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Chapter 1 

 

Introduction 

 
"Carbon has this genius of making a chemically stable, two-dimensional, one-atom-thick membrane in 

a three-dimensional world. And that, I believe, is going to be very important in the future of chemistry and 

technology in general." - Richard Smalley 

 

1.1 Motivation 

This thesis contains a representative part of my research efforts aimed at producing new knowledge on the 
creation and functionalization of graphene, as well on the intercalation of graphite and clay. The target of this 
work was to produce layered nanostructures based on graphene and aluminosilicate minerals as main building 
blocks to establish the properties of these new nanocomposite materials in view of innovative applications.  

The various chapters of this thesis demonstrate the potential of those nanostructures for future use in 
diverse fields like catalysis, energy storage as well as biomedical and environmental applications; I also try to 
give the reader an overview of the advances that have been made till now.  

The ideas in part inspired by previous works, emanate from my years of studies in the area of carbon 
allotropes and layered nanostructures. 

 

1.2 Carbon and its allotropes 

Carbon takes its name from the Latin word ‘carbo’ meaning charcoal, and forms the more known stable 
allotropes than any other element. Elemental carbon with –sp3 hybridization builds up a tetrahedral lattice, 
giving rise to diamond (Figure 1.2), while sp2 hybridized extended networks are responsible for the formation 
of graphite (Figure 1.2). Both structures have been known from the ancient times (the word diamond comes 
from the ancient Greek, ‘adamad’ meaning impossible to tame) and possess unique physical properties like 
hardness, thermal conductivity, lubrication behaviour.1 

The last 30 years have brought the discovery of many other allotropes of carbon, where the periodic 
binding networks alternate –sp3, –sp2 and sp hybridized carbon atoms. Among the most famous is 
buckminsterfullerene (C60), carbon nanotubes (CNTs) and graphene. Buckminsterfullerene was discovered at 
Rice University in September 1985 by  Kroto, Smalley, Heath, Curl and O’Brian  (Figure 1.2).2They observed 
that laser ablation of graphite lead to the formation of closed cages consisting of carbon atoms connected in 
pentagonal and hexagonal rings.3Fullerenes and their derivatives were found to be superconductors when 
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combined with alkali metals as M3C60 (M is an alkali metal),4-7and organic ferromagnets,8 but they also proved 
useful in organic electronics and photovoltaics,9,10 thin film transistors,11,12catalysts13 and biological 
applications.14 The discovery was awarded with the Nobel Prize in Chemistry in 1996. 

Contemporarily with the rise of fullerene research came the discovery of carbon nanotubes by  Iijima in 
(1991).15The single wall carbon nanotube (SWCNT) consists of two regions with different physical and 
chemical properties, the sidewall of the tube and the end cap of the tube (Figure 1.1). Multi walled carbon 
nanotubes (MWCNTs) consist of a collection of SWCNTs with different diameters, arranged in the fashion of 
Russian dolls one inside the other, and as a consequence have different properties.  CNTs can be produced in 
various ways; the most successful of them are arc discharge,16,17laser ablation18 and chemical vapour 
deposition (CVD).19 Their strength, small dimensions, physical properties, electronic, optical and chemical 
properties open the way to innovative applications including, field emission devices,20,21 nanoprobes and 
sensors, 22,23 hydrogen storage media, 24,25 semiconductor devices, composites materials, 26-28 and 
templates.29,30 

 

Figure 1.1. Schematic representation of a single wall carbon nanotube 
 

 

 

Figure 1.2. Schematic representation of some allotropes of carbon including graphite, graphene, SWNT, MWNT, C60, 
amorphous carbon and diamond 
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Figure 1.3. Schematic representation of graphene 

There are many more allotropes of carbon like amorphous carbon, carbon nanofibers and nanoonions, 
all with interesting properties depending on the shape and the type of hybridization. However, a big revolution 
of carbon arises with the discovery of graphene, the first stable two dimensional (2-D) material ever found 
with extraordinary properties. 

 

1.3 Graphene 

Graphene is a monolayer of sp2-bonded carbon atoms tightly packed into a honeycomb two 
dimensional (2-D) crystal lattice (Figure 1.3). Graphene has fascinated physicists and chemists because of its 
extraordinary properties. Graphene sheets exhibit excellent electronic properties,31-33thermal conductivity,34 

very high specific area (calculates value 2,630 m2 g-1),35 transport phenomena such as the quantum Hall 
effect,36 and outstanding mechanical stiffness,37thus this material has been extensively studied for applications 
like nanoelectronics,38 sensors38 and gas separation,39 polymer composites,40 supercapacitors,41 and energy 
storage materials.35 

Graphene can be obtained by various methods, each with different advantages and disadvantages 
(discussed extensively in Chapter 3). Some of them include micromechanical cleavage of graphite,31 chemical 
exfoliation,42 chemical vapour deposition43 and epitaxial growth.44 

 An obstacle to the exploitation of the properties of graphene is aggregation. Graphene sheets have the 
natural tendency to re-aggregate by weak Van Der Waals interactions and to form graphite. Hence the high 
surface area, associated with individual graphene layers, becomes inaccessible due to stacking. Inserting 
robust stabilizers between the flakes contributes to separation and therefore allows for building strong 
graphene composites for applications like catalysis45 and energy storage46, through the well-established 
intercalation chemistry.   

 

1.4 Intercalation 

The term intercalation refers to the accommodation of guest molecules or ions (called the intercalants) 
into a host lattice, possessing, in most of the cases, a layered structure. An example concerning this process is 
presented in Figure 1.4. Host materials are classified in two main categories: insulating materials including 
zeolites, clays, layered double hydroxides, acid phosphates, and layered  
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Figure 1.4. Schematic representation of three different stages of graphite intercalated with HNO3 

oxides and conducting hosts such as graphite, C60, carbon nanotubes, transition metal chalcogenides, metal 
phosphorus trisulfides, metal oxyhalides, metal nitride halides, and metal oxides.47 The insertion of guest 
species into the host matrix is exploited by the well-known ‘intercalation chemistry’. According to the type of 
interaction between intercalant and host material, intercalation may occur through (a) electrostatic interaction, 
due to ion exchange of interlayer metal cations with organic/or inorganic cations (usually in clay minerals), (b) 
covalent bonding via chemical grafting reactions within the interlayer space (e.g. of graphite) or (c) weaker 
interactions like Van Der Waals forces, hydrogen bonding, ion dipole and coordination, electron transfer, 
through absorption of neutral molecules by interaction with external or internal surfaces.47 

Graphite occupies a dominant place among the host matrixes due to the high degree of structural 
ordering, leading to well defined structures. The most important ordering property of graphite intercalation 
compounds is the staging phenomenon, which consists in intercalate layers alternating periodically with 
graphene layers in sequences like 1 intercalant - 1 graphene or 1 intercalent – 2 graphene etc. as schematically 
illustrated forstage I, II, III compounds of graphite nitrate in Figure 1.4. The first synthesis of intercalated 
graphite was reported by Schaffäult in 1841. However detailed studies of graphite intercalation compounds 
(GIC) began in the 1930s, with Hoffman and Frenzel in 1931, as well Schleede and Wellman in 1932, 
introducing for the first time X-ray diffraction techniques in order to investigate the structure of the hybrid 
compounds.48 The recent years GIC have attracted the scientific interest due to their fascinating applications 
like highly electrically conductive compounds,49-51 lithium-ion battery anodes,52 hydrogen storage materials,53-

56 electrochemical storage media,57 sorbents for separation processes and gas sensors.58 

GICs have been used extensively as starting materials for obtaining colloidal dispersions of single-
layer graphene sheets.47,48 Ideally the use of a GIC allows the production of high quality graphene as will be 
illustrated in this thesis. 

 

1.5 The Pillaring Method 

Pillaring is the process by which an intercalated layered compound is transformed into a thermally 
stable, mesoporous material with high surface area, retaining the layered structure. The pillaring  
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Figure 1.5. Gravimetric hydrogen uptake for graphene (diamonds), (6.6) carbon nanotubes (squares), pillared material 
(triangles), and Li-doped pillared (stars) at (a) 77 K and (b) 300 K. Adapted from Dimitrakakis, G. K.; Tylianakis, E.; 

Froudakis, G. E. Nano Letters 2008, 8, 3166–3170. 

 

species which keeps the distance between graphene sheets can be either inorganic or organic and such 
structures are considered very promising as hydrogen storage media. A theoretical approach by Dimitrakakis 
et al.5 suggests a novel three dimensional9 (3-D) material consisting of parallel graphene layers at a variable 
distance, stabilized by carbon nanotubes (CNTs) placed vertically onto the graphene planes and supporting the 
graphene layers like ‘pillars’. This material is predicted to adsorb hydrogen under ambient conditions, almost 
reaching the U.S. Department of Energy’s (DOE) volumetric requirement for mobile applications. Figure 1.5 
presents the gravimetric hydrogen uptake predicted for graphene, CNTs, pillared material and Li-doped 
pillared material. 

 

1.6 Outline of the thesis 

The research work described in this thesis is organized in eight chapters and three appendixes as 
follows. 

Chapter 2 is dedicated to the experimental techniques used to characterize both starting material and 
hybrid composites which were the result of these four years of work. The chapter also reports in detail all the 
steps in the synthesis/or purification of the starting materials and is complemented by Appendixes A, B and C, 
which offer a brief explanation of X-ray photoelectron spectroscopy and porosimetry measurements, as well a 
small introduction to clay minerals and their chemical and physical properties. 
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Chapter 3 is devoted to our review article entitled “Roadmap to high quality chemically prepared 
graphene” giving a broad overview of the chemical attempts for producing graphene. We describe the 
different approaches and discuss the quality of the obtained product. Some recent developments are also added 
here. 

Chapter 4 presents the successful functionalization of few layers graphene using the 1,3-dipolar 
cycloaddition of azomethide ylides, by amino-terminated organic groups. Through this work we demonstrated 
that the internal parts of the sheets are as reactive as the edges contrary to common belief, as well opens new 
perspectives for the control functionalization of graphene nanoplatelets acting as scaffolds for the creation of 
nanocomposites nanomaterials. 

 Chapter 5 concerns a new approach based on the synthesis of graphite intercalation compounds 
without the utilization of any oxidation treatments, with the help of co-intercalant molecules. Through this 
work we demonstrated the successful incorporation of fullerene (C60) molecules between the graphene sheets 
with the help of nitric acid. This effort constitutes an innovative method for the intercalation of various guest 
molecules in graphite without disturbing the long range order of the hexagonal lattice. 

 Chapter 6 details a new approach for the synthesis of multi-functional materials by the intercalation of 
adamantylamine molecules into the host matrix of layered structures. We showed that adamantylamine can be 
successfully incorporated into the interlayer space of graphite oxide, montmorillonite and laponite clay. The 
final hybrid materials exhibit excellent properties in diverse fields like gas adsorption, environmental 
remediation and anticancer properties.    

 In Chapter 7 we describe the direct formation of multiwall carbon nanotubes by ultrasonication of 
graphite in dimethylformamide with the addition of ferrocene aldehyde. Carbon nanotubes are considered as 
rolled up graphene sheets and for the first time a chemical experimental procedure matches that concept. The 
proposed mechanism is general and will lead to the controlled production of carbon nanostructures by simple 
ultrasonication treatments. 

Chapter 8 reports the successful intercalation of aluminium speices into the interlayer space of 
graphite oxide, after interaction with Keggin ion [A113(O)4(OH)24(H2O)12

7+], and subsequent heating of this 
hybrid nanostructure up to 370°C. With the help of X-ray diffraction we could demonstrate the intercalation of 
the Al clusters and show that upon heating a pillared graphene oxide structure is formed, while with X-ray 
photoelectron spectroscopy we could identify the type of aluminium clusters incorporated between the 
graphene oxide layers. 

In Chapter 9 we focus on the intercalation mechanism of cyclic aromatic molecules into graphite 
oxide. We investigated two molecules of this family, aniline and naphthalene amine and observed that anilene 
prefers to covalently bind to the graphene oxide matrix via chemical grafting, while napthalene amine binds 
with the graphene oxide surface through π-π electrostatic interactions. This work opens new perspectives for 
the interaction of various aromatic molecules with graphite oxide and the so-called “intercalation chemistry”.   
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Chapter 2 

 

Experimental details 

 

This chapter describes all the experimental details, introducing the characterization techniques as well as 

the procedures that have been used to obtain the starting materials for the synthesis of the hybrid nanocomposites 

object of this thesis. In the beginning of this chapter we report the instrumental parameters and conditions used 

when applying X-ray photoelectron spectroscopy, Raman spectroscopy, Fourier transform infrared spectroscopy, 

ultraviolet-visible spectroscopy, X-ray diffraction, porosimetry and transmission electron microscopy. In the 

second part we explain all the steps in the synthesis and/or purification of the starting materials. 

 

2.1 Characterization techniques 

2.1.1 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) data were collected using an SSX-100 (Surface Science 
Instruments) spectrometer equipped with a monochromatic Al Kα X-ray source (hν=1486.6 eV). The photoelectron 
take-off angle was 37° and the energy resolution was set to 1.2 eV in order to minimize data acquisition time. For 
insulating samples, an electron flood gun was used to compensate for sample charging. The base pressure during the 
measurement was 3x10-10 mbar. Binding energies were referenced to the Au 4f7/2, Al 2p,  
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Figure 2.1 X-ray photoelectron spectrum of a gold substrate, which shows the separated Au 4f7/2 (~84 eV) and 4f5/2(~87 
eV) orbitals. 
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Figure 2.2 Typical XRD pattern for graphite oxide 

 

Ag 2p and C 1s core levels1, 2 of the substrates on which the material was deposited (see Figure 2.1 as an example). 
Spectral analysis included a Shirley background subtraction and peak separation using mixed Gaussian-Lorentzian 
functions in least-squares curve-fitting program (Winspec) developed in the LISE laboratory of the Facultés 
Universitaires Notre-Dame de la Paix, Namur, Belgium. For the N 1s line, we employed a linear background 
subtraction due to low peak intensity, which does not allow for Shirley background subtraction. The photoemission 
peak areas of each element used to estimate the amount of each species within the probed volume were normalized by 
the sensitivity factors of each element tabulated for the spectrometer used. The substrates were either evaporated gold 
films supported on mica (cleaned in an ozone discharge for 15 min), Ag or Al foil (purity 99.99%, Goodfellow, UK), 
which was polished (Brasso metal polish, Reckitt Benckiser UK Ltd., UK) to remove most of the impurities from the 
surface, sonicated in ethanol for 20 min, and dried in an oven (Thermo Electron Corporation, USA) at 65 °C 
immediately before being employed. All the measurements were peformed on freshly prepared samples in order to 
guarantee the reproducibility of the results. The reader is referred to Appendix A for a brief description of the XPS 
technique. 

