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1.1. Graphene 

Since the Nobel Prize for Physics was awarded in 2010 to Andre Geim and Konstantin 

Novoselov there has been a continuous and increasing interest in exploring and 

exploiting the unique properties of graphene.[1-3] Although the existence of graphene 

was known since the earlier years of the XXst Century with the development of X-ray 

by Laue and Bragg[4], isolation of a single graphene layer was not reported.  

Due to its simple crystal structure and its high crystallinitity, pyrolytic graphite 

was one of the favorite materials to study the applicability of X-ray diffraction to 

determine the structure of crystalline solids.[5, 6] At that time it was determined that 

pyrolytic graphite was constituted by the stacking of layers, termed as graphene. 

Graphene is a bidimensional (2D) material constituted by layers of a single atom 

depth constituted by carbon atoms with sp2 orbital hybridation in a hexagonal 

arrangement. Figure 1.1 shows a layer of ideal graphene and the crystal structure of 

graphite. 

a b

 

Figure 1.1. The honeycomb lattice of a layer of ideal graphene (a) and the structure 

of graphite (b). 

 

However, although the existence of graphene was known, Geim and Novoselov 

were able to isolate for the first time a single monolayer and study their unique 

mechanical and electrical conductivity. The Swedish Academy of Science awarded the 
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Nobel Prize to these researchers "for groundbreaking experiments regarding the 

two-dimensional material graphene". Being one atom thick graphene constitutes the 

physical limit of thickness for a material in where all the constitutive atoms are 

exposed to the external surface for interaction with the environment. A consequence 

is the large theoretical specific surface area of graphene that has been estimated as 

large as 2650 m2×g-1.[7, 8]   

The fact that all the atoms are accessible is also responsible for the large 

adsorption capacity of graphenes. Since the electronic configuration of graphenes 

has highest occupied molecular orbitals constituted by an extended p cloud above 

and below the basal graphene plane, graphenes can interact with adsorbates by 

relatively strong p-p interactions, as well as dipolar interactions and van der Waals 

forces.[9-12] Figure 1.2 shows the possible interactions between graphenes and 

adsorbates. 

a b
Interaction ́ -ˊ

 

Figure 1.2. (aύ LƴǘŜǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ˉ ƻǊōƛǘŀƭǎ ƻŦ D ǿƛǘƘ ǘƘŜ ŀǘƻƳƛŎ ƻǊōƛǘŀƭǎ Ř ƻŦ ƳŜǘŀƭ 

NPs[13] and (b) Non-covalent intermolecular -̄  ̄ interaction of G with other flat 

molecules (pyrene) bound to metal complexes (Ru, Pd).[14, 15] 

 

These -̄  ̄ interactions are also responsible for the tendency of graphenes to 

undergo self-stacking and agglomeration. According to the Carbon guidelines for 

graphene and related materials, the term graphene should be reserved for single 

layer materials, something that requires the material to be deposited as film on a 

surface of a substrate or to be suspended in a liquid medium. As solid powders, some 
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percentage of aggregation occurs naturally as can be determined by the appearance 

in these powders of broad diffraction peaks, indicating some degree of stacking 

diffracting X-rays. 

Besides ideal graphene constituted exclusively by carbons in hexagonal geometry, 

there are defective graphenes in where pentagons, heptagons, carbon vacancies and 

even holes can be present on the layer. [16-20] Other possible defects are related to the 

ǇǊŜǎŜƴŎŜ ƻŦ ƘŜǘŜǊƻŀǘƻƳǎ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ŜƛǘƘŜǊ ƛƴ ƭƻǿ ǇǊƻǇƻǊǘƛƻƴ όάdopantsέύ ƻǊ ƛƴ 

larger proportion. Among these heteroatoms oxygen and nitrogen are the most 

common ones, but there have been reports indicating the presence on the defective 

graphene of other heteroatoms, including B, S, Si, halogens, etc.[21-25] Some of them 

can be the possible active sites on the graphene sheets for the catalytic reactions. 

Figure 1.3 summarizes possible defects that can be encountered on the structure of 

defective graphenes. 

