0.6 1.12 

*Others: Cl, K and Mn. **Others: Na, Mg, Ca 

 

Table 12 displays the elemental compositions of the ptGO samples obtained 

by EDS, grouped into set 1 and 2 reaction conditions. In the table, C, O and S 
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contents are displayed as the constituent elements of GO, while the impurities 

are gathered separately in two “others” columns, dividing them if coming from 

the reaction and first washing procedures (*) and if introduced from the distilled 

water used in the intense wash and neutralization of the samples (**). We can 

observe that the impurities from the reaction (Cl, K and Mn) have similar 

percentage values to those obtained from the untreated samples (Table 4 for 

the GOs of the set 1 and Table 7 for the GOs of the set 2), which indicates that 

the intense washing of the samples was not able to get rid of these impurities. 

The reason could be that they are incorporated in the inner structure of the 

graphitic galleries and released upon exfoliation, but not washed. The 

impurities coming from the distilled water used to wash and neutralize the 

samples (Na, Mg, Ca) are present in relatively high quantities, pointing to the 

importance of using water of higher purity when performing this kind of washing 

procedures with large quantities of water. 

Regarding the elements composing the ptGOs, C, O and S, all the samples 

show the same relative elemental abundances with no special relationships 

between the reaction conditions. Comparing the ptGOs with their 

complementary untreated GO samples (Table 4 for the GOs of the set 1 and 

Table 7 for the GOs of the set 2) we find that all the ptGOs have higher C/O 

ratios (by around 10 %) than their untreated counterparts and less presence of 

sulfur in all cases. This indicates the development of the functionalities with the 

hydrolysis of the organosulfates and the possible transformation of the oxo-

functional groups to CO2. 

If we try to find differences among the ptGOs, the only remarkable value is the 

low sulfur amount of the sample ptGO-75 ºC. This result is not surprising 

because the corresponding untreated GO-75 ºC also has the lowest amount of 

sulfur. For all the other samples, the relative abundance of the main three 

elements is similar, possibly confirming a homogenization of the functionalities 

caused by the intense washing procedures and neutralization of the medium. 

This could mean that the less stable functional groups have developed into 
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more stable functionalities during sample post-treatment, reaching a stable 

chemical structure with poorer chemical diversity.  

 

6.5.2. Elemental and compositional analyses by XPS 
 

XPS has been performed to some ptGO samples. The samples analyzed are 

all the post-treated GOs from set 2 samples, prepared with different 

temperatures, and from one set 1 sample, namely ptGO-300 min. (In fact, it is 

two from set 1, as sample ptGO-25 ºC also belongs to the set 1, also named 

as ptGO-120 min). In Figure 68, the XPS spectra are presented as commonly 

in the thesis as: a) survey spectra, and high-resolution spectra of b) C 1s, c) O 

1s and d) S 2p. 

The relative atomic abundances and the compositional analysis of the C 1s 

spectra obtained are shown in Table 13. XPS reproduces the same tendencies 

as were obtained by EDS, with a slight increase in the atomic content of carbon 

and slight decrease of the content of oxygen due to the post-treatments, leading 

to higher C/O ratios, compared to their untreated GO counterparts. The 

important decrease of the sulfur content of the ptGO samples observed by EDS 

is also observed here. 
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Figure 68: XPS spectra of the ptGOs of the set 2 and the sample ptGO-300 min of the 
set 1. a) Survey spectra. b) C 1s, c) O 1s and d) S 2p high resolution spectra of the 
mentioned samples. Deconvolution of the lines are shown for the first line when 
performed. 

 

The compositional analysis of the C 1s orbital also shows, relative to untreated 

samples (Table 5 and Table 8), an increase of the bonds related to the carbon 

framework (C-C, C-H and sp2) with a general decrease of the oxygen 

functionalities. However, the functional groups that reduced their presence to a 

greater extent are the carboxyls (O-C=O). The carbonyls (C=O) maintained 

their relative abundance, while the C-O bonds increased slightly. This behavior 

seems to indicate that the washing procedures and the increase in the pH affect 

mostly the carboxylic acids, which would decarboxylate to CO2 [317], [330], 

[331]. Furthermore, O-C=O groups in GO also include lactols and esters [47], 
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which are prone to hydrolysis under basic conditions [332]. The obtention of the 

same C-O relative abundance for the ptGOs and GOs clearly indicates that C-

O functionalities are do not decompose, but epoxides (C-O-C) may have 

developed to hydroxyls (C-OH) due to pH-driven nucleophilic ring-opening 

[333]. With XPS we cannot differentiate them, so we cannot know the true 

nature of the C-O bonds.  Finally, the presence of alkaline earth metals may 

help to stabilize hydroxyls through the formation of electrostatic interactions 

[326].  

 

Table 13: Relative atomic abundances and compositional analysis of the C 1s spectra 
of the ptGOs of the set 2 and the sample ptGO-300 min of the set 1. 