 

2.1.2 X-ray diffraction (XRD) 

XRD patterns of thin films were collected using a Philips PANanlytical X’Pert MRD diffractometer 
with a Cu Kα (λ=1.5418 Ǻ) radiation source (40kV, 40mA), a 0.25º divergent slit and a 0.125º antiscattering 
slit. The reflectivity patterns were recorded in the 2-Theta (2θ) range from 0.5 to 30º with a 0.02º step and a 
counting time of 15 s per step for the non-ambient measurements recorded in a temperature range of 25 ºC to 
320 ºC. For the preparation of the films, aqueous suspensions of the samples were deposited on silicon 
substrates, and the solvent was evaporated at ambient conditions. 

X-ray powder diffraction data were collected on a D8 Advance Bruker diffractometer using Cu-Kα 
radiation and a secondary beam graphite monochromator. The patterns were recorded in the 2-theta (2q) range 
from 20 º to 90 º, with steps of 0.02 º and a counting time of 2 s per step. Samples were in the form of films 
supported on glass substrates. For the preparation of the films, aqueous dispersions of the samples were 
deposited on glass plates, and the solvent was allowed to evaporate slowly at ambient temperature. Figure 2.2 
shows the XRD pattern of graphite oxide as an example. 
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Figure 2.3 Raman spectra of graphite (blue line), few layer graphene (red line) and few layer graphene after 
functionalization with α-amino acid (BocNHCH2CH2OCH2CH2OCH2CH2NHCH2COOH) (green and black line) at 

λexc=488nm.(for details see chapter 4) 

 

2.1.3 Raman spectroscopy 

Raman spectra covering Raman shifts in the range of 1000-2400 cm-1 were recorded with two 
systems. (a) an InVia Renishaw microspectrometer (50x) equipped with He-Ne laser at 633 nm and Ar laser at 
488 nm and (b) a Micro-Raman system RM 1000 RENISHAW using a laser excitation line at 532 nm (Nd-
YAG). In the second case a 0.5-1 mW laser was used with 1 mm focus spot in order to avoid 
photodecomposition of the samples.Samples were prepared by dropcasting dispersions of graphene products 
in NMP on glass surfaces and leaving them to dry under vacuum. Figure 2.3 shows the Raman spectra of 
graphite, few layer graphene, and few layer graphene after functionalization with α-amino acid as an example. 

 

2.1.4 Fourier transform infraredspectroscopy (FTIR) 

Infrared spectra covering the spectral range 400–4000 cm−1 were measured with a Shimadzu FT-IR 
8400 infrared spectrometer, equipped with a deuterated triglycine sulphate (DTGS) detector. Each spectrum 
was the average of 128 scans collected at 2 cm−1 resolution. Samples were in the form of KBr pellets 
containing ca. 2 wt% of the compound of interest. 

 

2.1.5 Ultaviolet-visible spectroscopy (UV/vis) 

The optical characterization in the ultraviolet and visible range was carried out with a Cary 5000 
spectrophotometer using 10mm path length quartz cuvettes. All spectra are normalized at 400 nm for better 
comparison. Samples measured were dispersed in DMF (dimethylformamide) in order to avoid aggregation. 
Figure 2.4 shows an example of a UV/vis spectrum. 
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Figure 2.4 UV-vis spectra of Au nanorods in the water (black line) and after transfer into dimethylformamide (red line). 

 

 

Figure 2.5 TEM image of (left) exfoliated graphite and (right) functionalized few layer graphene mixed with Au 
nanorods (see chapter 4) 

 

2.1.6 Transmission electron microscopy (TEM) 

TEM measurements were performed on two a TEM Philips EM208, using an accelerating voltage of 
100 kV. Samples were prepared by drop casting from the dispersion onto a TEM grid (200 mesh, nickel, 
carbon only). Figure 2.5 shows a typical micrograph.  

An aberration corrected TEM (FEI TITAN 50-80) was used at 80 kV in order to visualize the atomic 
structure of the graphene sheets. 

 

2.1.7 Porosimetry measurement 

The nitrogen adsorption-desorption isotherms were recorded at 77 K using a Thermo Finnigan 
Sorptomatic 1C1990 porosimeter. The specific surface area SBET was calculated using standard Brunauet-
Emmed-Teller (BET) method.3A relative pressure p/p0 range (where p and p0 denote the equilibrium and 
saturation pressures of nitrogen, respectively) between 0 and 0.33 was used for the BET surface area 
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calculation. The pore volume was calculated from the desorption isotherms, the distribution of the pores with 
the Barret-Jaynor-Halenda (BJH) method. All the samples used for surface area measurements were degassed 
at 120 oC for 10 hours under high vacuum (10-4 mbar).The reader is referred to Appendix B for a brief 
description of the porosimetry technique with the BET method. 

 

2.2 Material preparation    

2.2.1 Preparation of graphite oxide (GO) 

The first report on the on the preparation of GO comes from Brodie in 1859.4GO was prepared by 
treating natural graphite (Ceylon) with an oxidation mixture consisting of potassium chlorate and fuming 
nitric acid, for reaction times of 3–4 days with the solution kept at a temperature of 60 ºC, until no further 
change was observed. Staudenmaier5 proposed a variation to Brodie’s method, where the graphite is oxidized 
in concentrated sulfuric and nitric acids with potassium chlorate. These methods have been adapted over the 
years to exfoliate graphite and make it soluble as described elsewhere.6,7,8Our starting material consisted in 

exfoliated hydrophilic single-layer flakes of graphene oxide (GO),*prepared following Staudenmaier’s 
method1 for oxidizing powdered graphite. In detail, 10 g of powdered graphite (purum, powder ≤0.2 mm; 
Fluka) were added to a mixture of concentrated sulphuric acid (400 mL, 95–97 wt%) and nitric acid (200 mL, 
65 wt%) while cooling in an ice-water bath. Potassium chlorate powder (200 g, purum, >98.0%; Fluka) was 
added to the mixture in small portions while stirring and cooling. The reactions were quenched after 18 h by 
pouring the mixture into distilled water and the oxidation product was washed until the pH reached the value 
6. The sample was then dried at room temperature. 

A schematic representation of the reactions followed for the synthesis of GO is presented in Figure 2.6. 

 

2.2.2 Clay as host material and purification 

The clay used in this work was a natural Wyoming montmorillonite (SWy-2) obtained from the 
Source Clay Minerals Repository, University of Missouri, Coloumbia, with a cation exchange capacity (CEC) 
of 76.4 meq/100 g clay and composition [(Al3.07Ti0.01Fe(III)0.40Mg0.49)(Si7.79Al0.12)O20OH4]Na0.75.

9 

The cation exchange capacity (CEC) is defined as the amount of exchangeable cations that a clay 
mineral can adsorb at a specific pH.The clay was fractionated to <2 µm by gravity sedimentation and purified 
by standard methods in clay science.10 Sodium exchanged samples (Na+-SWy-2) were prepared by immersing 
the clay in an aqueous solution of sodium chloride 1mol/L. The cation exchange was completed by washing 
and centrifuging four times with NaCl solution. The samples were finally washed with double distilled 
deionized water, transferred into dialysis tubes in order to obtain chloride-free clays and then dried at room 
temperature. In Figure 2.7 a schematic structure of montmorillonite before and after the exchange with Na+ 

cations is presented. 

                                                             
*Synthesis by E. Diamanti, University of Ioannina. 
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Figure 2.6 Schematic representation of the synthetic procedure for obtaining an aqueous dispersion of GO. 

  

 

Figure 2.7. Schematic representation of Wyoming montmorillonite (SWy-2) before and after exchange with sodium 
cations 

 

 

Figure 2.8 Graphite after intercalation with nitric acid (left) and TEM image of Graphite-HNO3 (right) 
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2.2.3 Preparation of graphite nitrate (GN) 

In a typical procedure,† which follows the method of Inagaki at al,11 graphite powder (4 gr) was 
suspended in 20 mL of fuming nitric acid (≥99.5 %) under vigorous stirring at ambient conditions for 30 min, 
and the mixture was left to rest for 90 min. After the top yellow solution (redundant nitric acid) was removed 
by siphoning, 50 mL of anhydrous acetonitrile was added and the mixture was stirred for another 5 min. The 
solid phase was separated by filtration through a PTFE membrane with average pore size of 0.45 µm. Finally, 
the film was washed twice with anhydrous acetonitrile (20 mL each time) and dried under vacuum. The final 
product (GN) was placed in a brown glass bottle and stored at RT. The weight gain of starting graphite due to 
reaction of nitrates was about 30%. Figure 2.8 shows graphite after the intercalation of nitric acid (left) and 
TEM image of graphite nitrate (right).  

 

2.2.4 Preparation of graphene 

24 mg of graphite were dispersed in 200 mL of N-methylpyrrolidone (NMP) and sonicated for 30 min 
in a low power sonic bath (2510 Branson).‡ The resultant dispersion was then centrifuged using a Hettich 
Universal 320 centrifuge for 90 min at 500 rpm. Thereafter, decantation was carried out by pipetting off the 
top half of the dispersion. Figure 2.9 shows a TEM micrograph of the obtained material. 

 

Figure 2.9. TEM image of Graphene in NMP 
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Chapter 3 
 

The roadmap to high quality chemically prepared 

graphene
§
 

 

This chapter is devoted to our review article entitled “Roadmap to high quality chemically prepared 

graphene” and gives a broad overview of the chemical methods for producing graphene. We describe the 

different approaches and discuss the quality of the obtained product. Some recent developments are also 

added here. 

 

3.1 Introduction 

In the past few years much interest has focused on graphene, a flat monolayer of carbon atoms tightly 
packed into a two dimensional (2D) honeycomb lattice. K.S Novoselov and A.K.Geim’s discovery, that 
micromechanical cleavage of bulk graphite allows us to isolate graphene,1 has triggered a tremendous amount 
of scientific interest in this new material, at first mainly for its electronic properties. Graphene was 
immediately seen as the successor of the current silicon-based technology since the 2-D honeycomb carbon 
structure features semimetallic behaviour and high carrier motilities, which are ideal for a potential 
implementation as computing element. Therefore, graphene sheets, if processable, could be used in classical 
computer technology, even though examples of use as qubit elements or for spintronics potentially extend its 
use further then to purely classical transistor-based microprocessors. Alongside with this main research 
stream, pure graphene was found to exhibit outstanding mechanical,2 thermal3 an optical properties,4 while 
graphene derivatives like graphene oxide or other types of functionalized graphene display remarkable 
catalytic, mechanical, sensing and electronic properties. 

Although graphene has so far been explored mainly in fundamental research, creating or depositing 
high quality graphene for application purposes has been one of the main challenges. Without realizing the 
future impact of his research, Brodie was the first to produce exfoliated graphite (through oxidation).5 The 
final product was not graphene but graphene oxide (noticed by Brodie because of the increased mass of the 
reaction product).5 More than a century later, a drastically different method, micromechanical cleavage,1 used 
to produce isolated graphene sheets, stimulate new interests in graphene. Since then chemists and physicists 

                                                             
§This chapter is based on: Gengler, R.Y.N.; Spyrou, K.; Rudolf, P. 2010. A roadmap to high quality 
chemically prepared graphene. Journal of Physics D: Applied Physics 43, 374015. 
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have used a plethora of (more or less successful) methods, among which chemical vapour deposition (CVD) is 
one of the most promising6 in terms of coverage and layer quality. In fact, while micromechanical cleavage 
has been very successful in producing samples for fundamental studies, its extremely low yield and lack of 
control in placement of the sheets limits future in application. Other methods based on the use of SiC as a 
substrate and as a precursor have excellent potential in the pursuit of the best quality synthetic graphene.7-11 
An alternative road is chemically prepared graphene, which we review in this chapter, focusing on properties 
and quality as a function of the production method (electronic properties, transparency, ambipolar behaviour, 
sheet size and related features such as defect/impurity level and coverage on various substrates). Chemical 
preparation processes of graphene sheets use graphite as starting material and delaminate it by various means, 
namely by chemical functionalization, oxidation or by intercalation. To give a good representation of today’s 
scientific landscape concerning chemical methods for graphene production we divided the subject into two 
subcategories, the preponderant graphene oxide (GO) production as a first one and all the other methods 
(intercalation with N-methylpyrrolidone (NMP), functionalized surfactants, perfluorinated aromatic 
molecules, etc.) as a second one. 

 

3.2 Graphene from graphene oxide 

The first reports on the production of GO date from 1840 by Schafhäutl12 and 1859 by Brodie.5 In the 
latter GO was prepared by treating natural graphite (Ceylon) with an oxidation mixture consisting of 
potassium chlorate and fuming nitric acid, for reaction times of 3–4 days with the solution kept at a 
temperature of 60 ºC, until no further change was observed. Interestingly, the author, Brodie, proposed also an 
alternative method, where the heating was replaced by exposing the oxidation mixture flasks to sunlight and 
described it as advantageous because it was faster. Staudenmaier13 proposed a variation to Brodie’s method, 
where the graphite is oxidized in concentrated sulfuric and nitric acids with potassium chlorate. 99 years after 
Brodie’s first experiments, Hummers and Offeman14 presented a method where the oxidation of graphite to 
graphitic oxide is accomplished by treating graphite with a water-free mixture of concentrated sulfuric acid, 
sodium nitrate and potassium permanganate. This process requires less than 2 h for completion and rather low 
temperatures (below 45 ºC). In the pursuit of high quality graphene these three methods have been used 
extensively over the past few years. Based on the results obtained with a variety of modern analysis 
techniques such as NMR,15 XPS,16-18 TEM19 and Raman,20,21 the most recent model of GO’s structure is the 
one depicted schematically in Figure 3.1, where hydroxyl and  

 

 

Figure.3.1. Schematic representation of the structure of graphene oxide sheets (GO); grafted hydroxyl and epoxide 
groups disrupt the sp2-bonded carbon mesh of pure graphene. Scheme taken from Park and Ruoff. Reprinted with 
permission from Macmillan Publishers Ltd: Nature Nanotechnology23 Copyright (2009). 
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epoxide groups are grafted randomly (for older structural models of GO and details of derivation of this model 
see ref.22) to the carbon mesh alter the sp2-bonded carbon network of pure graphene sheets.23Owing to the 
presence of such hydrophilic polar groups, the GO presents swelling and intercalation properties very similar 
to clay.24 In the next four sections, we shall review some of the characteristics of this new material. 