 

Figure 1.3. Representation of the types of defects present in a sheet of graphene.[26] 

 

The presence of defects modifies the intrinsic properties of ideal graphene. In 

particular, it has been reported that under favorable conditions ideal graphene 

behaves as a zero-band gap semiconductor enjoying high electrically conductivity, 

comparable to that of Cu and Ag. In addition, electron mobility in graphene is even 

larger than in metals and, for this reason, graphene is an ideal material for 
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optoelectronics, where fast response of the material at GHz frequencies can be 

achieved.[1,2,27,28] This fast response has implications in areas such as transmission of 

information in which larger amount of data can be submitted in shorter time. The 

presence of defects may cause the creation of a band gap with separation of the 

conduction and valence bands in energies that can be proportional to the density of 

defects on the graphene layer.[29-32] Also, electrical conductivity decreases 

substantially from the maximum value and electron mobility becomes slower. Figure 

1.4 illustrates the change from conductive to semiconductive graphene, as 

consequence of the presence of defects and heteroatoms on the graphene layer. 

Graphene Defective graphene
 

Figure 1.4. Band gap of pristine graphene and defective graphene.[33] 

 

This change from conductive to semiconductive graphene is also reflected on the 

optical absorption and transparency of graphene. In principle, ideal graphene has a 

negligible absorption for radiation wavelengths in the whole range from UV to the 

visible. Stacking of graphene layers increases light absorption, but the material still 

has a άƴŜǳǘǊŀƭέ absorption in the UV-vis region, meaning that absorptivity and 

transparency is constant at all wavelengths. Stacking of four layers can be visually 

detectable by a gray tint that tends to black and reflective surface upon increasing 

the number of layers.[34, 35] Figure 1.5 shows transmittance properties of single and 

few-layers graphene films. As it can be seen, the single lay graphene can have a value 

of about 97% in optical transmittance.  
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Figure 1.5. (a) Photographs of graphene films with 1ς4 layers after the transfer 

produce to the glass substrate and (b) optical transmittance of these single and 

few-layers graphene films. The inset shows the transmittance of stacked graphene at 

˂ Ґ ррл ƴƳ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƭŀȅŜǊǎΦ[36] 

 

The presence of defects determines the appearance of an absorption band, 

generally in the UV region that is associated to electronic transitions from the 

valence to the conduction band of the semiconductor. As typical inorganic 

ǎŜƳƛŎƻƴŘǳŎǘƻǊǎΣ ŘŜŦŜŎǘƛǾŜ ƎǊŀǇƘŜƴŜǎ Ŏŀƴ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άǇέ ƻǊ άƴέ semiconductors 

depending on the Hall effect in which electrical continuous currents undergo left or 

right deviation in the presence of intense magnetic fields. This is related to charge 

mobility and is due to the nature of the charge carrier, either electrons or holes. 

Figure 1.6 illustrates the Hall effect in a conductor. 

 

Figure 1.6. Representation of the Hall effect produced by the separation of charges. A 

current flows through the interior of conductor, in the presence of a magnetic field 

with a component perpendicular to the movement of the charges. 
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Figure 1.7 summarizes many other unique properties of graphenes that, as 

commented earlier, would depend on the presence of defects, doping and the degree 

of stacking. 

 

Figure 1.7. Illustration of the structure of graphene and some of its main properties. 

 

 

1.2. Graphene preparation 

There are basically two strategies for graphene preparation, denoted as 

άbottom-ǳǇέ ŀƴŘ άtop-ŘƻǿƴέΦ Figure 1.8 summarizes these two complementary 

approaches for graphene formation. 

 

Figure 1.8. Two general strategies, top-down and bottom-up, for the preparation of 

graphene. 
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In the bottom-up approaches small molecules condense to form the graphene 

sheet. The most widely used method is chemical vapor deposition (CVD) synthesis on 

hot metal surfaces.[37-41] The typical precursor in this CVD process is methane and the 

atmosphere contains some hydrogen also. The metals most widely used in the CVD 

method are Ni and Cu that are heated at temperatures about 1000 oC. These metals, 

at the reaction temperature have catalytic hydrogenating/dehydrogenating activity 

and cause decomposition of methane into carbon and hydrogen, a process that can 

have even interest as a way to obtain hydrogen gas from methane. The process starts 

with the cleaning of the metal surface by exposing it to hydrogen at the reaction 

temperature. This step cleans the possible oxide overlayer that could be present on 

the Ni or Cu sheet, forming water in the process. After cleaning the metal surface, 

the chamber is fed with methane that undergoes decomposition. Equation 1.1 

summarizes the reaction taking place, while Scheme 1.1 illustrates the CVD process 

of graphene formation and Scheme 1.2 describes the mechanism of the process.  