 XPS Elemental 
composition (At%) 

XPS C 1s (At%) 

 C O S C/O 
C-C, C-H, 

sp2 
C-O C=O O-C=O 

ptGO-5 ºC 74.8 24.4 0.8 3.07 49.4 45.9 3.7 1.0 

ptGO-25 ºC 75.8 23.5 0.7 3.23 50.6 45.1 2.8 1.4 

ptGO-50 ºC 74.6 24.9 0.5 3.00 47.9 47.1 3.0 2.0 

ptGO-75 ºC 74.3 25.4 0.3 2.93 47.0 47.5 2.0 3.5 

ptGO-300 min 75.2 24.2 0.6 3.11 48.5 46.0 4.1 1.4 
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6.6. CONCLUSIONS 
 

The GOs prepared and presented in this thesis were subjected to relatively mild 

post-treatments, consisting in the neutralization of the pH of the aqueous 

media, followed by stirring (section 3.2.5). The characterization reported in this 

chapter for these samples, labeled ptGOs, showed the tremendous effect of 

these post-treatments on the morphology of the flakes and the chemistry of all 

the samples. The well-exfoliated flakes which had been observed in the OM 

and SEM micrographs of untreated samples, reported in chapters 4 and 5, have 

now been strongly shattered into smaller pieces in the case of the ptGOs. The 

thermal stability of the post-treated samples has also increased, indicating the 

elimination or transformation of the less-stable oxo-functional groups present 

in the GOs. The interplanar distance of the samples has decreased after the 

post-treatments from 8.6-9.6 until 8.1-8.3 Å, losing, for all the post-treated 

samples, the dependence on the reaction parameters which had been found in 

the untreated samples. Raman spectra also indicated a change in the structure 

for the ptGOs, suggesting an increase of the density of defects. The 

compositional results obtained by EDS and XPS clearly indicate a deterioration 

of the chemical richness of the GOs by undergoing the post-treatments. The 

organosulfates have been hydrolyzed to a large extent and part of the 

carboxylic groups have been degraded to CO2, due to the basification of the 

aqueous dispersions. Thus, we conclude that the post-treatments performed, 

while being still mild compared to the usual exfoliation techniques found in the 

technical literature (which often involve sonication), have a tremendous impact 

on the morphology and chemistry of the GO flakes. Importantly, the chemical 

richness which had been obtained through modifications of Hummers’ method 

(increasing time and lowering temperature) has been diminished, 

homogenizing all the GOs into a more ordinary product with no remarkable 

connection to the reaction procedure. 
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7. LARGE-SCALE APPLICATION OF GO AS 

A COATING FOR TEXTILES TO INCREASE 

THEIR MECHANICAL STRENGTH 

 

Summary: This thesis has been developed in the context of an industrial PhD 

focused on the application of a graphene-based derivative as textile coating for 

the improvement of mechanical characteristics, done for and in collaboration 

with Lenard BCN company (Tarragona, Spain). For this purpose, the GO with 

reaction conditions of 120 min and 25 ºC was prepared at large scale and was 

applied to textiles via dip-coating, a method used in the textile industry. The 

GO-based coating was formulated with a commercial polyurethane (PU) resin. 

Each parameter of the process has been optimized towards the mechanical 

resistance to puncture of the samples. The mechanical testing was performed 

using a universal testing machine adapted to the technical specification of a 

corresponding quality test standard. With the work performed, we obtained an 

improved fabric with higher mechanical resistance, maintaining its flexibility and 

processability and controlling the weight increase as a fundamental parameter 

for wearable textiles. 

 

7.1. PRELIMINARY EXPERIMENTS: COATING 

TECHNICAL FABRICS WITH GO AND TESTING ITS 

MECHANICAL RESISTANCE 
 

To design the path of the project, some preliminary experiments were 

performed initially aimed at enhancing the mechanical strength of fabrics by 

means of GO. We tested different kind of fabrics, and developed the 

methodology needed to apply GO, including the choice of resin needed to fix 
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the GO on the fabric, and the protocols for testing the resistance to puncture. 

One key concept we learned early on was that it was the composite GO plus 

resin, not only the GO alone, that which provided significant enhancement of 

the mechanical strength.   

The fabric chosen for the project consisted in a technical fabric provided by the 

company involved in the project. It was designed to endure mechanical forces, 

and comprised yarns of polyester, polyethylene, and fiberglass. The yarn 

consists in a core of fiberglass and polyester covered by polyethylene. The 

resin used was a commercial resin consisting of an aqueous dispersion of 

aliphatic polyurethane (PU) based on polyether. The total content of PU in the 

resin was 40%wt. It was presented as a milky colored liquid that formed an 

elastic transparent film when drying. 