 

3.3 Ambipolar behaviour – the quest for high field effect mobility 

While an incredibly large number of publications on graphene have appeared in the last 3–4 years, 
very few actually testify to the truly amazing properties of this material. In particular, most of the recent 
publications concerning the development of new synthesis methods for graphene, comprising exfoliation, 
reduction, deposition, etc., omit giving evidence for ambipolar behaviour by recording the Dirac curve, as the 
conductivity, resistivity or drain–source current versus gate voltage measured in a field effect transistor [FET] 
device configuration is called. Transmission electron microscopy and atomic force microscopy, often used to 
demonstrate the graphene character of newly produced material, are very local probes and do not inform on 
the overall graphene quality. If one wants to compare chemically produced material with high quality 
graphene created by micromechanical cleavage, the Dirac curve is the best non-local probe. Both graphene 
and graphite display a good conductivity; therefore measuring high flake conductivity without gate voltage 
dependence does not prove a bipolar behaviour. To the best of our knowledge, the measurements reported by 
Gomez-Navarro et al.20 were the first to actually show the ambipolar character of the deposited chemically 
prepared material, i.e. reduced graphene oxide (RGO). The room-temperature field effect mobilities of 2–200 
cm2 V−1 s−1 for holes and 0.5– 30 cm2 V−1 s−1 for electrons reported for these reduced GO samples are 
approximately 2 orders of magnitude lower than those of mechanically cleaved graphene1 and definitely lower 
than the 200000 cm2 V−1 s−1 field effect mobility of free-standing graphene25 because of the defective nature of 
the reduced layers. More detailed data about the ambipolar behaviour of graphene and reduced graphene oxide 
are presented on the invited review article: “Roadmap to high quality chemically prepared graphene” Journal 
of Physics D: Applied Physics 43, 37, p.3745015.  

 

3.4 Structural integrity 

Reduced Graphene Oxide (RGO) shows the typical ambipolar behaviour expected for graphene but 
strongly influenced by the presence of defects/impurities. The structural integrity of the RGO can be 
investigated by several methods as described hereafter. Low energy electron diffraction and selected area 
electron diffraction (SAED) have been the methods of choice to reveal local and global high crystallinity of 
reduced GO and exfoliated samples (see last section for the latter) because the cross section for interaction 
with electrons is 105 times higher than that with X-rays, electrons can be focused on very small spots and 
these techniques do not require access to large-scale facilities like synchrotron or neutron sources. STM and 
HRTEM are probably today’s most powerful tools to investigate, locally, the structural integrity of a given 
material. Therefore, we review hereafter some of the most relevant studies realized on GO and reduced GO. 
Figure 3.2(a) shows the STM image of a GO sheet deposited onto HOPG after dispersion in water with the 
help of soft sonication.20The hexagonal lattice of graphene is clearly  
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Figure 3.2 (a) STM image of a graphene oxide monolayer on HOPG. Oxidized regions are marked by green 
contours, reprinted with permission from Gomez-Navarro et al.20 Copyright 2007 American Chemical Society. (b) 10 × 
10 nm STM image of a different type of oxidized graphene on HOPG, Fourier transform of the image shows that the 
hexagonal order is present (inset on the right top), and inset on the left bottom shows an STM image of HOPG recorded 
with identical scan conditions, reprinted with permission from Kudin et al.21 Copyright 2008 American Chemical 
Society. 

 

 

Figure 3.3 (left) STM image from Chua et al29 of octadecylamine functionalized GO and representative line profile after 
thermal treatment at different temperatures. (a) Pristine, (b) after 10 min 100 ◦C in N2, (c) after 10 min 300 ◦C in N2, and 
(d) after 15 min 700 ◦C in N2. Conditions: Vtip = 2.0V, itunnel = 100 pA and T = 77 K. Image vertical scale: 1.0 nm (bright 

is high and dark is low). Reprinted with permission from Chua et al,29 copyright 2008 American Institute of Physics. 

 

preserved in some parts of the sheet while the regions marked by green contours presumably contain 
functional groups from the oxidation process and appear disordered. The degree of oxidation/defect level of 
this type of sheets was calculated from a range of measurements and agrees with spectroscopic data.20 The 
STM image in Figure 3.2(b) shows similar features for different GO, called functionalized graphene in the 
original report, prepared through rapid heating of GO in solution21 and subsequent deposition on HOPG and is 
also clearly distinguishable from pristine graphene (shown in the inset of Figure 3.2(b)). Even though Figure 
3.2(b) does not reveal large regions with a honeycomb lattice as seen in Figure 3.2(a), a Fourier transform of 
the image (see inset Figure 3.2(b)) shows a clear hexagonal structure, signature of a graphitic backbone. The 
observed separation of pristine graphene and disordered regions in these GO sheets agrees with the theoretical 
prediction that these functional groups should arrange in islands and rows.26 

GO shown in Figure 3.2 appears quite rough with a peak to peak distance of about 1 nm, most likely 
due to the presence of random –O and –OH or defects. However, a model for the possible bonding  
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Figure 3.4 Transmission electron micrograph of water soluble functionalized GO, Reprinted with permission from Si et 
al.30 Copyright 2008 American Chemical Society. 

 

sites of –O and –OH on a graphene layer27 reproduced in Figure 3.3 (right panel) shows a possible arrangement 
where top and bottom –O and –OH groups are attached to the graphene sheet in a periodic fashion. Such a 
structure has been observed by Pandey et al.28 in STM images of GO prepared following the classic Hummers 
and Offeman’s method as illustrated in the left panel of Figure 3.3. This is the first atomically resolved image of 
a graphene oxide sheet which seems, nevertheless, to refer to rather small areas since the reported STM field of 
view is only of ∼2 nm2.This periodic structure can therefore be regarded as a minority phase of GO while the 
randomly attached functional groups discussed before constitute the majority phase. 

Surface functionalization of GO can be a means to introduce desired chemical groups for control of the 
surface properties and for integration into devices. In this context it is not only important to understand the 
functionalization process itself but also to identify how the introduced groups influence the graphene properties. 
As a representative example,29 STM images  GO nanosheets functionalized with octadecylamine are displayed in 
Figure 3.4; the line profile across the sheet edge extracted from these images is also shown. The authors argue 
that by adding the van der Waals radius of graphene to twice that of octadecylamine since the molecules are 
grafted on both sides of the nanosheet, one obtains a total van der Waals radius of 1.0–1.2 nm, in agreement with 
the observed STM image. Note that this value also agrees with atomic force microscopy (AFM) data11 of 
octadecylamine-functionalized GO. The series of STM images in Figure 8 displays the thickness and 
morphology evolution as a function of the temperature. No changes in morphology/coverage of grafted groups 
are observed for annealing at 373 K, while annealing beyond this temperature results in a progressive diminution 
of the bright features on top of graphene, identified as the grafted groups as well as a decrease in the average 
thickness. This trend is observed up to a temperature of 973 K where very few bright features remain. One can 
conclude from these observations that the octadecylamine functionalities progressively detach from the graphene 
sheet. 

Additional proof of the graphene-like structure of the graphene oxide and functionalized graphene oxide 
is provided by TEM images and diffraction patterns (SAED). Figure 3.5 shows a TEM image of functionalized 
graphene oxide obtained by reducing exfoliated graphite oxide in the presence of poly(sodium-4 styrene 
sulfonate).30 The large single sheet appears transparent and folded over at the edges, with isolated small graphene 
fragments on its surface, similarly to what one observes for micromechanically cleaved graphene.31 Figure 10 
presents instead the TEM images and diffraction pattern of graphene oxidized with benzoyl peroxide after 
reduction.32 Again single sheets with a hexagonal diffraction pattern are evident. This is the only GO not 
produced using Hummers and Offeman’s, Brodie’s or Straudemair’s methods and the flakes are significantly 
smaller than what one can obtain using the ‘classical oxidation routes’. 
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Figure 3.5 Transmission electron micrographs of benzoyl peroxide oxidized graphene oxide. Scale bar 200 nm (left) and 
10 nm (right). Reprinted with permission from Shen et al.32 Copyright 2009 American Chemical Society. 

 

Figure 3.6  Non-contact mode AFM image of isolated exfoliated single layer graphene oxide; from Stankovich et al.,33 
reproduced with permission from the Royal Society of Chemistry. A non-contact AFM image of nanoplatelets deposited 
on a mica surface from a dispersion of phenyl isocyanate-treated GO in DMF; line 1 = 0.7µm , line 2 = 1.0 µm and 
CONTIN analysis showing the intensity-weighted hydrodynamic diameter distribution of phenyl isocyanate-treated GO 
nanoplatelets exfoliated in DMF. Reprinted from Stankovich et al.34 with permission from Elsevier. 

 

3.5 Going large-scale 

While in the previous section we mainly focused on the properties and quality of the graphene flakes 
prepared by various methods, in this section we review which approaches can be considered best in terms of 
‘large-scale’ production. To this end we compared various preparation methods on the basis of different 
microscopies or optical images of the produced material. In this comparison we consider first the chemically 
exfoliated flakes and then how controllably surfaces can be covered with single graphene sheets. Figure 3.6 
shows one of the first AFM images of isolated exfoliated single layer GO, namely a ∼ 10 µm2 sheet deposited 
from a colloidal suspension onto a mica substrate and measured to be ∼1 nm thick.33 In the central panel of 
Figure 3.6, one can see the size distribution of the first chemically derivatized graphite oxide exfoliated in 
organic solvents (also deposited on mica).34 These two examples of single layers of pure and chemically 
functionalized GO are among the first where complete exfoliation was achieved and have therefore been 
chosen to illustrate the starting point of a rapid evolution. In these pioneering results neither the coverage nor 
the number of deposited layers was controlled (see Figure 3.6). 
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Figure 3.7 (Top) SEM images of the monolayers of highly covered sample. Scale bars represent 100 µm. (bottom) 
Langmuir–Blodgett assembly of graphite oxide single layers. (a)–(d) SEM images showing the collected graphite oxide 

monolayers on a silicon wafer in different regions of the isotherm. The packing density was continuously tuned: (a) dilute 
monolayer of isolated flat sheets, (b) monolayer of close-packed GO, (c) overpacked monolayer with sheets folded at 

interconnecting edges and (d) over packed monolayer with folded and partially overlapped sheets interlocking with each 
other. Image reprinted with permission from L.J. Cote et al.35 Copyright 2009 American Chemical Society. 

 

A few years later, still using the same Hummers and Offeman’s method to produce the starting GO, 
new deposition procedures were developed to achieve larger flake size, high controllability of the packing and, 
last but not least, single layer deposition. Two examples of optimal results obtained so far for the deposition of 
chemically prepared graphene are illustrated in Figure 3.7 top and bottom. Cote et al.35 used a Langmuir– 
Blodgett method first reported in Li et al.36 but achieved a drastic improvement in terms of flake size and 
controlled deposition. Similar control alongside with proof of the true graphene quality was reported shortly 
after by Gengler et al.37. Since one can monitor the surface pressure on top of the water in the Langmuir–
Blodgett trough, the packing of the graphene oxide sheets floating at the air/water interface is controlled very 
easily. As illustrated by the sequence of images (a)–(d) in the bottom panel of Figure 3.7, the more or less 
compacted floating layer can be transferred to a variety of substrates by vertical or horizontal dipping. One 
can see an increased coverage; in the first image (Figure 3.7 bottom) where flakes with lateral dimensions of 
4–10µm are well dispersed with a distance of 5–20µm between them. With increasing surface pressure, the 
packing increases from image (b), where the inter-flake distance is 1–2µm to less than 1µm with some contact 
between the flakes in image (c), to finally the most dense case in image (d), where the GO flakes are so 
compressed that they start to overlap at the borders. GO flakes reaching millimeter sizes for use as thin film 
electrodes when reduced were reported by Su et al.38 

A last example of deposition we review here is one where selectivity is achieved through surface 
modification, namely a study by Wei et al.39 of GO transferred from a colloidal dispersion to a patterned  
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Figure 3.8 (Left) A scheme of the templating process that shows the formation of the amino-terminated template on 
mica-peeled gold, followed by immersion in a dispersion of graphite oxide to the reduction of the captured GO to form 
reduced graphite oxide. (Right (a)–(d)) Friction images of 11-amino 1-undecanethiol (AUT)-patterned Au following 5 s 
(a), 30 s (b), 10 min (c) and 17 h (d) immersion times in GO dispersions, respectively. All images are 10µm wide and 

show the bright (high friction) 11-amino 1-undecanethiol (AUT) being covered with the lower friction GO. (e) Plot of the 
per cent coverage and average height of the GO films as a function of time. There is a quick adsorption period followed 

by a much longer and slower adsorption. Reprinted with permission from Wei et al.39 Copyright 2008 American 
Chemical Society. 