CH4 όƎύ Ҧ /g + 2H2 (g) 

Equation 1.1. The equation for describing the graphene growth in a reactive CH4/H2 

atmosphere in the CVD process.[42] 

 

Scheme 1.1. Procedure for the formation of graphene using the CVD technique.[43] 
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Copper atom

Methane molecule

Hydrogen molecule

Carbon atom
 

Scheme 1.2. Description of the mechanism of formation of a graphene film on a 

copper foil by the CVD process in several stages: (i) The copper foil is heated under 

vacuum to 1500 oC and a hydrocarbon such as methane is dosed. (ii) The 

hydrocarbon gets in contact with the copper atom and is pyrolyzed, resulting in the 

formation of hydrogen and atomic carbon that is deposited on the copper atom. (iii) 

Perpendicular view of these carbon atoms that are ordered on the copper atom in 

hexagonal form due to the template effect exerted by the copper atom. (iv) Finally on 

each copper atom the same thing happens, generating a carbon film in all the copper 

atoms and over time these carbon atoms spontaneously bond and generate a sheet 

of graphene on the "sea" of copper atoms. 

 

As it can be seen in Schemes 1.1 and 1.2, as the C atoms from methane deposit, 

they remain on the surface due to the low solubility of C in Cu or at the surface and 

subsurface in the case of Ni, for which C solubility is somewhat higher than for Cu. 

These carbon atoms at the metal surface start to surround each of the Cu or Ni 

atoms of the surface forming hexagons. Up to six C atoms can crown a Ni or Cu atom 

and this is one of the reasons why the graphene sheet develops in the CVD method. 

This mechanism of graphene formation by CVD has been supported by the matching 

of the 111 surface of Cu and Ni with the graphene sheet. Therefore, if other different 

surfaces of the metals are exposed in the CVD process, the graphene growth 
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becomes considerably less favorable due to lattice mismatch and also the sheet has 

less quality due to the presence of defects that include the formation of pentagonal 

and heptagonal cycles and carbon vacancies in addition to the prevalent hexagonal 

geometry of ideal graphene. For these reasons, high quality graphene sheets are 

prepared with Cu and Ni metal surface with exposing 111 planes. The CVD process 

was patented by Samsung and subsequent patents refer at how to transfer the 

graphene sheet from the metal surface to other arbitrary surfaces. In fact, the main 

limitations of the CVD method are the need of Cu or Ni 111 surface and the long time 

required to prepare high quality single-layer graphene. Fast graphene growth is also 

prone to produce defects and even multilayers graphene patches not uniformly 

distributed combined with graphene holes. 

Besides the CVD method, the group of Mullen has been actively developing 

graphene preparation procedures based on concepts of organic synthesis. In these 

processes an aromatic precursor undergoes polycyclizations forming additional rings. 

In this way, graphenic sheets having relatively small sizes, barely reaching the 

micrometric size can be obtained. Figure 1.9 shows some examples of the precursors 

and the organic synthesis strategy followed to form graphenic sheets. 

 

Figure 1.9. A bottom-up approach for the preparation of G material based on organic 

synthesis.[44] 
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Although this approach is very promising to prepare graphenes with desirable 

substructures and can be useful to obtain special graphenes, there are still some 

disadvantages related to the availability of precursors, the need of noble metal 

catalysts to promote the polycyclization and the occurrence of defects associated to 

incomplete cyclications and the presence of residual initial functional groups. As it 

will be commented later, one of the problems related with applications of graphene 

in certain areas, like metal-free catalysis, is the possible presence of metals even in 

trace quantities that could impurify the sample. There is sometimes the possibility 

that the observed catalytic activity derives from the presence of metals even in ppm 

or lower concentrations. For applications in microelectronics, also the presence of 

metals is highly detrimental for the electronic response of the materials. In general, 

to avoid the presence of defects, large quantities of metal catalysts are employed and 

they can be difficult to remove completely. 

Besides bottom-up methodologies, the most widely employed approaches to 

obtain graphene are the top-down. Many of them, rely on the fact that graphite 

already contains graphene sheets. The problem is, however, how to separate isolated, 

individual graphene layers. Geim and Novoselov used manual mechanical graphene 

exfoliation of graphite (Figure 1.10).[1,2] While this process produces high quality 

graphene samples starting from high-crystallinity pyrolytic graphite, it can only be 

used to obtain a few samples, mostly for the purpose of physical properties 

measurements.  