The typical experiments consisted in a first coating of the fabric with an aqueous 

dispersion of GO. Then, the GO-coated fabric was let dry, and was coated with 

the PU resin. GO and PU were not mixed because they reacted, forming 

agglomerates. The reason for this could be the epoxy cross-linking of GO 

functional groups with PU [334]. After the GO was dried on the fabric, the 

reactivity of GO with PU was beneficial in helping the two coatings adhere to 

each other, thus strengthening the composite on the fabric.  

Figure 69a shows an example of a fabric coated with GO and PU, next to the 

original uncoated fabric, which was initially white. It can be observed a uniform 

brownish color due to the presence of GO in the coating. The GO+PU coating 

tended to have a thickness around 0.5-1 mm. 

The mechanical testing setup is shown in Figure 69b. A universal testing 

machine (Lloyd EZ50) was adapted with a purpose-designed and 

manufactured grip holding a tip according to the standard specifications for 

puncture testing on gloves EN 388:2016 [335]. A purpose-made stainless-steel 

frame was used to firmly hold the fabric, allowing the insertion of the puncture 

tip through a hole in the frame. Typical Load-Displacement curves are shown 

in Figure 69c where the load of the machine typically increases as the tip 
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presses on the fabric until a maximum (load at break or puncture resistance) is 

reached at the break point of the fabric. In the graph, the GO-coated fabric 

(yellow line) exhibits more resistance than the uncoated fabric (black line). 

 

 

Figure 69: a) Example of a fabric coated with GO, 30 cm rule as a reference. b) Set up 
for the mechanical puncture testing of the fabrics, showing the purpose made tip, grip 
fixture to attach the tip to the upper arm, and base fixture for clamping the textile. c) 

Example tensile test curve of uncoated and coated GO fabrics. 

 

The fabrics coated with GO and PU were observed with a stereo microscope 

and by environmental SEM (ESEM), working at low vacuum. The stereo 

microscope images are shown in Figure 70a-b for the uncoated fabric and the 

coated fabric, respectively. The GO covers the texture of the fabric 
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homogeneously. ESEM images are shown in Figure 70c-d, where the 

micrographs were obtained from the backscattered electrons and secondary 

electrons signal, respectively. In Figure 70c only some thick particles can be 

observed on the clear part of the fabric (fiberglass), while in Figure 70d, which 

has higher magnification, the fibers appear to be united with the GO+PU 

coating.  

 

 

Figure 70: Stereo microscope micrographs of a) uncoated fabric and b) fabric coated 
with GO. ESEM images of the GO+PU coated fabric obtained from c) backscattered 
electrons and d) secondary electrons. 
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7.2. OPTIMIZATION OF THE PARAMETERS AND SCALE-

UP OF THE COATING PROCESS 
 

After the preliminary experiments, which validated the potential enhancements 

in mechanical properties of the test textile by coating with GO, the parameters 

involving the coating procedure were optimized, focusing on the possible 

scaling-up of the procedure to obtain higher quantity of coated fabric. 

The first parameter that we optimized was the concentration of the GO 

dispersion used. The experiment consisted of the preparation of 20 GO-water 

dispersions with concentrations from 1 to 20 mg/mL. The fabric was cut into 

7.5x15 cmxcm squares, and each one was dipped in GO dispersion, then 

draining off the excess of liquid and allowing them to dry at room temperature. 

The samples were then coated with 10%wt PU resin. This concentration of resin 

was chosen to fix the GO particles without adding much extra resistance 

provided by the resin itself.  

Figure 71a shows the results of the maximum puncture resistance of the 

samples. An image of the prepared samples is displayed in the inset. We 

compare the results of the untreated fabric (red dot), the fabric coated only with 

PU (blue dot) and the fabrics coated with GO and PU (brown dots). GO-coated 

samples, even with the lowest concentrations (1 mg/mL), already increase the 

puncture resistance of the fabrics from that of the samples without GO. Among 

the GO-coated samples, the resistance does not increase indefinitely as the 

concentration of the GO dispersion increases. Initially, the resistance raises 

considerably at low concentrations until a few mg/mL, and then, the increase 

becomes more modest with a slight dip (10-14 mg/mL) and an asymptotic trend 

towards 280 N of maximum resistance. 

It can be concluded that the best resistance/quantity of product ratio will be 

obtained at low concentrations, probably below 5 mg/mL. A low sensitivity of 

the function parameter to the design parameter (GO concentration) is also 
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beneficial from a manufacturing point of view. Therefore, we considered using 

a GO concentration of 5 mg/mL (instead of 2, for example), which represents 

an improvement in the maximum resistance of 250 N, being 60% more than the 

original fabric. 

 

 

Figure 71: Results of the optimization of the coating parameters. a) Puncture resistance 
(load at puncture) of the fabrics coated with GO dispersions of different concentrations. 
b) Puncture resistance of the fabrics coated with different concentration of polyurethane 
and with GO (blue line) and without GO (yellow line), and of uncoated fabric (red dot). 
c) Puncture resistance of the fabrics coated with GO 5 mg/mL dispersion and varying 
PU concentrations for different number of consecutive coatings. 