 

substrate. As summarized in Figure 3.8, the authors show that a charged molecular template created using 
microcontact printing can direct the attachment of a single graphene oxide layer. The method is based on a 
few simple steps: first the desired template is printed using microcontact printing; the molecule chosen by the 
authors was 11-amino-1-undecanethiol. Then the gold substrate printed with the pattern of self-assembled 
molecules is immersed in a GO solution. The authors show that this later step is critical: time, pH and GO 
concentration influence drastically the quality of the deposition. Once this attachment is achieved, the 
adsorbed layer can be processed further—for example with a reduction treatment of GO to obtain graphene. 
Figure 3.8 documents the success of this method, since in the AFM image on the left (labeled c) selective 
adsorption can be clearly distinguished. The images on the right of Figure 3.8 show instead the influence of 
the dipping time on the coverage of the patterned surface, in fact, a dipping time of 5 s (Figure 3.8(a)) 
produces a coverage of ∼50% while immersion for 17 h (Figure3.8(d)) covered the patterned surface up to 
∼90%. A similar templated deposition was reported by Li et al.40 and in principle one can envision other 
methods for producing the template such as dip pen lithography.41 
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3.6 The roadmap to high quality graphene 

The scientific landscape has been flooded in the few last years by a huge amount of reports on new 
methods in terms of production, deposition, reduction or exfoliation of graphene, supposedly one better than 
the other. In this last section we draw up a condensed summary of the most relevant examples and point out 
what we believe to be the best currently available ways to prepare graphene. Scheme 3.1, our roadmap to high 
quality graphene, displays CVD, mechanical cleavage, Si carbide and other methods defined previously but 
we shall focus our attention on the methods using chemically derived graphene. Graphite is on top of this 
scheme and represents today’s reality: all or a huge majority of the chemical approaches are top down; in 
opposition to bottom up approaches so commonly used in material science. Bottom up approaches for 
graphene-like 2D polymers are not the scope of this review but we refer the reader to Junji Sakamoto et al.42 

Anyone getting started in graphene production can choose from many different routes leading to the 
goal but requiring/involving a series of procedures that will result in the same end material, though of various 
quality. Starting from graphite, one has two options, going through oxidation or avoiding it. The ease and 
relatively high yield of the graphite oxide approach lead a lot of research groups to follow that path. The 
starting point is in this first case the oxidation of graphite (any type) by means of potassium chlorate and 
fuming nitric acid treatment(s) as described by Brodie in 18595 or, as proposed by 

 

 

Scheme 3.1 The roadmap to high quality graphene 
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Staudenmaier,13 by use of sulphuric and nitric acid combined with potassium chlorate or still, as suggested by 
Hummers and Offeman14, using concentrated sulfuric acid, sodium nitrate and potassium permanganate as 
explained in the first section of this review. This last method is the most commonly used for the synthesis of 
graphite oxide and accepted as the most efficient. To the best of our knowledge, Shen et al.32 is the only report 
of a recent alternative method where benzoyl peroxide is reacted with graphite at moderate temperature and 
under sonication to produce exfoliated graphene oxide sheets. Depending on the application or fundamental 
study graphene/graphene oxide is destined for, a number of processing steps is then needed in order to achieve 
the desired properties, i.e. in many cases to recover a decent conductivity—while still keeping transparency. 
Other studies report on the creation of composite material, which either consists of stacked pure GO, GO 
mixed with a polymer alone or combined with other layered material like clay.43,44 Some of these composite 
materials do not require any reduction treatment and use graphene oxide as it is, the GO paper discovered by 
Ruoff et al.45,46 being a famous example of such composite film. On the other hand, years concentrates on the 
reconversion of GO to graphene and its deposition for various purposes. Scheme 1 lists the most relevant 
reduction methods. To the best of our knowledge, the flash photoreduction discovered by Cote et al.47 is the 
fastest reduction process ever (10−4 s) and involves, in terms of equipment, only a conventional flash of a 
digital camera. The reduction occurs because the very large photon flux induces a thermal deoxygenation. 
Unfortunately, little evidence supports the graphene-like behaviour of the product. Nevertheless, we believe 
this approach to be promising. Today’s most efficient procedure for the reduction of GO seems to be the H 
plasma reduction method proposed by Kern et al,48 even though it requires more time (5–10 s) and more 
equipment is needed. The optimized conditions were found to be 5–10 s of exposure to a plasma operating at 
0.8 mbar of H and 30W of power. Ranking next in terms of proven efficiency are purely thermal treatments or 
heat treatments in vacuum or controlled atmosphere preceded by hydrazine or the NaBH4 reduction process 
(for further reading, we recommend recent theoretical works49,50 which present possible models for the 
hydrazine induced deoxygenation). Once more, the reduction effectiveness is clearly proven by the Dirac 
curves of devices prepared by various groups.51,52,17,53,37,49,54,55,56 The most suitable temperature for annealing is 
still undefined: some groups report on the damage of the ambipolar characteristic after annealing above ∼200 
◦C,17 others report on an improved ambipolar behaviour for temperatures up to 500–600 oC (accompanied by 
ethylene exposure).37 Two additional methods leading to RGO are listed in the lower part of Scheme 1: firstly, 
solvothermal reduction (including hydrothermal reduction) which proceeds in a solvent (water when 
hydrothermal) while applying mild annealing. The trick is to keep single layers suspended in the solution after 
reduction. Zhou et al.57 showed such an example of hydrothermal reduction and proved, using Raman 
spectroscopy, X-ray photoelectron spectroscopy (XPS) and AFM that the material was substantially reduced 
but still single or bilayer. Other examples of solvothermal reduction procedures can be found in the 
literature;58,59 Wang et al.60reported Dirac curves of a solvothermally reduced material, whereas Fan et al.61 
prepared a graphene suspension through deoxygenation by simply heating an exfoliated-GO suspension under 
strongly alkaline conditions at moderate temperatures (50–90 ºC). Based on these results hydro/solvothermal 
reduction can be considered a good candidate for reduced GO production if the single layer character can be 
preserved, for example by depositing the layer beforehand. An alternative approach reported by Liu et 
al.,62Ganganahalli et al.,63 Zhou et al.64 and Wang et al.65(most probably without knowing of each other’s 
work) is the reduction of graphene oxide using electrochemistry. While voltametry seems to prove an 
irreversible transformation of the oxidized material, preventing the single layers from aggregating is once 
more a central issue. Ganganahalli et al.63 is the only group actually showing that their electrochemical 
reduced GO consists of single layers. Though electrochemical methods seem promising, a lot of effort is still 
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needed to develop procedures for a more complete reduction while conserving monolayer characteristics if 
one actually wants to produce graphene and not very thin graphite! We complete our review of GO 
deoxygenation with two examples of catalytic reduction. The first, reported by Williams et al.,66 describes 
how graphene oxide suspended in ethanol undergoes reduction as it accepts electrons from UV-irradiated TiO2 
suspensions. The second67 involves the use of SnCl2 in HCL and urea, the reaction that creates SnO2 

nanoparticles. The reduced nature of the end product was established by XPS in the SnO2 case and 
qualitatively proven by a color change in the TiO2 suspensions. The effect of such a nanoparticle overlayer on 
the electrical properties is unfortunately not documented. 

 

3.7 Alternative routes 

While so far we have concentrated on the ambipolar behaviour, structural properties and the coverage 
analysis concerning RGO, this section is devoted to the chemical preparation of graphene without oxidation 
(listed in the right part of our roadmap to graphene (Scheme 1)). A very effective method for the exfoliation of 
graphite with the help of organic solvents such as N methylpyrrolidone (NMP), N,N-dimethylacetamide 
(DMA), g-butyrolactone (GBL) and 1,3-dimethyl-2-imidazolidinone (DMEU) was proposed by Hernandez et 
al.68 This exfoliation takes place because the energy required to exfoliate graphene matches the solvent–
graphene interaction energy and extra energy provided through sonication activates the process. It works for 
solvents which have an interaction energy with graphene that is equal to graphene–graphene interaction 
energy,1,69,70 resulting in a minimal energy cost to overcome the Van Der Waals forces between the graphene 
sheets. High quality graphene is produced in this way but the very low concentration of single layer graphene 
in the suspension (0.01 mg mL−1)68 is a drawback. Some of the best TEM images using the solvent exfoliation 
route are displayed in Figure 3.9 where one can distinguish monolayer graphene with sizes in the range 0.5–
1µm. Among the proposed solvents NMP seems to yield the best results since one can clearly see graphene 
single layers in the corresponding TEM images. Figure 3.9(h) displays a histogram of the number of layers per 
sheet for the exfoliation of graphite in NMP which is peaked between 1 and 4 layers. 

SAED of the exfoliated material is in Figure 3.10, and shows a hexagonal pattern illustrative of the hexagonal 
carbon honeycomb arrangement of graphite. The existence of monolayer and bilayer graphene arrangements is 
as well demonstrated by {2 1 1 0} spots appearing more intense relative to the {1 1 0 0}. An alternative route, 
still NMP based but avoiding the sonication step to afford bigger flakes, was proposed by Vallés et al.71 
Inspired by carbon nanotube processing technology,72 they showed that the exposure of graphite to an ternary 
potassium salt K(THF) × C 24 (THF) tetrahydrofurane, × (1–3) in NMP leads to stable exfoliation of graphite. 
An alkali metal graphite intercalation compound is formed, which, thanks to its charge, helps the exfoliation 
of graphite in NMP and leads to a stable suspension of negatively charged graphene in NMP mixed with the 
alkaline salt. As expected for this mild exfoliation method, yields drastically improved flake size as compared 
with the results reported in Figures 3.9 and 3.10. 

One of the best STM images of chemically exfoliated graphene produced without oxidation is shown 
in Figure 3.11. The height of 0.3 nm confirms the single layer character of the graphene flake. 
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Figure 3.9 Electron microscopy of graphite and graphene. (a) SEM image of sieved, pristine graphite (scale bar: 500 
mm). (b) SEM image of sediment after centrifugation (scale bar: 25 mm). (c)–(e) Bright-field TEM images of monolayer 
graphene flakes deposited from GBL (c), DMEU (d) and NMP (e), respectively (scale bars: 500 nm). (f ), (g) Bright-field 

TEM images of a folded graphene sheet and multilayer graphene, both deposited from NMP (scale bars: 500 nm). (h) 
Histogram of the number of visual observations of flakes as a function of the number of monolayers per flake for NMP 

dispersions. Images and graph reprinted with permission from Macmillan Publishers Ltd: Nature Nanotechnology, 
Hernandez et al. 76, Copyright 2008. 

 

 

Figure 3.10 Evidence of monolayer graphene from TEM. (a), (b) High-resolution TEM images of solution-cast 
monolayer (a) and bilayer (b) graphene (scale bar 500 nm). (c) Electron diffraction pattern of the sheet in (a), with the 
peaks labeled by Miller–Bravais indices. (d), (e) Electron diffraction patterns taken from the positions of the black (d) 
and white spots (e), respectively, of the sheet shown in (b), using the same labels as in (c). The graphene is clearly one 

layer thick in (d) and two layers thick in (e). Reprinted with permission from Macmillan Publishers Ltd: Nature 
Nanotechnology, Hernandez et al77, Copyright 2008. 
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Figure 3.11 Ambient STM image of a filed-down graphite deposit drop casted from solution on a HOPG substrate, 
showing a graphene flake, lying on a HOPG step. Height scan inset shows a height difference of 0.36 nm between 

substrate and flake. Similar results have been obtained on a vast number of flakes. Image reprinted with permission from 
Vallés et al80 Copyright 2008 American Chemical Society. 

 

 

Figure 3.12 Tapping mode AFM image of a deposit performed by dip-coating of a graphene solution (from expanded 
graphite) onto mica. Height measurements of the ribbon show a height of 0.4 nm; the full length of the ribbon is ca. 

40µm. (right) Tapping mode AFM image of a deposit performed by dip-coating of a graphene solution (from expanded 
graphite) onto Si/SiO2 wafer. Height measurements give between 0.8 and 1.3 nm for the three ribbons (multilayer). Image 

reprinted with permission from Vallés et al80 Copyright 2008 American Chemical Society. 

 

Tapping mode AFM images show large-scale monolayer graphene ribbons as reported in Figure 3.12. Again, 
a height of 0.3 nm was measured on the ribbon. Unfortunately no characterization of the electrical properties 
was performed on the produced material. 

Very recently Bourlinos et al.73 presented an approach following the idea of Hernandez et al.68 for the 
exfoliation of graphite with the help of solvents with a surface energy that matches the graphene–graphene 
interaction energy.1,69,70 Some of the solvents of this approach belong to a peculiar class of perfluorinated 
aromatic molecules74,75and include hexafluorobenzene (C6F6), octafluorotoluene (C6F5CF3), 
pentafluorobenzonitrile (C6F5CN) and pentafluoropyridine (C5F5N). Aside from the aromatic compounds 
Bourlinos et al.73 also found that some non-aromatic solvents tested successfully for dispersing graphite, 
namely ethyl acetate, vinyl acetate, methyl chloroacetate, 2-methoxyethyl ether, acetylacetone 



31 

 

 

Figure 3.13 (Top) Colloidal dispersions obtained after liquid-phase exfoliation of graphite using the perfluorinated 
aromatic solvents below. (Bottom) TEM images of some pentafluorobenzonitrile-etched thin sheets. The SAED pattern is 

included as inset. Images reprinted with the permission from Bourlinos et al82 Copyright 2009 Wiley-VCH. 

 

and N-tetramethylmethylenediamine, which all exhibited remarkable colloidal stabilities and concentrations of 
0.2– 0.3 mg ml−1. Examples of the dispersions and TEM images are presented in Figure 3.13. Uniform dark 
dispersions testify to the absence of aggregation, while single to 2–3 layer thick graphene with flake size in the 
order of few micrometers were observed by TEM. 