Direct exfoliation of graphite by ultrasonication in solvents requires the use of 

highly-viscous, low-volatility liquids that later are very difficult to separate from the 

graphene. In addition the yield of this process in terms of the mass of graphite that 

can be exfoliated is very low, frequently below 0.1 %. Typical solvents used in this 

direct exfoliation process are N,N-dimethylformamide (DMF), N-methylpirrolidone 

(NMP), dimethylsulfoxide (DMSO) and ionic liquids, among others.[45-49] The presence 

of additives, mainly surfactants, polycyclic aromatic molecules can assist the 

exfoliation of graphite, but then, again, removal of the additive becomes very 
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difficult. 

 

Figure 1.10. Graphene synthesis from HOPG block by using Scotch tape method.  

 

For all the above problems, the most widely used method to obtain graphene 

materials in large quantities is based on the deep oxidation of graphite to form 

graphite oxide, followed by exfoliation and reduction.[50-52] The process is presented 

in Figure 1.11. It was known that graphite can be deeply chemically oxidized to form 

graphite oxide using a series of chemical reagents. The most popular one is 

potassium permanganate in a highly concentrated mixture of nitric and sulfuric acids. 

This procedure was reported by Hummers and Offenbach in the mid fifties of the last 

century.[53] In contrast to graphite, graphite oxide may contain up to 60 wt.% of 

oxygen and the sheets are constituted by graphene oxide. The oxygen atoms in 

graphene oxide are present as oxygenated functional groups, including epoxide, 

hydroxyls, carbonyls and carboxylic acids. Figure 1.12 presents a general structure of 

graphene oxide that is in agreement with analytical and spectroscopic data, 

particularly IR and 13C NMR spectroscopies as reported by Klinowsski and co-workers. 
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Figure 1.11. Procedure used for chemically assisted exfoliation of graphite through 

Hummers oxidation.[54] 

 

Figure 1.12. Proposed structure of graphene oxide.[55] 

  

In contrast to graphite, graphite oxide can be easily exfoliated to the state of 

single, isolated layers of graphene oxide in essentially complete yields. The reason for 

this is the increase in the interplanar distance between the sheets due to the 

intercalation of oxygenated functional groups. While graphene sheets in graphite are 

separated by 0.34 nm, the interlaminar distance in graphene oxide sheets in graphite 

oxide is 0.69 nm that is more than double. In addition, tƘŜ ǎǘǊƻƴƎ ˉς̄  ƛƴǘŜǊŀŎǘƛƻƴ 

present in graphene that causes the high crystallinity of graphite does not exist in 

graphene oxide due to the lack of C=C double bonds and aromatic regions. 
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Furthermore, under certain pH ranges, the graphene oxide can exhibit repulsive 

interactions due to the high density of negatively charged carboxylate groups. 

Therefore, ultrasonication of graphite oxide in water produces the destruction of the 

solid and the appearance of a persistent, stable suspension of graphene oxide that is 

highly hydrophilic. Concentrations as high as 10 mg mL-1 of graphene oxide can be 

stable in aqueous phase. 

After exfoliation, a large degree of reconstruction of graphene is possible either 

by chemical reduction of graphene oxide or by physical treatments. Among the most 

employed reducing chemicals that have been used to reduce graphene oxide, 

hydrazine and metal hydrides can promote at room temperature the partial 

conversion of graphene oxide into some kind of defective graphene that is generally 

termed as reduced graphene oxide.[56-59] Figure 1.13 illustrates a proposed 

mechanism for chemical reduction by applying hydrazine as reducing reagent. The 

problem of this approach is that the sample of defective graphene becomes 

contaminated by the excess of the chemical agent that is generally difficult to 

separate from the reduced graphene oxide in aqueous suspension. Also some degree 

of N doping can be also promoted in the process. 