 

The next parameter to optimize was the quantity of resin used to fix the GO on 

the fabric. Firstly, the fabric pieces were coated with GO dispersion with a 
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concentration of 5 mg/mL and then, they were dip-coated in the PU resin diluted 

in water at different concentrations, ranging from 10 to 50%wt. Beyond 50% the 

application of resin resulted in a coated fabric with little flexibility, so we decided 

to discard using higher concentrations of resin. For comparative purposes, 

fabrics with the same concentrations of PU resin but without GO were prepared 

in a like manner.  

The results are shown in Figure 71b. The resistance improves when the PU 

concentration is higher, since the PU membrane that covers the fabric becomes 

thicker (around 3 mm). It can be also seen that samples with GO have a higher 

resistance than their counterparts with only PU. This extra resistance is 

relatively greater, especially for low concentrations of PU in the resin. This is 

because the resistance contribution of the GO is approximately uniform and, 

therefore, is more noticeable when there is less PU. 

Finally, the last optimization was the number of consecutive coatings of the 

dispersion of GO. In preliminary experiments we had observed that repeating 

cycles of GO coating and letting them dry between dip-coatings resulted in an 

increase of the amount of material deposited, more than using a single dip-

coating of a higher concentration dispersion. For this experiment, therefore, 

fabric samples were prepared and dip-coated in the GO 5 mg/mL dispersion, 

letting them dry and repeating the dip-coating. Samples were prepared 

repeating the coating cycles 1, 2 and 3 times. This was done for three GO 

dispersions with the same GO concentration and PU with concentrations of 10, 

20 and 30%wt. The results of maximum puncture resistance are shown in 

Figure 71c. In the graph it can be seen how the puncture resistance increases 

significantly for the samples coated with GO. However, it seems that additional 

coating cycles do not improve resistance significantly. 

In this case, we monitored the weight variation when performing each cycle of 

coating. The results are shown in Table 14, which shows that when coating with 

GO, in the three cases that a single coating was made, the weight increased 

by about 1.25 g, increasing to 3.25 g for the second coating, and to 5.25 g for 
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the third. It can be observed that, despite depositing more material, the 

puncture resistance does not increase proportionally. The weight increase due 

to the PU resin coating is also shown, being consistent with the concentrations 

used. Considering that our objective is to increase the resistance of the fabric 

with as little impact on its weight as possible, we consider that the appropriate 

%resistance/%weight ratio is at the minimum amount of GO and PU resin: using 

1 cycle of GO coating and PU resin at 10% of concentration, obtaining an 

increase in the puncture resistance of 62% relative to the uncoated fabric.  
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Original 
fabric max. 
resistance 

(N) 

          

154,76 Sample 

Weight 
before 

coatings 
(g) 

Weight 
after GO 

coating (g) 

Increment 
(%) 

Weight 
after PU 
coating 

(g) 

Increment 
(%) 

Total 
weight 

increment 
(%) 

 
Max. 

resistance 
(N) 

Max 
resistance 
increment 

(%) 

PU 10% 

Only PU 9,5294 n/a n/a 10,0077 5,02 5,02  208,82 34,93 

GO 0,5% 1 coat. 9,7584 9,8815 1,26 10,2977 4,21 5,53  251,94 62,80 

GO 0,5% 2 coat. 9,2648 9,5485 3,06 9,9462 4,17 7,35  251,87 62,75 

GO 0,5% 3 coat. 9,3962 9,8712 5,06 10,4365 5,73 11,07  270,58 74,84 

PU 20% 

Only PU 9,0275 n/a n/a 9,8401 9,00 9,00  241,38 55,97 

GO 0,5% 1 coat. 9,0045 9,1175 1,25 9,9239 8,84 10,21  264,65 71,01 

GO 0,5% 2 coat. 9,2555 9,5505 3,19 10,4122 9,02 12,50  262,57 69,66 

GO 0,5% 3 coat. 9,8898 10,395 5,11 11,2805 8,52 14,06  269,11 73,89 

PU 30% 

Only PU 9,6066 n/a n/a 10,8653 13,10 13,10  255,23 64,92 

GO 0,5% 1 coat. 9,3407 9,464 1,32 10,807 14,19 15,70  279,10 80,35 

GO 0,5% 2 coat. 9,4628 9,81 3,67 11,1358 13,51 17,68  281,07 81,62 

GO 0,5% 3 coat. 9,085 9,6022 5,69 10,845 12,94 19,37  284,95 84,12 

Table 14: Maximum resistance data and increment of weight due to the deposition of coating material for the fabrics prepared on the 
optimization of the number of coating at different percentages of PU in the coating resin. 
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Once the experimental procedure was optimized at laboratory scale, it was 

transferred to a pilot scale, to manufacture fabric pieces in a continuous form, 

coating the textiles with GO 5 mg/mL and 10% PU resin, with a single coating 

cycle. For this experiment, we prepared 10 L of GO 5 mg/mL using one of our 

modifications of Hummers’ method corresponding to the “GO-120 min/25º C” 

procedure explained in Section 3.2.2. In Figure 72a, the GO dispersion 

prepared for the experiment can be seen. We also prepared 5 L of 10% PU 

resin and two pieces of fabric with dimensions 50x500 cmxcm. In Figure 72b, 

the coating instrument, called foulard, can be observed. The image was taken 

while coating the fabric. In the process the white uncoated fabric passes 

through the GO dispersion bath and leaves it with darker color. Then it passes 

through two rollers that drain the excess of GO. After the coating with GO, the 

fabric was passed through a belt dryer at 60 ºC (not shown in the image). 