Lotya et al.76 proposed a liquid-phase exfoliation of graphene which does not require oxidation or high 
temperature, avoids expensive solvents and is even, according to the author, safe and user friendly. Here 
graphite was dispersed in surfactant-water solutions in a manner similar to surfactant aided carbon nanotube 
dispersion.77-81The dispersed graphitic/graphene flakes are stabilized against reaggregation by Coulomb 
repulsion between the adsorbed surfactant molecules. Electrical measurements on such flakes show a 
conductivity of 35 Sm−1, a low value attributed to the presence of residual surfactant molecules which are 
difficult to remove even after several washing treatments. After annealing at 250 oC, as expected, the 
conductivity rose to 1500 Sm−1 (the sheet resistance fell from 920 to 22.5KΩ) while optical measurements 
demonstrated that the transparency did not vary throughout the processing. However, this conductivity value 
is still far from those resulting after the reduction of graphene oxide, which vary from 720082 to 10000 Sm−115 
and is also significantly lower than the conductivity of graphene derived from exfoliation in NMP (6500 
Sm−1).76 Nevertheless, HRTEM with atomic resolution reproduced in Figure 3.14(a) shows the monolayers to 
be well graphitized and largely defect free. The authors observed large flakes were of monolayers and bilayers 
but also reaggregation of thin layers. SAED images reveal the hexagonal lattice of graphene and from the 
analysis of images like that reproduced in Figure 3.14(b) one can deduce from the number of lines in the edge 
of the flake that it is a three layer graphite sheet.83 The relative amount of the multilayer structures is 
illustrated in the histogram of the number of layers per flake for dispersions from original sieved graphite and 
from recycled sediment shown in Figure 3.15 (the very large flakes are ignored in this histogram) from which 
one deduces that ∼43% of flakes have less than 5 layers and about ∼3% of the flakes were monolayer 
graphene. While this value is considerably smaller than that observed for graphene/solvent dispersions, 
working in aqueous systems has its own advantages. In general, the majority of these few-layer flakes had 
lateral dimensions 
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Figure 3.14 High-resolution TEM images of surfactant exfoliated graphene flakes. (a) A HRTEM image of a section of a 
graphene monolayer. Inset: fast Fourier transform (equivalent to an electron diffraction pattern) of the image. (b) 

HRTEM image of a section of a trilayer. Inset: fast Fourier transform of the image. (c) HRTEM image of part of a 
graphene monolayer. Inset: fast Fourier transform of the region enclosed by the white square. The scale bar is 1 nm. (d) A 

filtered image of part of the region in the white square. (e) Intensity analysis along the left white dashed line shows a 
hexagon width of 2.4 Å. (F) Intensity analysis along the right white dashed line shows a C–C bond length of 1.44 Å. 

Reprinted with permission from Lotya et al76 Copyright 2009 American Chemical Society. 

 

 

Figure 3.15 Histograms of the number of layers per flake for dispersions from original sieved graphite and from recycled 
sediment graphs reprinted with permission from Lotya et al76 Copyright 2009 American Chemical Society. 

 

of∼1µm. Although these results do not compete with the top quality of the RGO, we believe that today’s 
research is only a beginning and much more can be expected from such an approach. Characterization of the 
electrical properties would be of great help to learn more about the true quality of the prepared material and it 
is obvious that efforts are still needed to conserve larger flake sizes with this kind of approach. 
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Figure 3.16 Schematic of experimental procedures used to produce Graphene Sheets via high temperature and high 
vacuum annealing. Advanced Functional Materials, Jin et al.84 Copyright 2011. 

  

Figure 3.17 (a) FE-SEM image of Graphene Sheets and (b) HR-TEM image of Graphene Sheets. Advanced Functional 
Materials, Jin et al.84 Copyright 2011. 

 

3.8 Latest developments 

Various attempts for the large scale chemical production of high quality graphene have been reported 
in the last few years. Some of them follow the path of chemical oxidation of graphite to graphene oxide and 
subsequent exfoliation and reduction, to obtain reduced graphene oxide (RGO) nanosheets. Among the most 
noticeable ones is the report by Jin et al.84 who obtained highly crystalline graphene sheets with low oxygen 
content similar to the precursor graphite by annealing exfoliated functionalized graphene sheets at very high 
temperature (1900 oC) under high vacuum (10-6 Torr) (Figure 3.16). Figure 3.17 presents FE-SEM and HR-
TEM image of graphene sheets after the exfoliation process of graphite oxide.  

A novel method for the exfoliation of graphite oxide to achieve chemically reduced graphene oxide 
sheets was put forward by Tang et al.85 This method employs glucose as sole reagent and utilizes a bottom-up 
assembly technique to grow graphene oxide with a controllable number of layers from monolayer to 
multilayer (Figure 3.18). An alternative and effective route was proposed by Kumaret al.86 for the preparation 
of polyaniline-decorated reduced graphene oxide nanosheets (called PANI-g-rGO). A schematic 
representation of this method is shown in Figure 3.19 while the FE-SEM and HR-TEM images are displayed 
in Figure 3.20. 
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Figure 3.18 (1) Schematic illustration of preparing graphene oxide nanoplatelets (2) (b) the graphene oxide nanoplatelets 
annealed at 700 oC for 2 min with a thickness of 2.54 nm(trilayer), (c) After one cycle of Al sputtering (8 nm) and HCL 

(2 mol L-1) etching, the thickness is reduced to 1.73 nm,(d) After two cycles of Al sputtering and HCL etching, the 
thickness of the graphene oxide nanoplatelets are further reduced to 1.73 nm (monolayer). Journal of Materials 

Chemistry, Tang et al.85 Copyright 2012. 

 

 

Figure 3.19 Schematic governing the preparation of PANi-g-rGO with a digital picture of the sample in the middle. ACS 
Nano, Kumar et al.86 Copyright 2012. 

 

Very recently the Ruoff group87 proposed the exfoliation and dispersion of graphite oxide in propylene 
carbonate (PC) by bath sonication. Highly reduced graphene oxide (GO) nanoplatelets were obtained after 
heating of graphene oxide suspensions at 150 °C; paper samples comprising such reduced graphene oxide 
platelets had an electrical conductivity of 5230 S/m. Figure 3.21 shows the TEM and SEM images of graphene 
oxide and reduced graphene oxide platelets. Finally Zhao et al.88 prepared large-area graphene oxide (GO) 
sheets by mild oxidation and sonication following a protocol which prevents small graphene oxide flakes due 
to overcracking of graphite during oxidation and exfoliation. The SEM  
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Figure 3.20 Typical FE-SEM images: (a) GO; (b and c) the surface of the PANI-g-rGO hybrid. HR-TEM images: (d) 
GO. Inset image is of a selected-area electron diffraction (SAED) pattern; (e) rGO-NH2. Inset image is at higher 
magnification; (f) PANI-g-rGO. ACS Nano, Kumar et al.86 Copyright 2012. 

 

 

Figure 3.21 (a) Optical images of a graphene oxide suspension in PC (top) before and (bottom) after heating at 150 °C 
for 12 h. (b) SEM image of graphene oxide platelets deposited on a Si substrate. (c) AFM image of graphene oxide 

platelets dispersed on mica and (d) corresponding line profile. (e) SEM image of the reduced graphene oxide powder 
obtained by heating graphene oxide in PC at 150 °C with a high magnification SEM image in the inset. (f) TEM image of 
the reduced graphene oxide platelets from the 150 °C treatment and the corresponding SAED pattern. ACS Nano, Zhu et 

al.87 Copyright 2010. 

 

Figure 3.22 (a-c) SEM and (d) AFM images of large-area GO sheets. The inset of panel d shows that the thickness of the 
measured GO sheets is approximately 1.2 nm. ACS Nano, Zhao et al.88 Copyright 2010. 
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Figure 3.23 On the left concentration of graphene after centrifugation as a function of sonication time. The left Axis 
shows the measured absorbance per cell length, A/l, while the right axis shows the concentration calculated using an 
absorption coefficient of 3620  ml mg-1 m-1. On the right TEM images of graphene flakes are presented. A) A typical 

monolayer. Inset: a diffraction pattern taken from a monolayer. B) A multilayer and C) a magnified version of the portion 
of (B) in the dashed box. The arrows in this image show the position of the edges of the individual flakes comprising this 
multilayer. Five edges can be seen showing that this is a 5-layer flake. D)A wide-field image showing the large quantities 

of flakes observed after long sonication times (180 h).Small, Khan et al.89 Copyright 2010. 

 

 

Figure 3.24 (a) Schematic presentation of a graphite exfoliation mechanism. (b) Schematic representation of the reaction 
between graphite and 4-aminobenzoic acid as a molecular wedge via Friedel–Crafts acylation in PPA/P2O5 medium. 

Chemical Communications, Choi et al.90 Copyright 2010. 

 

and AFM images presented in Figure 3.22 clearly testify to the success of this method in delivering large area 
of GO sheets.  

Considerable effort has been dedicated to the chemical exfoliation of graphite without the oxidation of 
the graphene flakes, avoiding in such way severe damage of the graphene lattice. The group of Coleman89 

succeeded in increasing the graphene concentration in N-methyl-pyrrolidone (NMP) to  
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Figure 3.25 (Left) TEM images of graphene flakes showing typical size, shape, and morphology of the graphene flakes 
obtained by our proposed “molecular wedging” of graphite. (Right) (a) molecular structure of 1-pyrenecarboxylic acid 
with its polar (hydrophilic) and nonpolar (hydrophobic) parts indicated (b) a 1-pyrenecarboxylic acid molecule can form 
π-stacking bond with graphitic surfaces. (c) In polar medium (H2O) and with agitation, the nonpolar pyrene part prefer to 
attach itself on top of the graphitic surface via the π-stacking mechanism, or penetrates within the layers of graphite to 
reduce hydrophobic interactions with water. With continuous agitation, more of such molecules enter between the layers 
and move in deeper, breaking the π-bonding of the graphene layers of graphite (d) Continuing this process releases single 
or few layer graphene. The COOH groups of the 1-pyrenecarboxylic acid molecules (attached to the released graphene 
flakes) prefer the polar medium and keep the graphene layers stably suspended in the water. Nano Letters, An et al.92 

Copyright 2010. 

 

approximately 1mg mL-1 (Figure 3.23) by mild sonication of graphite for long times. Exfoliation in the same 
solvent N-methyl-pyrrolidone (NMP) was carried out by Choi et al.90 via a ‘‘direct’’ covalent attachment of 
organic molecular wedges and lead to high-yield exfoliation of the three-dimensional graphite into two-
dimensional graphene-like sheets (Figure 3.24). Bourlinos et al.91 attempted the liquid-phase exfoliation of 
graphite-fluoride in dimethylformamide (DMF) solvent providing colloidal graphene fluoride by mild 
sonication. Fluorine elimination was achieved by reduction of the dispersed layers with Et3Si-H or Zn 
particles. A scalable and facile technique for non-covalent functionalization of graphene with the help of 1-
pyrenecarboxylic acid that exfoliates single-, few-, and multilayered graphene flakes into stable aqueous 
dispersions was proposed by An et al.92 based on the π-stacking bond of this molecule with the graphitic 
surfaces. The -COOH groups of the 1-pyrenecarboxylic acid molecules (attached to the released graphene 
flakes) prefer the polar medium and keep the graphene flakes stably suspended in water. Dhakate et al.93 

described an approach to produce single and double layer clean large area graphene from re-exfoliation of 
expanded graphite. In this approach dried natural graphite is mixed with saturated acid consisting of 
concentrated H2SO4 and HNO3 to form the graphite intercalated compound (GIC). The GIC is then rapidly 
expanded at temperatures between 800 and 900 oC to form expandable graphite which is then dispersed in an 
organic solvent like N,N-dimethylformamide (DMF) by ultra-sonication and centrifuged to obtain a stable 
suspension. Re-exfoliation of expandable graphite gives the clean large area single and double layers of 
graphene (Figure 3.26). 

High-yield synthesis of few-layer graphene flakes through electrochemical expansion of graphite in 
propylene carbonate electrolyte has been reported by Wang et al.94 They demonstrate a solution route inspired 
by the lithium rechargeable battery for the high-yield (>70%) exfoliation of graphite into 
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Figure 3.26 The steps involved in the synthesis of graphene-sheets. (a) naturel graphite (NG), (b) formation of graphite 
intercalation compound (GIC) on acid treatment, (c) formation of expandable graphite (EG) on thermal exfoliation, (d) 
re-intercalation of EG, (e) re-exfoliation of EG and (f) formation of single and double layer graphene-sheets after ultra-
sonication and centrifugation. Carbon, Dhakarte et al.93 Copyright 2011. 

 

Figure 3.27 (Above) Exfoliation of graphite into few layer graphene via Intercalation of Li+ Complexes. (Below) (a) 
TEM images and electron diffraction pattern of few layer graphene (FLG) (b) Electron diffraction patterns of (i) single 

and (ii) bilayer sheets. (c) AFM image of FLG spin-coated onto a Si substrate. The thickness was ∼1.5 nm corresponding 
to a bilayer. (d) (left) Raman spectra (532 nm laser) of FLG on Si substrates compared with the spectrum of graphite; 
(right) Lorentzian peak fitting of the 2D bands of the bilayer and trilayer. J. Am. Chem. Soc., Wang et al.94 Copyright 

2011. 
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Figure 3.28.(a) Schematic illustration and photo for electrochemical exfoliation of graphite. (b) Photos of the graphite 
flakes before and after electrochemical exfoliation. (c) Photo of the dispersed graphene sheets in a DMF solution.(a) 
Typical AFM image for an electrochemically exfoliated graphene thin sheet cast on a SiO2 substrate. (b) Statistical 

thickness analysis for the graphene sheet ensemble (randomly selected 58 sheets were measured by AFM). (c) Typical 
TEM image for an exfoliated bilayered graphene. (d) Corresponding STM image of a bilayered graphene, where 

hexagons indicate the atom configuration of the two layers. ACS Nano, Su et al.95 Copyright 2011. 

 

highly conductive few-layer graphene flakes (average thickness <5 layers). A negative graphite electrode can 
be electrochemically charged and expanded in an electrolyte of Li salts and organic solvents under high 
current density and exfoliated efficiently into few-layer graphene sheets with the aid of sonication (Figure 
3.27). 