 

Figure 1.13. A possible reaction pathway for epoxide reduction using hydrazine as 

reducing reagent.[60] 

 

Besides chemical reactions, graphene oxide can also be reduced to reduced 

graphene oxide by thermal treatments and hydrothermal processes.[61-66] This is one 

of the procedures followed in the present Doctoral Thesis to obtain samples of 

defective reduced graphene oxide. It consists in the treatment of the aqueous 

suspension obtained in the sonication of graphite oxide in an autoclave at 
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temperatures about 150 oC for several hours. Under these conditions evolution of 

gases, mainly CO2 from graphene oxide leads to an effective decrease in the oxygen 

content of the materials. Since reduced graphene oxide is considerably less 

hydrophilic than graphene oxide, then, dispersion of this material in aqueous phase 

can only be achieved for much more diluted samples, typically one order of 

magnitude more diluted, and spontaneous separation of reduced graphene oxide 

from the aqueous phase occurs during the process. 

The reduced graphene oxide is far from ideal graphene because it still contains a 

certain amount of oxygen that can be as high as 20 % from the initial content of 

graphene oxide that is above 50 %. Besides oxygenated functional groups, other 

types of defects are carbon atom vacancies generated by CO2 evolution and even 

holes on the sheet. For this reason, the material obtained through graphene oxide by 

reduction is termed as reduced graphene oxide. For certain applications related to 

the high conductivity of graphene, reduced graphene oxide is far from the behavior 

expected for ideal graphenes. However, for some other applications, particularly for 

the use of these materials in catalysis that will be the subject of Chapter 4 on the 

electrochemical properties of graphene-boron nitride assemblies and also related to 

Chapters 5 and 6 on the catalytic activity of Fe and Co nanoparticles embedded on 

graphene matrices, the presence of defects is highly appropriate leading the 

introduction of active sites or providing strong metal-support interaction for 

anchoring of metals. 

Besides the above methods for preparation of graphenes, our group developed a 

novel procedure based on the pyrolysis of carbohydrate that because of its 

importance in the present PhD thesis will be described in the next section. 
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1.3. Defective graphenes by pyrolysis of biopolymers 

Carbohydrates owe their name to their well-known property to form carbon 

residues upon dehydration either by heating or chemical reagents. These chemical 

compounds are the most abundant components of biomass while cellulose and 

hemicellulose account for over 60 % of the mass in plants. Besides cellulose, there 

are also many natural polysaccharides, three examples of these biopolymers being 

alginates and carrageens from algae and chitosans from insect and crustacean skins. 

Figure 1.14 shows the structures of these natural polymers. 

 

Alginate   

Chitosan  

Carrageenan 
 

Figure 1.14. Illustrations of sources of biomass (alginate, chitosan and carrageenan) 

and structures of the biopolymer precursors used to obtain graphene by our research 

group. 

 

It was also known that upon pyrolysis, polysaccharides form carbon residues that 

were generally termed as άǘǳǊōƻǎǘǊŀǘƛŎ ƎǊŀǇƘƛǘƛŎ ŎŀǊōƻƴǎέΦ[67-71] In fact, after pyrolysis 

of these polysaccharides an imperfect graphite as deemed by evaluation of the XRD 

patterns was formed. In XRD these turbostratic graphitic carbons exhibit a broad 

diffraction peak at 2̒ angles somewhat shorter than 24o that indicates that the 
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material is not highly crystalline. This is indicated also by the term turbostratic that 

means that the stratus (graphene layers) are disordered (turbo). Figure 1.15 presents 

a XRD pattern of the carbon residue obtained upon pyrolysis of chitosan at 900 oC 

compared with that of well-crystalline graphite showing the remarkable differences 

regarding the shape and position of the characteristic diffraction peaks. 

 

Figure 1.15. Graphene obtained by pyrolysis of chitosan obtaining signals that have 

very broad bands (1) and comparison with the XRD pattern of crystalline graphite 

that presents narrow and defined peaks (2). The inset shows photograph of the 

carbon residues.[72] 

 

Although formation of turbostratic graphitic carbons in the pyrolysis of 

polysaccharides was known, our group was the first showing that sonication of this 

residue in aqueous medium or other solvents renders dispersions of defective 

graphenes with a yield over 70 %.[72-77] The rest of the material could correspond to 

amorphous carbon that is not able to undergo exfoliation and dispersion. In some 

cases, the yield of defective graphene formation by sonication of the carbon residue 

derived from polysaccharide pyrolysis is close to be quantitative and, in any case 

much, much higher than that previously commented for the attempts of direct 

exfoliation of graphite. 