Afterwards, it was coated with the PU resin using the foulard, prior to the final 

drying at 60 ºC at the belt dryer. Figure 72c shows the final appearance of both 

samples with the GO and PU coatings. 
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Figure 72: Images of the large-scale coating procedure. a) 10 L of GO 5 mg/mL prepared 
for the experiment. b) Foulard used to coat the fabrics with GO and PU. c) Coated final 
samples, consisting in two rolls of 1x5 m of fabric. 

 

The mechanical resistance to the puncture was tested on these samples. The 

results are displayed in Table 1, where the information about the weight gain of 

the fabrics is also displayed. The original fabric weight of 430 g/m2 was 

increased by 3.5%, averaged over the two samples. The puncture resistance 

has increased by 46.5%, which is slightly less than had been obtained in the 

lab samples. The difference may be due to the rollers of the foulard squeezing 

a higher volume of liquid than the manual procedure used in the lab. 

We considered the results obtained in this last experiment to be good enough 

for the objective of the project as the resistance to penetration of the final fabric 

is above level 4, according to the EN 388:2016 standard. The samples were 
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manufactured then to prepare a textile piece with enhanced resistance to the 

puncture, closing the project with an actual prototype. 

 

Table 15: Puncture resistance results of the samples coated using the industrial 
procedure. 

Final samples 

Initial weight (g/m²) 430 

Final weight sample 1 (g/m²) 447 

Final weight sample 2 (g/m²) 443 

Average increment (%) 3,49 

Max resistance sample 1 (N) 227,21 

Max resistance sample 2 (N) 223,23 

Average increment (%) 46,48 
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7.3. CONCLUSION 

 

During this project, a methodology to improve the mechanical resistance of 

textile materials has been investigated using GO as a coating in pure form. A 

major performance was achieved when combined with PU resin, thanks to 

epoxy cross-linking between PU and GO. Applying GO+PU gave a puncture 

resistance superior to that of the original fabric, reaching a resistance to 

penetration force above level 4, according to the EN 388:2016 standard. We 

optimized the relevant parameters to apply the GO+PU composite on the 

selected fabric, consistent with a viable industrially scalable procedure. We 

therefore optimized the amount of GO deposited, the amount of PU resin that 

should be applied to fix the GO without excessively increasing the weight of the 

product, and we translated these optimizations initially done in the lab to 

industrial machinery that is commonly used in the textile sector. 

Large fabric pieces of GO-enhanced fabric with significant (~46%) increments 

in puncture resistance with minimal weight increase (~3.5%) were 

manufactured, being suitable for technical clothing, as was proved in the 

manufacture of a piece of clothing. 
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8. THESIS CONCLUSIONS AND OUTLOOK 

BEYOND THIS THESIS 

 

The work done in this thesis has resulted in new contributions in the growing 

field of graphene oxide and has brought a private company to complete an 

ambitious industrial-R&D research project applying this novel nanomaterial. 

The successful development of the research made it possible to meet 

expectations on both aspects of the investigation: contributing to the scientific 

literature with a publication (a second one being in progress), and successfully 

conclude an industrial R&D project.  

Regarding the fundamental research in the GO field, we investigated the most 

important reaction procedure for the obtention of GO: Hummers’ method. We 

revealed how some of the reaction conditions affect the obtained GO without 

any post-treatment (which might modify its physicochemical properties). Thus, 

we reached the following main conclusions about the use of Hummers’ method 

in our work: 

• Reaction time can be increased to obtain better exfoliation of the 

graphite oxide particles into thin GO flakes. The increase of reaction 

time does not come necessarily with a higher oxidation of the flakes, 

so higher damage to the carbon honeycomb is avoided and the total 

and relative quantity of functional groups is preserved. Organosulfates, 

which are functional groups particularly prone to hydrolysis, are 

maintained despite the increase of the reaction time. This route may be 

interesting in applications where well-exfoliated GO with low 

functionalization or with high relative presence of thermally-unstable 

functional groups, including organosulfates, are sought. 

• Reaction temperature also affects the degree of exfoliation of the GO 

flakes, with higher exfoliation for higher reaction temperatures. 