Another innovative one-step approach for the production of high quality thin graphene films from fast 
electrochemical exfoliation has been reported by Su et al.95 Figure 3.28 shows that the lateral size of their 
exfoliated graphene sheets ranges from several up to 30 µm, which significantly reduces the number of 
intersheet junctions for making percolative transparent conductive films. These films exhibits excellent 
conductivity (sheet resistance is 210 ohm/sq at 96% transparency), however, the effective field-effect mobility 
extracted from the single-sheet device remains rather low, namely 17 cm2/V 3 s. 
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Chapter 4 
 

Functionalization of graphene via 1,3-dipolar 

cycloaddition** 

In this chapter we report how few-layer graphene produced by dispersion and exfoliation of graphite 

in N-methylpyrrolidone were successfully functionalized using the 1,3-dipolar cycloaddition of azomethide 

ylides. The amino functional groups attached to graphene sheets were quantified by the Kaiser test. These 

amino groups selectively bind to gold nanorods, which were introduced as contrast markers for the 

identification of the graphene reactive sites. The intercalation between gold nanorods and functionalized 

graphene was followed by UV-vis spectroscopy. The presence of the organic groups was confirmed by X-ray 

photoelectron spectroscopy and thermogravimetric analysis. The sheets were characterized by transmission 

electron microscopy, demonstrating the presence of gold nanorods distributed uniformly all over the graphene 

surface. This observation indicates that reaction has taken place not just at the edges but also at the internal 

C=C bonds of graphene. Our results identify exfoliated graphene as considerably more reactive structure 

than graphite and hence open the possibility to control the functionalization for use a scaffold in the 

construction of organized composite nanomaterials. 

 

4.1 Introduction 

Graphene is a single layer of carbon atoms arranged in a hexagonal lattice and one of the few 
structures that are stable in two dimensions.1 Its extraordinary properties, such as high carrier mobility, half-
integer quantum Hall effect at room temperature,2 spin transport,3 high elasticity,4 electromechanical 
modulation, and ferromagnetism,5 have made graphene a very promising candidate as a robust atomic-scale 
scaffold in the design of new nanomaterials.6 The integration of graphene sheets with metal or semiconductor 
nanoparticles for the creation of new biosensors,7 energy storage materials,8 and fuel cells9 has been proposed. 
Modification of the carbon network by grafting atoms or molecules is important in the design of graphene-
based nanoelectronics because this provides a means to dope the material.10 For the development of 
optoelectronic devices, functionalization of graphene with photoactive molecules can provide interesting 
donor-acceptor nanohybrids.11 

Before one can chemically manipulate graphene and transform it into various functional structures or 
integrate it with other materials to form nanodevices, two preliminary steps are necessary: first, graphite has to 
                                                             

**This chapter is based on: Quintana, M.; Spyrou, K.; Grzelczak, M.; Browne, W. R.; Rudolf, P.; 

Prato, M.; ACS Nano 2010, 4, 3527–3533. 

 



46 

 

be chemically exfoliated into individual or few-layer sheets, and second, the graphene sheets have to be 
stabilized. Recently, high-yield liquid-phase exfoliation of graphite into individual sheets by stabilization 
through interactions with the solvent was reported.12 This methodology opens the way to carry out different 
organic reactions on graphene in order to produce specific structures for functional devices. An interesting 
reaction to test on graphene is the 1,3-dipolar cycloaddition of azomethine ylides because this reaction has 
been extensively used for the chemical modification of carbon nanotubes13 (CNTs) and fullerenes14 with 
applications in different fields such as solar energy conversion and biosensors.15 CNTs and fullerenes differ 
from graphene in that they present a curvature which mixes some sp3 character into the sp2 hybridization. In 
fullerenes and CNTs, the curvature has been put in relation with the reactivity of the carbon nanostructure: the 
stronger the curvature, the higher the reactivity.16 In graphene instead, the sheet edges are considered the most 
reactive sites.17  

 With the results reported in this chapter, we demonstrate that even if the reactivity of graphene differs 
from that of fullerenes and CNTs, the 1,3-dipolar cycloaddition can be performed efficiently and yields a 
highly functionalized material.18 To prove this, we identified the reactive sites on graphene layers by 
introducing amino groups quantified by the Kaiser test. These free amino groups selectively bind to gold 
nanorods (AuNRs), which were employed as contrast markers.   

The interaction between AuNRs and functionalized graphene was followed by UV-vis spectroscopy, 
while the morphological changes were characterized by transmission electron microscopy (TEM). The 
presence of the organic groups and their interaction with AuNRs were verified by X-ray photoelectron 
spectroscopy (XPS). Thermogravimetric analysis (TGA) confirmed the functionalization degree of the 
products. In short, here we prove that 1,3-dipolar cycloaddition of azomethine ylides on graphene produces a 
highly functionalized material that provides a platform for the construction of a nanocomposite material using 
AuNRs. 

 

 
Scheme 4.1Representation of functionalized graphene derivatives before and after the cleavage of the Boc protecting 

groups 
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4.2 Results and discussion 

4.2.1 Experimental†† 

To obtain graphene sheets 1, we have used the solvent extraction procedure12 because by this 
technique it is possible to effectively produce single and few graphene layers without the use of intercalants,19 
polymers,20 or surfactants,21 which might interfere with the organic reaction. 

Graphite Exfoliation, Product 1:(See chapter 2.2.4). Thereafter, decantation was carried out by pipetting off 
the top half of the dispersion. Functionalized graphene 2 was prepared by condensation of paraformaldehyde 
with a modified α-amino acid (BocNHCH2CH2OCH2CH2OCH2CH2NHCH2COOH), followed by the 
deprotection of the t-butyl carbamate group (Boc group) to afford 3 (Scheme 4.1). 

1,3-Dipolar Cycloaddition on Graphene, Product 2: Fifty mL of exfoliated graphite solution was used to 
carry out the reaction. The graphene concentration of the solution was calculated by the optical 
characterization reported by Coleman and co-workers.12 The concentration was normally found to range from 
0.01 ± 005 mg/mL. To perform the organic reaction, 1.5 equiv with respect to graphene of modified amino 
acid35 and paraformaldehyde was added to the graphene dispersion. The reaction mixture was heated at 125 °C 
under magnetic stirring, while the reagents were added each 24 h for 5 days. The resulting mixture was 
filtered with a Millipore system (JH 0.45 µm filter), and the solid was washed thoroughly with methanol until 
the solvent was clear. The product was dispersed in 20 mL of DMF by mild sonication. 

Deprotection of the Boc Group, Product 3: To cleave the Boc group from functionalized graphene, product 
2 was dispersed by sonication in a 4 M solution of HCl in dioxane. The solution was stirred magnetically for 5 
h and then was filtered and washed thoroughly first with DMF and finally with methanol. After drying the 
solvent, the solid was dispersed in 20 mL of DMF, and the final concentration of few layer graphene (FLG) 
was measured by UV-vis spectroscopy and found to range between 0.025 ± 0.005 mg/mL. 

To verify the presence of free amino groups in the products, we have performed the quantitative 
Kaiser test.22 For graphenes 1 and 2, we obtained a negative test value, while following the cleavage of the 
Boc group, the amount of amine functions in 3 was calculated in the range of 640 ± 70 µmol/g of material. 
This is a high value if one takes into account only the functionalization of the edges of graphene sheets 
considered as the most reactive sites. This is the first indication that 1,3-dipolar cycloaddition must take place 
also in the central carbon-carbon bonds of graphene layers. 

The presence of organic groups on the graphene sheets was further analyzed by TGA. TGA plots 
under N2 of graphite and products 1 and 2 are shown in Figure 4.1. The overall weight loss of exfoliated 
graphite, product 1, is ~1.5%, which can be attributed mostly to the solvent molecules stabilizing graphene 
sheets.12 The observed weight loss for product 2 was 15%. The degree of functionalization was estimated to be 
approximately 1 functional group in 128 carbon atoms and is in good agreement with the Kaiser Test amine 
content. 

                                                             
††Synthesis by Mildred Quintana and Marek Grzelczak, University of Trieste. 

 



48 

 

 

Figure 4.1 Thermographs of graphite, along with products 1 and 2, conducted in a nitrogen atmosphere. 

 

To visualize the functional groups on the graphene sheets, we have used gold NRs which not only can 
be attached to free amino group23 but also possess interesting optical properties arising from localized surface-
plasmon resonances.24 

For the gold nanorod preparation (AuNRs): A solution of gold seed was prepared by borohydride (30 mM, 
0.3 mL) reduction of HAuCl4 (0.25 mM, 5 mL) in aqueous cetyltrimethylammonium bromide (CTAB) 
solution (0.1 M). An aliquot of the seed solution (24 µL) was added to a growth solution (10mL) containing 
CTAB (0.1 M), HAuCl4 (0.5 mM), ascorbic acid (0.8 mM), silver nitrate (0.12 mM), and HCl (18.6 mM). The 
mixture was left undisturbed for 4 h at 27 °C.  

Surface Functionalization of Gold Nanorods-PVP (polyvinylpyrrolidone) Coating: Typically, a 
suspension of as-prepared gold nanorods (10 mL) was centrifuged at 8000 rpm for 15 min, and the precipitate 
was redispersed in Milli-Q water (5 mL). Subsequently, 5 mL of CTAB-coated gold nanorods was mixed with 
an aqueous solution of PVP (1.2 mM, 5 mL) and stirred overnight. The mixture was centrifuged at 4500 rpm 
for 60 min, and the precipitate was redispersed in 5 mL of DMF under sonication. 

Graphene-AuNR Composites: One milliliter of solutions of products 1, 2, and 3 was separately mixed with 2 
mL of AuNR solution each. After 6 h of incubation, the graphene-AuNR composite solution was washed by 
centrifugation (1500 rpm, 20 min) and redispersed in DMF. 

 

4.2.2. UV/vis spectroscopy 

Due to the shape anisotropy of NRs, two well-defined types of plasmon resonances occur, parallel and 
transversal to the long axis of the rod. The sensitivity of the longitudinal plasmon band to inter-particle 
interaction gives rise to strong changes in the absorption spectra, which are directly related to a plasmon 
coupling effect.25 Taking advantage of this behaviour, we have used AuNRs as contrast marker agents 
sensitive to aggregation. To this purpose, prior to the graphene conjugation experiment, CTAB was exchanged 
with poly(vinylpyrrolidone) (PVP) as previously reported26 to allow for transfer into DMF without 
aggregation. The AuNR solution was then mixed with 1, 2, or 3 in DMF and monitored by UV-vis-NIR 
spectroscopy for 6 h, as shown in Figure 4.2. The maximum of the longitudinal plasmon band (LPB) of initial, 
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Figure 4.2. UV-vis-NIR absorption spectra of Au NRs mixed with 1 (black), 2 (red) and 3 (blue), showing aggregation of 
nanorods on amine functionalized graphene sheets. The dashed line at 871 nm corresponds to the position of the 

longitudinal plasmon band of isolated gold nanorods in DMF. All spectra are normalized at 400 nm for better 
comparison. 

 

Figure 4.3 TEM images of (a) 1 stabilized graphene in NMP, (b) 2 functionalized Boc-protected graphene, (c) 3 
functionalized graphene after the cleavage of the Boc group and mixed with AuNRs 

 

well-dispersed AuNRs is marked with a dashed line. The LPB of AuNRs mixed with 1 and 2 remains 
unchanged, indicating no further interaction with either as-exfoliated or NH-Boc-functionalized graphene 
sheets. Conversely, in the case of rods mixed with 3, the LPB was broadened and red-shifted by about 110 nm, 
a behaviour that indicates aggregation on the flat surface.27 

 

4.2.3. Transmission electron microscopy 

TEM analysis confirmed that AuNRs were indeed grafted onto the graphene sheets. Figure 4.3 shows 
the TEM images of all products; a difference observed in the morphology of products 1 (Figure 4.3a) and 2 
(Figure 4.3b) is a decrease in the average size of functionalized products, which was found to be 2.69 ± 1.39 
µm (31 images). The reduction in the average size after the reaction is possibly a consequence of the higher 
reactivity of graphene borders. Most importantly, the distribution of AuNRs all over the graphene surfaces  
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Figure 4.4. TEM images the product 1 and 2 mixed with nanoparticles showing no selective interactions 

 

 

Figure 4.5 Raman spectra of initial graphite and few-layer graphenes before and after functionalization. 

 

was seen only for 3 (Figure 4.3c). To confirm the specific affinity of AuNRs to product 3, control experiments 
were performed in which products 1 and 2 were mixed with nanoparticles, showing no interaction (Figure 
4.4), which is consistent with the observations from UV-vis-NIR experiments (Figure 4.2). Uniform 
distribution of the nanoparticles on the functionalized FLG indicates that the reaction has taken place not just 
at the edges of the graphene sheets but also at the central CAC. This is a very interesting result since it 
identifies exfoliated graphene as a considerably more reactive structure than graphite and hence opens the 
possibility to control the degree of graphene functionalization to obtain specific nanostructures. 

 

4.2.4. Raman spectroscopy 

Figure 4.5 shows the Raman spectra of the graphene products compared to graphite. In the graphite 
spectra, there are two intense features, which are the vibrational G band and the two-phonon 2D band. The 
second-order Raman 2D band is sensitive to the number of layers in graphene, as has been proposed in the 
literature.28 Unfortunately, in our Raman spectra, we are not able to identify single-layer graphenes, which 
have a very sharp and symmetric band. Nevertheless, by the position and the shape of the 2D band at about 
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2700 cm-1 and the relative intensity of the G and 2D bands, we observe most of the aggregates as few-layer 
graphenes (FLG), as reported in Figure 4.5. A clear difference between functionalized and nonfunctionalized 
FLG is the appearance of the disorder D band at about 1350 cm-1. In 1, the D band is weak and may arise from 
the presence of defects at the graphene edges and the interaction with the substrate. An important feature of 
the D band is that its intensity decreases with the  

increase of graphene thickness and is invisible for bulk graphite, demonstrating that defects are more easily 
introduced into thinner graphene sheets,29 allowing the organic functionalization preferentially on monolayers 
and FLG. As observed, for products 2 and 3, there is an increase in the intensity of the D band associated with 
the presence of defects on the lattice as a result of the organic functionalization. As a consequence, after 1,3-
dipolar cycloaddition, it is possible to increase the concentration of graphene layers obtaining stable 
dispersions of 0.1 mg/mL, as calculated by UV-vis spectroscopy. 