The reasons for this facile exfoliation derive from the configuration of the 



        

 Chapter 1 

19 

 

graphitic carbon residue as being constituted by graphene layers that are loosely 

packed, in contrast to the case of graphite. This low crystallinity is reflected in the 

XRD with the broad diffraction peak, previously commented. Moreover, the fact that 

the peak appears at shorter angles indicates that the interlayer distance in the 

graphitic residue is much larger than in graphite and this decreases the strength of 

the interaction among the layers and, consequently, favors exfoliation. 

The morphology of the turbostratic graphitic carbon residue obtained in the 

pyrolysis of polysaccharides can be seen by microscopy. Figure 1.16 shows a series of 

images of the turbostratic graphitic residue obtained from pyrolysis of chitosan at 

different magnifications.  

a b

c d

 

Figure 1.16. SEM images (a, b) of the carbonaceous residues obtained after the 

pyrolysis of natural polysaccharides. TEM images (c, d) of the resulting graphenes 

after the exfoliation of the carbonaceous residues by ultrasonic treatment. The inset 

shows the selected area electron diffraction (SAED) pattern of image d.[72,74] 

 

Images from scanning electron microscope (SEM) of one of these samples 
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formed as spherical beads shows that the spheres are hollowed and that the walls of 

present layers not properly packed, particularly in the inner part. The upper and 

lower parts of the walls tend to become more packed than the central parts. Higher 

magnification by transmission electron microscopy (TEM) shows that these layers of 

the walls break in the sonication process into the typical morphology of single layer 

graphene with the characteristic light color contrast and the presence of wrinkles 

corresponding to flexible sheets. High resolution transmission electron microscopy at 

quasi atomic resolution shows the crystalline domains of the sheets, while electron 

diffraction exhibits the expected hexagonal arrangement of the atoms in the 

material. 

The single layer or few-layer morphology of the sheets can also be determined 

by atomic force microscopy (AFM) upon deposition on an atomically flat surface a 

drop of a dispersion of the defective graphene obtained by sonication of the 

turbostratic graphitic carbon residue formed in the pyrolysis. Typical substrates in 

this type of measurements are silica wafers or exfoliated mica materials. Figure 1.17 

presents some measurements of the samples related to the present Doctoral Thesis. 

As it can be seen in this Figure 1.17, the frontal view shows that the defective 

graphene particles have a lateral size in the range of micrometers. By measuring the 

vertical height with subnanometric resolution, it can be determined that most of the 

defective graphene particles are constituted by a single or few layers. It is also 

assumed that the thickness of the monolayer of the defective graphenes prepared by 

pyrolysis of polysaccharides with a high residual oxygen content can be close to 0.4 

nm. 

The presence of defects can be clearly determined by combustion chemical 

analysis, Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). In 

combustion elemental analysis the presence of elements such as N and S can be 

directly quantified, together with the carbon content and it can be inferred that the 

difference to 100 % should mainly correspond to residual oxygen. 
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Figure 1.17. AFM images (a, b, c) of the resulting samples and measurements of layer 

thickness where we can see the presence of a single sheet (d) or the stacking of 

several of them (e and f). 

 

The elements present on the surface of the material and their atomic ratio can 

be quantitatively determined by XPS. Since XPS is a surface technique and graphene 

and defective graphenes are 2D materials, XPS should in principle provide elemental 

compositions close to those measured by combustion chemical analysis. However, 

since most of the XPS measurements are performed on powders, rather than on films, 

where stacking should unavoidably occur, the values of XPS refer to the analytical 

composition of the outermost external surface that can be somewhat different from 

that of the bulk solid. Figure 1.18a provides a survey XP spectrum of the turbostratic 

graphitic carbon residues obtained upon pyrolysis of polysaccharides where the 
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presence of O can be observed. The relative intensity of the peaks corrected by the 

instrumental response of the equipment can provide the C/O atomic ratio. 
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Figure 1.18. The survey XP spectrum (a) and C 1s peak spectrum (b) of graphitic 

carbon residues prepared by pyrolysis of alginate. 

 

Besides the survey XP spectrum, the technique allows also the measurement of 

the peaks corresponding to the different electronic transitions of the various 

elements with higher resolution. Figure 1.18b shows the peak corresponding to C1s. 

The shape and width of the experimental XPS peak depends on the contribution of 

the individual components to this peak. By considering the binding energy of the 

individual components obtained from defined molecular compounds and by 

assuming a width of 0.5 eV, it is possible to fit the experimental peak as a sum of the 

individual components in the appropriate proportion. The fitting program estimates 

these proportions after subtracting the background using an appropriate algorithm. 