However, the chemical composition of GO also varies, obtaining a 
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higher oxidation degree for higher temperatures and a variation of the 

functionalization towards more stable functional groups, especially with 

the removal of organosulfates. Therefore, varying reaction temperature 

is a magnificent route to tailor the chemistry of the GO flakes. 

Additionally, we investigated the effect of some post-treatments that are widely 

used in the technical literature on the as-synthesized GOs. The post-treatments 

were the neutralization of the acidic media, and the use of strong agitation (but 

without sonication, a significantly more aggressive approach). The main 

conclusions we reached are as follows: 

• The strong agitation caused a tremendous effect on the morphology of 

the flakes, causing their shattering into smaller pieces. The 

neutralization of the media also affected the chemistry of the GOs, with 

loss of the chemical richness of the prepared GOs, with the 

development of the less-stable functional groups, including 

organosulfates, towards more stable functionalities, a similar effect as 

the one obtained for the GOs prepared with high reaction temperature.  

• Furthermore, and most importantly, all the post-treated GOs have 

similar physicochemical characteristics, regardless the reaction 

conditions for their preparation. This would explain why some authors 

claim that GOs prepared with different reaction conditions differ little in 

their compositional characteristics, when, in fact, they could be 

observing the homogenizing effect of the post-treatments commonly 

applied. 

Finally, the work performed for the industrial-R&D textile coating project arose 

with the following conclusions: 

• The capacity of GO to be used as a reinforcing coating in textiles have 

been demonstrated. Its major performance is achieved when combined 

with a polyurethane resin to fix the GO on the fabric and form a GO+PU 

composite based on epoxy cross-linking. The mechanical resistance 
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tests of the prepared fabrics to puncture (according to standard EN 

388:2016) showed a resistance increase for all the GO+PU coated 

fabrics around the 50%, compared to the original fabric. A large fraction 

of this increase is attributable to the GO.  

The coating methodology has been scaled up to an industrial pilot scale, 

showing that GO can be effectively applied on textiles with currently used 

industrial procedures. 

We conclude with an outlook beyond by this thesis’ research.  Clearly, GO is a 

complex nanomaterial which is still not fully understood, and which will likely 

have great importance in the future in many applications. The new knowledge 

obtained in this thesis regarding the influence of reaction parameters on the 

chemical richness of the GO could be used in applications in which GO with 

different compositions can greatly affect the performance of the material. For 

example, in combination with polymers, GOs with different chemistries may 

form composites with different characteristics, such as strength, flexibility, 

conductivity or processability. In the area of sensors, tailored GOs could be 

used to enhance the electrochemical interaction with the analyte. Also, further 

functionalization could be performed (and optimized) with GOs with adequate 

starting composition. The controlled exfoliation with low oxidation is also 

interesting when reduction to rGO is sought, which is of interest in capacitors, 

batteries or conductive thin films. 
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APPENDIX 

 

8.1. COLORS OF GO FLAKES UNDER REFLECTION 

OPTICAL MICROSCOPY, A COLORIMETRIC STUDY 

FOR THICKNESS EVALUATION 
 

Few-layer graphite oxide (GO), with thicknesses around 10 nm, can be “seen” 

under optical microscopy, by observing small changes in the opacity of the 

flakes in contrast with the substrate. In our case, as we avoided aggressive 

post-treatments, the GO flakes obtained directly from the synthesis procedures 

performed were relatively thick GO particles. Interference phenomena of light, 

as explained in section 3.1.1.1, enabled us to observe a higher abundance of 

interference colors in our distributions of flakes. In Figure 74, an example of the 

colors displayed for a distribution of GO flakes can be observed in a white-light 

optical reflection microscopy micrograph.  
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Figure 73: White-light optical reflection microscopy micrograph of different-thick GO 
flakes deposited on a glass slide. Depending on the thickness of each flake , different 
colors can be seen due to interference of light. 

 

In the picture, several kinds of GO flakes can be observed, some of them 

displaying interference colors. In the center of the image, red, blue, green, and 

orange flakes can be found, some of which are labeled as (1). These flakes will 

have different thicknesses, in a range between 80 and 300 nm, where the colors 

are related to a specific thickness. Also, some brownish particles, with a 

cracked appearance, can be seen, some of which are labeled as (2). These 

particles are usually bigger than 300 nm. Bright flakes also appear in the image, 

some of which are labeled as (3). These flakes have a thickness lower than 80 

nm, and, as their thickness decreases, they tend to show less brightness, 

displaying the same color as that of the substrate, until reaching the 

appearance of a grey shape, some of which being labeled as (4). These nearly 

observable flakes have thicknesses around 10 nm. Finally, some particles with 

no flat appearance can also be noticed, some of which being labeled as (5). 

These particles are non-exfoliated graphitic remains, which are easy to detect 
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when observing the sample as they show out-of-focus portions, indicating a 3D 

structure along the z-axis. 