 

4.2.5. X-ray photoelectron spectroscopy 

To confirm the presence of the organic groups involved in the reaction, all products were 
characterized by X-ray photoelectron spectroscopy, a direct method for determining the surface elemental 
composition of a material. The C 1s core level photoemission spectra of 2 and of the graphite used as starting 
material are shown in Figure 4.6a,b, respectively. The spectral analysis procedure consists of mathematically 
reconstructing the spectrum with a minimum number of peaks consistent with the raw data and the molecular 
structure, with the simplification of assuming equivalent carbon atoms depending on their environment. On 
this basis, four contributions to the carbon 1s core level region recorded for the functionalized graphene can be 
identified: A first main peak at a binding energy of 284.8 eV is assigned to the C-C bonds of the graphene 
sheet. A second peak due to carbons bound to oxygen and to nitrogen is seen at 286.2 eV, while the C=O and 
O-C=O contributions are found at 287.5 and 289.0 eV, respectively.  

 

Figure 4.6. Photoemission spectra and fit of the C 1s core level region and fit of (a) product 2 and (b) graphite dispersed 
on Au/mica. 
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The presence of these carbon atoms clearly confirms the successful functionalization of graphene. The 
graphite C 1s spectrum (Figure 4.6b) plotted for comparison verifies the good quality of the sample. Figure 
4.7 shows the photoemission spectra and fit of the C 1s core level region of two types of functionalized 
graphene after exposure to Au nanorods: (a) 2-Au and (b) 3-Au. Comparison with the C1 speak of 
functionalized graphene discussed above (Figure 4.7a) demonstrates that only the spectrum of product 3-Au 
(Figure 4.7b) shows an additional peak at 283.9 eV binding energy, attributed to the C-N-Au bond.30,31 This 
means that the amino groups recognize the AuNRs, as previously shown by UV-vis-NIR spectroscopy. The 
other difference between the spectra in Figure 4.6 is that, of course, the carbonyl peak is more intense for 2 
due to the Boc group (Figure 4.7a). 

Additional evidence for the presence of the Boc groups comes from the O 1s core level photoemission 
spectra for 2 and 3 shown in Figure 4.8. In fact, as expected, the contributions from carbonyl and carboxyl 
groups are more important for product 2 (Figure 4.8a). From the fit of the O 1s and the C 1s spectra, we can 
deduce the intensities of the different contributions and find that the carbonyl and carboxyl group intensities in 
the O 1s spectra totally agree with the corresponding C 1s intensities. From these intensities, we can calculate 
the atomic percentages of the elements present after application of the two functionalization procedures. This 
quantitative analysis is reported in Table 1 and shows a decrease of the oxygen levels from ~15 atomic % in 
product 2 to ~4 atomic % in product 3. 

Figure 4.9 shows the N 1s core level photoemission spectra of products 2 and 3. In Figure 4.9a, the N-
Boc nitrogen is identified at 400.4 eV, in analogy to a similar fullerene derivative,32 while the pyrrolidine 
nitrogen is located at 398.9 eV. Therefore, from the fit of the spectra for 3 (Figure 4.9b), we can identify the 
positively charged (NH3

+) species of the amine group at a binding energy of 401.1 eV as well as the nitrogen 
of the pyrrolidine at 399.7 eV, whose shift with respect to 2 is probably due to partial protonation. On the 
basis of the XPS analysis, we can assume that the interactions between Au nanoparticles with 3 are driven by 
two different interactions, the formation of amine-gold bonding33 (Figure 4.7b) and the electrostatic 
recognition between protonated amine and PVP stabilizer.34 

 

 

Figure 4.7. Photoemission spectra and fit of the C 1s core level region of (a) 2-AuNRs (b) 3-AuNRs, dispersed on Al. 
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Figure 4.8. Photoemission spectra and fit of the O 1s core level region of (a) 2 and (b) 3 dispersed on Au/mica. 

 

 

Figure 4.9. Photoemission spectra and fit of the N 1s core level region of (a) 2 and (b) 3 dispersed on Au/mica. 

 

Table 1. Atomic composition of functionalized graphene 

Atomic % Product 3 Error % Product 2 Error % 

carbon 95.2 ±1.9 82.9 ±1.7 

Oxygen 4.1 ±0.3 15.2 ±0.9 

Nitrogen 0.7 ±0.1 1.9 ±0.2 
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4.3 Conclusion 

In summary, we have illustrated how one can successfully produce functionalized graphene layers by 
condensation of a protected α-amino acid and paraformaldehyde followed by the deprotection of the Boc 
group. This derivative can be easily integrated with AuNRs that served as contrast markers for the 
identification of the reactive sites and produced a nanocomposite material that can be used for diverse 
applications.  

Further chemical modifications of graphene functionalized 3 can be easily envisioned, such as 
introduction of photoexcitable donor-acceptor groups for photoinduced charge-transfer studies in photovoltaic 
devices. 
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Chapter 5 

 

A novel route towards high quality fullerene-pillared 

graphene 

 

In this chapter, we propose a new approach for the synthesis of graphite intercalation compounds 

(GICs)based on the use of co-intercalant molecules. We demonstrate the successful incorporation of fullerene 

(C60) molecules between the graphene sheets with the help of nitric acid. The presence of intercalated C60 

between the graphene sheets is deduced from the X-ray diffraction patterns, while Raman and X-ray 

photoelectron spectroscopy (XPS) serve to verify that the quality of the graphene layers is not compromised 

by the intercalation. A quantification of the interaction yield was derived from thermogravimetric analysis and 

XPS studies, giving 25wt% of intercalated fullerene molecules in the pillared structure. The present method 

opens new perspectives for the intercalation of various guest molecules in graphite also because graphite 

nitrate allows for functionalization processes following the very well established carbon chemistry.   

 

5.1 Introduction 

Carbon is the element with the greatest number of known allotropes. The three best-known ones are 
amorphous carbon, graphite, and diamond. In the past 30 years, new forms have been synthesized, including 
carbon nanotubes, graphene, and fullerenes, all of which have had a significant scientific and technological 
impact due to their unique properties, such as high surface area, good thermal and chemical stability, low 
mass, chemical inertness and unusual electronic properties.1-4 These materials have been extensively used as 
electrochemical storage capacitors, catalytic substrates, sorbents for separation processes, gas sensors, gas 
storage materials at high temperatures (e.g. for hydrogen, CO2, methane).5-8 On the other hand, the big 
challenge in the field of nanoporous materials is the creation of mesoporous structures with controlled porosity 
and very high/tunable surface area,9 since both are decisive factors for applications in catalysis and energy 
storage.10 Graphene, the one atom thick layer of sp2-hybridized carbon atoms, with its very high surface area, 
(2500 m2/g), is an excellent candidate for the development of novel hybrid nanoporous materials since it is 
also easily modifiable (chemically) and presents excellent mechanical and thermal stability.11 To create a 
porous material, one has to prevent graphene layers from stacking to form graphite driven by weak van der 
Waals interaction between the aromatic π-systems, and a way to do this is to insert robust organic/inorganic 
species as columns/pillars in between them, using the so-called ‘pillaring method’.12 This method has been 
successfully employed with other layered materials like clays,13 and layered double hydroxides.14 By choosing 
the right guest molecules which are stable 
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Scheme 1. Schematic representation of stage II intercalation of HNO3
21-23 

 

enough to keep the graphene layers separate, the appropriate distance for achieving a high surface area can be 
obtained. To succeed in making such a pillared structure starting from graphite, two basic steps must be 
accomplished prior to intercalation of the pillaring moieties: the 3-D structure of graphite must be opened with 
the help of a co-intercalant and this primarily hybrid structure must be dispersed in an organic solvent. The 
role of the co-intercalant is essential because once the graphite planes are pushed apart, guest molecules easily 
penetrate between the layers with the help of the appropriate solvent.15-17 Graphite oxide (GO) holds a 
foremost place in intercalation strategies applied to date, because of its well-ordered structure in combination 
with excellent hydrophilic and swelling properties.18 The functional oxygen groups (such as hydroxyl, epoxy 
and carbonyl) give rise to the absorption of polar molecules forming GO-intercalation compounds, however 
upon reduction the quality of graphene layers is low due to both formation of holes in the hexagonal lattice 
and the presence of some remaining oxygen-groups. 

An alternative is provided by graphite nitrate (GN) whose structure was quite difficult to unravel.19 
The final solution to the puzzle was given by Fuzellier,20according to whom there are two arrangements of the 
nitric acid during the intercalation process. The first phase (α crystalline phase) with stoichiometry C+

24n•NO3
-

·5HNO3 for the nth stage compound, and interlayer distance of 0.78 nm, corresponds to an arrangement where 
the triangular planar nitric acid molecules stay perpendicular to the graphite planes. This phase spontaneously 
converts into a second ‘residual’ phase (β crystalline phase) with stoichiometry C+

24n•NO3
-·2HNO3 and an 

interlayer distance of 0.66 nm, where the molecules lie down between the graphite planes (Scheme 1).21-23 The 
great benefit of using GN as a host matrix, for the insertion of suitable robust molecules in the graphite lattice, 
is the sufficient opening of the graphene layers without any oxidation treatment. Thus, the quality of the 
graphene flakes after the intercalation remains high and this allows for the development of a new class of 
hybrid structures with high specific surface area and a defect free lattice. 

In this chapter, we report the successful incorporation of pure fullerene molecules into graphite nitrate 
by a simple intercalation reaction using toluene as solvent. Nitrate molecules/anions play the role of co-
intercalant, enabling C60 molecules to penetrate between the graphene layers. As a result pillared fullerene 
graphene structures are formed upon thermal treatment at relative low temperatures (below 100 oC). The final 
hybrid materials, as well as the intermediate products, were characterized by X-ray diffraction and differential 
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thermal and thermogravimetric (DTA-TGA) analysis, in conjunction with X-ray photoelectron and Raman 
spectroscopies. The possibility of stabilizing graphite nitrate by intercalation of organic compounds have been 
tried in the past,24,25 but here we report for the first time the insertion of a robust organic molecule acting as 
pillar between the graphene layers to create a hybrid structure with good thermal stability. 

 

5.2 Experimental Section 

Materials High purity graphite powder was purchased from Carbon Bay (Grade: SP1, Batch no. 04100; Lot 
No. 011705) and toluene (99.99%) from Acros Organics. Nitric acid (fuming, ≥99.5%, d=1.502 g/cm3), 
anhydrous acetonitrile (water < 10 ppm) and fullerene C60 (99.5%) were purchased from Sigma-Aldrich. All 
chemicals were used as received.  

Preparation of graphite nitrate(See chapter 2.2.3). 

Intercalation of fullerene in graphite nitrate In a typical experiment, 10 mg of graphite nitrate were dispersed 
in 100 mL of toluene and the mixture was stirred for 5 days at ambient conditions. A solution of C60 (10 mg) 
in toluene (100 mL) was then added dropwise to the graphite nitrate suspension and the mixture was stirred 
for another 5 days at room temperature. During this progress the initial purple color of the dispersion 
progressively darkened (after the 3 days) and finally became black indicative of the successful intercalation of 
C60 into the graphite nitrate host material. The mixture was filtered with an Ederol Filter (15-65 g/m2 110 
mm), washed three times with toluene and the final powder was collected (sample denoted as GN/C60). 

Characterization techniques 

X-ray diffraction (XRD): (see chapter 2.1.2) 

Raman spectra: (see chapter 2.1.3 b) 

X-ray photoelectron spectroscopy (XPS): (see chapter 2.1.1) 

Thermogravimetric (TGA): (see chapter 2.1.6) 

 

5.3 Results and discussion 

5.3.1 X-ray diffraction 

The X-ray diffraction (XRD) patterns of pristine graphite and graphite-nitrate are presented in Figure 
1. The pattern of pure graphite exhibits an intense peak at 26.5±0.2o corresponding to a basal spacing of d002= 
3.35 Å followed by the weak 100, 101 and 004 reflection peaks at 42.4±0.4o, 44.6±0.4o and 54.6±0.4o. For 
graphite-nitrate a new 001 reflection peak appears at 8.8±0.6o equaling d001=10.03±0.5 Å. The latter 
corresponds to an inter-sheet separation of 10.03-3.35= 6.68 Å, where 3.35 Å is the thickness between two 
adjacent graphene layers and denotes the formation of a so-called stage II residual compound of graphite-
nitrate whose structure is illustrated in Scheme 1.23 The stability of this compound  
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Figure 5.1 XRD patterns of graphite, graphite nitrate and graphite nitrate after heating at 100 oC. 

 

depends mainly on temperature; in fact, as demonstrated by the diffraction patterns in Figure 5.1, upon heating 
GN at 100 oC, the nitrate molecules/anions disappear from the graphite galleries and the graphene layers 
restack forming graphite. 

The intercalation of fullerene into the interlayer space of GN was demonstrated by temperature 
dependent X-ray diffraction measurements. Figure 5.2 displays the XRD patterns of a GN/C60 film recorded in 
a temperature range between 25 °C to 125 °C. At room temperature, the X-ray diffractogram of GN/C60 shows 
that the main 001 reflection of GN is superimposed on a new broader peak centered at ~9.5o. The existence of 
the 001 peak reveals that the nitrate molecules remain within the graphite galleries (stage II residual 
compound) while the broad peak is due to insertion of C60 molecules between graphene layers, which gives 
rise to the formation of a new intercalated graphite derivative. As the temperature increased, the 001 peak due 
to stage II residual GN progressively vanished. At 75 °C only the broad peak due to intercalated C60 between 
graphene sheets remained and no changes were observed upon further heating, indicating that fullerenes acted 
as robust pillar molecules between the graphene layers. From the value of the basal d001spacing of 9.3 Å of this 
compound an inter-sheet separation of L = 9.3 – 3.3 = 6.0 Å was deduced, where the value of 3.3 Å represents 
the thickness of a graphene sheet. This value is reasonably close to the size of C60 (~7 Å) and a similar 
interlayer spacing has been observed upon intercalation of fulleropyrrolidine derivatives in smectite 
nanoclays.27 Employing the Debye-Scherrer equation, the thickness of the coherently diffracting domains or 
mean crystalline dimension, t, can be calculated: t = Kλ/β cosθ,13 where K is a constant near unity (K = 0.91), 
λ is the X-ray wavelength (λ = 1.5418 Å), θ is the angular position of the first diffraction peak, and β is the 
broadening of the 001 line  
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Figure 5.2. Temperature dependent X-ray diffraction patterns of GN/C60 

 

diffraction line (calculated as full width at half of the peak height and expressed in radians). Thus the 
crystalline dimension of the GN/C60 hybrids were estimated as 19.3 Å. As a consequence, the average stacking 
height of the layers, estimated by the formula N = t/d, where N is the number of diffracting layers along the c-
axis and d is the 001 spacing of one layer (in Å), was found to be equal to 2.This suggests that an important 
exfoliation has occurred and that the intercalated hybrid is present as bilayers. 