Figure 1.18b also presents the C1s peak that has been fitted according to the 

individual components indicated in the plot. As it can be seen there, the major 

component about 80 % corresponds to graphitic C atoms appearing at a binding 

energy of 284.5 eV. But the presence of other components corresponding to C atoms 

bonded to oxygen with single or double bond with characteristic binding energy at 

about 285.9 or 288.3 eV respectively and C atoms corresponding to carboxylic acid 

groups at about 290.2 eV can also be observed in decreasing proportions. Therefore, 

XPS allows estimating the distribution of the various elements present in the 
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defective graphene sample among various coordination environments characterized 

by different energies. 

The information of XPS about the existence of defects can be complemented 

with the information provided by Raman spectroscopy. This vibrational spectroscopy 

is very sensitive to graphene and can detect even a single layer of this material. 

Typically defective graphenes exhibit in Raman spectroscopy three characteristic 

peaks denoted as 2D, G and D appearing at about 2700, 1590 and 1350 cm-1, 

respectively, that correspond to the harmonic (2D), the characteristic graphitic peak 

(G) and defects (D). Figure 1.19 presents a characteristic Raman spectrum 

corresponding to defective graphene where the presence and shape of these three 

characteristic peaks can be clearly observed. 

 

Figure 1.19. Raman spectrum of graphene prepared from chitosan.[72] 

 

One simple way to quantify the density of defects on the graphene sheet is by 

determining the relative intensity of the G vs. the D peak (IG/ID). Thus, for instance, 

the value typically reported by this quantitative IG/ID indicator for reduced graphene 

oxide is about 0.85, while most of the defective graphenes prepared by pyrolysis of 

polysaccharides have IG/ID ratios between 1.1 and 1.2. Accordingly, the density of 

defects of the materials obtained by pyrolysis is smaller than typical value for 
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reduced graphene oxides. This parameter will be of importance in Chapter 3 when 

determining the influence that the presence of H2 and the pyrolysis temperature 

have over the quality of the obtained defective graphenes. 

The pyrolysis method has been adapted to the preparation of doped and 

co-doped defective graphene samples with heteroatoms that are not present in the 

precursor. Thus, while chitosan is the precursor of N in defective graphene and 

carrageen contains sulfate groups that can become integrated into the defective 

graphene sample, other heteroatoms like B, P, Si, etc can be introduced also in the 

resulting defective graphene sample by performing the esterification of the natural 

polysaccharides with an inorganic acid that contains the required element.[78-87] 

Scheme 1.3 illustrates this strategy. The rich chemistry of carbohydrates allows them 

to be derivatized and one simple characteristic reaction of hydroxyl groups is 

esterification with inorganic acids. Among them, boric, phosphoric and silicic acids 

have been reported to provide defective doped and co-doped graphenes by pyrolysis 

of the modified polysaccharide. If chitosan already containing N in its composition is 

esterified with phosphoric acid, then, the resulting defective graphene contains 

simultaneously N and P. 

 

Scheme 1.3. Preparation procedure for doped graphene by pyrolysis of natural 

polysaccharides (chitosan or alginate) with or without the esterification with 

inorganic acids.[83] 

 

The content of the doped elements has a maximum, but the actual percentage in 

the final defective graphene can be decreased by increasing the reaction 
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temperature. In general, the density of defects decreases with the temperature. In 

this regard, as previously indicated doping can be considered as a type of defect. It is 

a target of Chapter 3 to determine quantitatively how the temperature influences the 

percentage of doping. 

 

 

1.4. Heterojunctions of defective graphenes with 2D materials 

or metal nanoplatelets 

The strategy of pyrolysis of natural polysaccharides has also been adapted to the 

preparation of other 2D materials as well as some heterojunctions. Other one layer 

thick materials related to graphenes include boron nitride, transition metal 

dichalcogenides, phosphorene, silicone, etc. Figure 1.20 illustrates the structures of 

some of these 2D materials. 

Boron nitride Molybdenum disulfide Phosphorene  

Figure 1.20. The structures of boron nitride, molybdenum disulfide and phosphrene. 

 

The case of heterojunctions refers to the situation in which two different phases, 

like defective graphene and another different 2D material, are in intimate contact 

sharing a considerable fraction of common interface.[88-91] Then, there could be a 

transfer of electronic density from one material to the other that results in properties 

for the heterojunction different from those of the individual components.   