 

8.1.1. Thickness of GO, a study towards the facile 

determination via interference colors of light 

 

Before facing the morphological evaluation of the GO dispersions characterized 

in this Chapter 4, we introduced a previous study performed to create a tool in 

form of a color chart that helps relate the thickness of the flakes with the 

observable color under reflection optical microscopy. With this tool, we could 

estimate thicknesses of the flakes by only observing the colors of the flakes.  

The experiment consisted in the preparation of a well dispersed distribution of 

GO flakes on a glass slide. White-light optical micrographs of individual flakes 

were captured. Then, the same distribution was put under a laser confocal 

microscope and the 3D topographies of the same flakes were obtained. An 

example of a pair of micrograph/topography pictures of a single GO flake can 

be observed in Figure 74. In Figure 74a the white light optical micrograph of the 

flake is depicted. In this case, it can be observed that it is a multilayered flake, 

with three recognizable heights by three different colors (yellow, red and blue). 

In Figure 74b the topography obtained by laser confocal microscopy is 

depicted. This test proves that the three colors stood for three different 

thicknesses, where yellow corresponded to ~100 nm, red to ~150 nm and blue 

to ~200 nm.  
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Figure 74: a) White light optical reflection microscopy image of a multilayered GO flake 
displaying blue, red and yellow colors. b) Confocal 3D topography map of the same 
flake, where the three apparent colors have been translated to three different 
thicknesses. 

 

This test was repeated for approximately 100 different flakes. For each of them 

and from the optical micrograph, 10 different points were selected obtaining 

their RGB colors. RGB stands for Red-Blue-Green. It is an additive color model 

to determine a digital color using the combination of the intensities of these 

three primarily colors [336]. The RGB color model generally is the model used 

by image-capturing devices. However, the values of R, G and B will not change 

in a coherent trend with the interference phenomena, as they have no actual 

connection to wavelength of visible light. Fortunately, RGB colors can be 

transformed into other color models, being the most appropriate for us here the 

HSL model [337]. HSL stands for Hue, Saturation and Lightness and fits better 

with the perception of human eyes [338]. In fact, the value of Hue, expressed 

as an angle with values between 0 and 360º, follow the same linearity as the 

visible spectrum through wavelength values. For this reason, the Hue value will 

be used as a representative of the color of each flake. Schemes of the RGB 

and HSL models are presented in Figure 77. 
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Then, once the colors were obtained from a specific zone of the flake, the same 

points in x and y axis were used from the topography of the flake to find the 

correlated thickness, obtaining the color-thickness relation of approximately 

1000 points. Then, with the Hue angle values and the thicknesses, a polar plot 

was constructed, which is depicted in Figure 75. 

 

 

Figure 75: Flake thickness-Hue color angle relation for the measured samples. Flake 
thickness ranges from 50 to 400 nm. A clear tendency can be observed, matching to the 
theoretical calculations of the colors from thin film optics theory. 

 

In the plot, a clear tendency can be noticed, where the color angle changes as 

a function of the increasing thickness, clustering the measured points in a spiral. 

Due to the nature of polar plots, a spiral tendency reveals an actual monotonic 

relation between color and thickness of the flakes. It can be proved that the 
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relation of color with thickness in our data matches with the calculated values 

from [242]. 

Our experimental plot ranges from 50 to 400 nm. For less than 50 nm, the flakes 

appear with the same blue color as coming from the glass substrate, as shown 

in Figure 73, with only a change in opacity. For more than 400 nm, the flakes 

appeared to have the same brownish color displayed by the GO dispersions, 

indicating that no more interference colors can be seen. 
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8.2. SELECTION OF THE CONDITIONS FOR THE XRD 

MEASUREMENTS TO AVOID MOISTURE 

ABSORPTION EFFECTS 
 

A XRD experiment was performed to observe the effect of ambient humidity 

changes in the position of the peaks. The procedure we followed for this 

experiment consisted in the XRD measurements of GO samples in sequence 

over a period of 24 h. For a better comparison of the results, two samples were 

selected to perform the experiment. The samples were the post-treated GOs of 

sample set 1 prepared with reaction times of 30 and 540 min, namely ptGO-30 

min and ptGO-540 min. These were selected as we suspected that they could 

absorb water to a different degree because their preparation procedures 

differed greatly. 

The samples were analyzed 5 times over a period of 24 h after drying at 50 ºC 

and storage in a desiccant box until the measurement time. When extracted 

from the desiccant box, the samples were put in the diffractometer queue while 

allowing moisture absorption from the ambient during the next 24 h and the 

subsequent XRD measurements. Humidity at the start of the experiment, was 

62%. After 12 h it was 49%. And after 24 h, it was 61%, very close to the starting 

value. 

The measurement of the two samples in sequence over a period of 24 h was 

performed in the following form:  

ptGO-30 min (t=0 h), ptGO-540 min (t=0 h), ptGO-30 min (t=5 h), ptGO-540 

min (t=5 h), ptGO-30 min (t=12h), … etc. 

Each measurement lasted 2h, so between the first sample ptGO-30 min (t=n) 

and ptGO-30 min (t=n) there was a 2 h time shift. The results are shown in 

Figure 76. 
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Figure 76: Consecutive XRD measurements of the same prepared GO samples along 
different times: 0, 5, 12, 19,5 and 24 h. a) Over-washed GO sample prepared with 30 
min of reaction. b) Over-washed GO sample prepared with 540 min of reaction. c) Plot 
of the interlayer distance “d” of the two samples as a function of the time of 
measurement. 

 

In Figure 76a and Figure 76b the diffractograms of these two samples are 

depicted, where shifts of the peak position along 2θ can be noticed in both 

cases for the different measurements. In Figure 76c the variation of interlayer 

distance “d”, obtained from Bragg’s law and the angles of the center of the 

peaks, is plotted as a function of time of the measurement.  Both samples vary 

in the same form as a function of time. The 2 h shift between the two samples 

is also noticeable. Interestingly, the interlayer distance of each sample varies 

reversibly which could indicate that the peak position evolves in the same form 

that humidity does, as the humidity decreased during the first half of the 

experiment and increased in the second half. Interlayer distance expands with 

presumed more water absorption at higher humidity and contracts when the 

excess of water is released when the moisture decreases. Although the two 

samples reproduced the same overall tendency, there still exists a shift in d 

spacing between them, which must be attributed exclusively to their chemical 

characteristics and maybe also to their capacity to retain water. However, the 

variation of d spacing along time is greater than the d spacing shift between the 

two samples. This means that the effect of humidity on the interlayer distance 

value is much more important than the intrinsic interlayer distance of each 

sample. Therefore, while duing XRD experiments with our GOs, RH must be 

controlled being necessary to perform the measurements under specific 
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conditions to avoid seeing differences due to changes in moisture absorption 

at different times. 

Thus, we performed the following XRD measurements grouping the samples 

set by set, and the comparative measurements were performed only from the 

range of 2θ were the (001) peak is situated, between 7.5º and 15.0º. Each 

measurement lasted only 15 min and after completing the XRD spectra 

collection from all the samples, the measurements were repeated two more 

times, so we could present the average of the interlayer distance. 
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8.3. GO synthesis procedure and results 
 

  Reaction parameters Quenching  Final GO obtained 

Sample Date 
Starting 

temperature 
(ºC) 

Time 
addition 
KMnO4 

(min) 

Reaction 
time 
(min) 

Reaction 
temp 
(ºC) 

Temp. 
H2SO4 

10% 
(ºC) 

Addition 
H2SO4 

10% 
(min) 

T. 
max 
(ºC) 

Temp. 
H2O 
(ºC) 

Addition 
H2O 
(min) 

T. 
max 
(ºC) 

Volume 
(mL) 

Conc. 
(mg/mL) 

pH 
Total 
GO 
(g) 

GO1 03/12/2019 20 15 30 24 5 42 29 15 8 22 356,2 24,15 4 8,60 

GO2 10/12/2019 21 10 300 22 4 60 28 15 7 26 310,9 26,82 2 8,34 

GO3 11/12/2019 21 11 62 24 4 50 31 12 6 23 417,7 21,28 3 8,89 

GO4 17/12/2019 22 12 121 27 5 61 33 10 4 27 361,8 26,06 3 9,43 

GO5 08/01/2020 17 2 540 23 5 34 29 10 4 27 351,0 23,45 2 8,23 

GO6 10/02/2020 21 10 120 79 10 20 86 20 5 42 361,1 22,60 2 8,16 

GO7 19/02/2020 3 47 120 3 1 123 10 0 5 8 338,9 30,75 6 10,42 

GO8 03/03/2020 26 3 120 52 7 10 55 25 5 50 322,6 27,07 2 8,73 

Appendix 1: Summary of the information about the reaction procedures of each GO. 

 

UNIVERSITAT ROVIRA I VIRGILI 
CHARACTERIZATION OF GRAPHENE OXIDE OBTAINED FROM MODIFICATIONS OF HUMMERS' METHOD AND ITS 
APPLICATION FOR REINFORCING TEXTILES 
Jordi Aixart Forés 
 



 

 

8.4. Supplementary images  
 

 

 

Figure 77: Visual representations of the a) RGB and b) HSL color models. All digital 
colors can be obtained by the combination of the parameters Red, Blue and Green in 
the case of RGB and Hue, Saturation and Lightness in the case of HSL. Images from 

Wikipedia.org (a) and Colorizer.org (b). 
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Figure 78: SEM images of the samples from sample set 2 prepared with different 
reaction temperature. 
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Figure 79: Size histograms of the GO flakes belonging to the post-treated samples 
from sample set 1, originally prepared with different reaction times. 

 

 

 

Figure 80: Size histograms of the GO flakes belonging to the post-treated samples 
from sample set 2, originally prepared with different reaction temperature. 
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