 

5.3.2 X-ray photoelectron spectroscopy  

To gain insight into the elemental composition and the chemical state of the elements that make up the 
pillared compound, XPS spectra of graphite, GN and of the GN/C60 hybrid were collected before and after 
heating at 400 °C (under vacuum) and are presented in Figure 5.3. The C 1s core level region of the XPS 
spectrum of natural graphite displays only one narrow peak at a binding energy of 285.0 eV, indicative of the 
good quality of the starting material. After intercalation of nitric acid, the C 1s line of GN exhibits four 
contributions at 285.0 eV, 286.2 eV, 287.2 eV and 289.0 eV. The peak at 285.0 eV (C1) originates from the 
carbon-carbon bonds of the hexagonal lattice, and accounts for 87.5% of the total carbon intensity. The 
contribution at 286.2 eV (C2) is due to in C-N and C-O bonds (7.8% of the total carbon intensity), while the 
spectral intensity at 287.2 eV (C3) and 289.0 eV (C4) arises from the carbonyl (3.6%) and carboxyl groups 
(1.3%), respectively. The data suggest that the synthesis of GN did  
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Figure 5.3. The C 1s core level region of the XPS spectra of natural graphite, graphite nitrate, and graphite nitrate 
intercalated with C60 (GN/C60) before and after heating at 400 °C under vacuum. 

 

not importantly affect the graphene lattice since less than 8% of graphite results functionalized by oxygen and 
nitrogen containing groups creating defects on the lattice. These findings are in accordance with those 
obtained by Raman Spectroscopy (see below). On the other hand, the C 1s core level region of the XPS 
spectrum of intercalated GN/C60 (before heating) reveals the successful intercalation of fullerene whose 
fingerprint is the shake-up feature centered at 291.3 eV.28,29 Moreover, the same distinct carbon peaks of GN 
are also observed in the GN/C60 hybrid, however, the relative intensities of these four C1s components are 
quite different from those of GN. In fact, in the GN/C60 hybrid, the spectral intensity of the C2, C3 and C4 
species seems to be increased with respect to that of the C1 species. 16.5% of the total C1s intensity arises 
from the carbon bound to nitrogen and carbon bound to oxygen (C2), 22.4% comes from the carbonyl groups 
(C3), while 6.6% stems from the carboxyl groups (C4). This phenomenon could be explained due to the 
important exfoliation deduced from the XRD data, which causes the photoemission signal of the C2, C3 and 
C4 functionalized carbon groups situated mainly at the edges of the carbon sheets to be less attenuated. In 
addition, after annealing of the GN/C60 material at high temperature (400 oC) under vacuum, a significant 
reduction of the oxygen/nitrogen containing functional groups is evident from the decreased intensities of the 
C2, C3 and C4 species, attesting to the good quality of the graphene sheets, while the shake-up peak at 291.3 
eV remains, confirming the presence of C60 molecules between the graphene layers. In detail, after heating the 
hybrid material 81.7 % of the total C 1s intensity corresponds to carbon-carbon bonds of the aromatic ring of 
graphite, as well the fullerene molecules. Based on the XPS intensities, one also deduces that the oxygen level 
of the hybrid nanostructure approaches 3 atomic%; in comparison with other intercalation methods of graphite 
reported up to now,30 this oxidation level is extremely low.  
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 Since an element’s photoemission intensity is directly proportional to its atomic percentage in the 
probed volume, from the carbon and nitrogen 1s intensities in GN and GN/C60 reported in Table 5.1 one can 
calculate the intercalation yield. The ratio between the carbon to nitrogen intensities (IC1s:IN1s) is 12.1 in the 
pristine GN, and increases to approximately 15.8 after intercalation of C60. Assuming that this increase in 
carbonaceous material is due to the insertion of fullerene into the graphite nitrate matrix (C+

48•NO3
-·2HNO3 ) 

and hence neglecting the possibility of inserting toluene together with C60, we can estimate the intercalation 
yield as one C60 molecule on every 155±5 carbon atoms of graphite nitrate. 

 

Table 5.1. Chemical composition of GN and GN/C60 

 

 

5.3.3 Raman spectroscopy 

Raman spectroscopy is a widely used tool for the characterization of carbonaceous materials and 
exhibits similar features for all types of carbons in the spectral range between 800 cm-1 and 2000 cm-1. 
Typically, the spectra show the so-called G band (around 1580 cm-1) assigned to the E2g vibrational mode of 
carbon atoms in a hexagonal lattice,31 as well as the D band (at around 1350 cm-1), which is indicative of the 
degree of disorder in the symmetry of the graphite lattice due to the presence of defects.32 Figure 5.4 presents 
the Raman spectra of the pristine graphite and GN, as well as of the GN/C60 hybrid. The starting graphite 
material can be classified as defect free and well-ordered since the D band is absent. After intercalation of 
nitrate molecules/anions the sharp G peak splits in two peaks at 1580 cm-1 and 1610 cm-1, respectively. The 
splitting of the G band upon intercalation arises primarily from the symmetry changes since every graphitic 
layer is now adjacent to an intercalant layer on one side and to a graphene sheet on the other.33,34 Upon 
intercalation of C60 the intensity ratio of these two bands changes and they broaden considerably: the G band 
centered at 1580 cm-1 dominates the spectrum and the split peak has become so broad that it is visible only as 
a small shoulder. In addition, in the Raman spectrum of GN/C60, a new peak located at 1445 cm-1 assigned to 
the prominent pentagonal pinch mode (Ag(2)) of C60 reveals  



64 

 

 

Figure 5.4. Raman spectra of Graphite, GN and GN/C60 at room temperature with a laser excitation line at 532 nm. 

 

the presence of fullerene in the final hybrid material. In fact, this peak is down-shifted 24 cm-1 from the Ag(2) 
mode of fullerite (1469 cm-1).35 This shifted value is typical for C60 adsorbed on surfaces where the molecule 
interacts only weakly, such as H-terminated Si36 or CO pre-covered Cu(001)37, i.e. where neither covalent 
bonding nor charge transfer occur. One can also see that a small amount of structural disorders is introduced 
upon intercalation of fullerenes, which translates into the appearance of a small D band (1350 cm-1); however, 
the low relative intensity of the D band with respect to the G band (ID/IG ~0.3) is an indication of a fairly well 
ordered, defect-poor intercalated material.31 A contribution to the existence of the D band may also come from 
any remaining toluene adsorbed acting as a donor, transferring electrons to the graphene sheets38,39. 

 

5.3.4 Thermogravimetric (TGA) analysis 

To investigate the stability of GN and GN/C60, thermogravimetric (TGA) analysis was performed. We 
first compared pure graphite and graphite nitrate before and after heating the sample at 100 °C under air; the 
results are shown in Figure 5.5. Pristine graphite decomposed at temperatures above 680 °C, while GN 
displayed a 23.3% weight loss up to 100 oC, which was related to the removal of nitrate molecules/anions, and 
water molecules from the interlayer space of graphite and combusted at lower temperatures (570 °C) than 
pristine graphite. In the TG curve of GN collected after heating the sample at 100 oC, the first weight loss step 
is absent and the combustion of the graphite lattice was taking place at the same temperature as for GN that 
had not been heated, indicating that nitrate anions were efficiently removed from the graphene galleries 
without influencing the carbon structure. The lower temperature (with respect to pristine graphite) at which 
graphitic layers of GN and heated GN started to decompose  
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Figure 5.5. Thermogravimetric analysis curves of pristine graphite, graphite nitrate and graphite nitrate after heating at 
100 °C (in air) 

 

Figure 5.6. DTA/TGA curves of graphite nitrate intercalated with C60 (GN/C60). Inset: TGA curve of pure C60. 

 

indicated that opening the interlayer space through intercalation facilitates the access to oxygen even after the 
intercalant has been evacuated. 

After the intercalation of C60 into GN, TGA and differential thermal analysis (DTA) were carried out 
(Figure 5.6) to define the characteristics of this hybrid pillared material. GN/C60 showed a 6% weight loss up 
to 150 °C, related, as for GN, to the removal of both nitrate species and intercalated water. Above this 
temperature, in the DTA curve exhibits three exothermic peaks. A 17% weight loss between 230 °C and 380 
°C, with the exothermic peak centered at 290 °C, is attributed to the removal of oxygen-containing species 
(see XPS spectra discussed above) from the edges of the graphene sheets and of any toluene co-inserted with 
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C60 via adsorption. Toluene is acting as a donor, transferring electrons to graphene.38,39 The second exothermic 
peak centered at 445 °C is assigned to the oxidation of intercalated fullerene molecules based on the 
comparison with the TGA curve of pure fullerene (see inset Figure 5.7). From the weight loss curve between 
380 °C and 500 °C, we estimated that about 25 wt% of the total mass corresponds to fullerene molecules 
incorporated in the hybrid. These results are in accordance with the XPS data where we observe an increase of 
the IC1s:IN1s ratio of approximately 25%. Finally, for temperatures above 500 °C, the exothermic peak centered 
at 555 °C originates from the combustion of high purity graphite.40 This temperature is lower than that of 
pristine GN (see Figure 5.6) and an explanation for this acceleration of the combustion might be that because 
of the fast temperature rise the graphene layers have no time to re-stack via Van Der Waals interaction.40 From 
the TG curve, the total amount of the graphene-based matrix is estimated to be 52 wt% of the overall mass of 
the hybrid material. 

 

5.4 Conclusions 

In conclusion, we demonstrated the successful intercalation of pure fullerene in high quality graphite 
nitrate derived from reaction of pristine graphite with fuming nitric acid. The nitrate anions play the role of co-
intercalant enabling C60 molecules (using toluene as solvent) to penetrate between the graphene layers. 
Heating to temperatures where the nitrate anions diffuse out of the structure yields fullerene-pillared graphene. 

The presence of intercalated fullerene molecules between the graphene sheets is deduced from X-ray 
diffraction as well as from Raman, and the spectroscopic techniques demonstrate that the quality of the 
graphene layers is not compromised by the intercalation. A quantification of the interaction yield was derived 
from thermogravimetric analysis and X-ray photoemission data, giving 25 at% fullerene molecules 
intercalated in the pillared structure.  

The present method opens new perspectives for the intercalation of various guest molecules in 
graphite also because graphite nitrate allows for functionalization processes following the very well 
established carbon chemistry. Pillaring structures based on graphene (using different type of organic/or 
inorganic pillars in between the graphene layers) may lead to new types of porous materials suitable as 
catalysts, catalytic supports or adsorbents for gas storage applications. 
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Chapter 6 

 

Towards novel multi-functional pillared layered 

nanostructures: effective intercalation of adamantylamine 

in graphene oxide and smectite nanoclays 

 

 This Chapter describes a new approach for the synthesis of multi-functional materials by the 

intercalation of adamantylamine (ADMA) molecules into the interlayer space of graphite oxide, 

montmorillonite and laponite clay. We demonstrate that the hybrid materials thus created have great potential 

for employment in environmental remediation and biomedicine because they are highly effective in the 

removal of organic pollutants (e.g. chlorophenols) from aqueous solutions and exhibit remarkable cytotoxic 

behaviour. 

 

6.1 Introduction  

Diamondoids have been extensively studied in recent years due to their successful applications in diverse 
fields of nano- and biotechnology1 which rely on the physical and chemical properties2 imparted by their 
unique (cage-like) structure of tricyclic saturated hydrocarbons. Thus, a huge number of adamantane 
derivatives and composites have been prepared and analysed. Many applications have been reported in the 
literature for these “molecular diamonds” including their use in nanotechnology as templates, or molecular 
building blocks for the synthesis of novel catalysts3 high temperature polymers,4 or hybrid nanostructures.5-7 
In the pharmaceutical industry they are employed in drug delivery and as drug targeting agents,8 as well as in 
antiviral drugs (influenza A)9 and in the treatment of Parkinson and Alzheimer.10 To further extend the use of 
diamandoids, host guest chemistry can help to tune or protect the properties of these molecules. In this 
context, adamantylamine (ADMA), a crystalline adamantane derivative with a covalently attached amino 
group, is expected to be an ideal pillaring/building block to be incorporated in layered host materials such as 
layered aluminosilicate clays or graphene oxide (GO), giving rice to new hybrid  multifunctional 
nanostructures. 

Layered materials represent a diverse and largely untapped source of two-dimensional (2D) nanosystems 
with high specific surface area and exceptional physicochemical properties that are important for applications 
such as catalysis, sensing, environmental remediation, biotechnology, and energy storage.11-16 The nature of 
the microenvironment between the 2D nanometer-sized sheets regulates the topology of the intercalated 
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molecules and affects possible supramolecular rearrangements or reactions, such as self-assembling processes 
that are usually not easily controlled in solution.17 Smectite clays and graphene oxide are two archetypical 
layered materials which have long been investigated. Smectite clays are layered minerals consisting of 
aluminosilicate nanoplatelets, with a unique combination of swelling, intercalation and ion exchange 
properties that make them valuable nanostructures18 for use as catalysts,19 templates in organic synthesis,20 
building blocks for composite materials,21 or adsorbents of inorganic and/or organic pollutants.22,23 In most of 
the cases the intercalation process is a simple ion-exchange procedure between the hydrated cations present in 
the galleries of the clay and organic/or inorganic cation moieties. Unlike the intercalation of graphite, the one 
of smectite clays does not involve necessarily charge transfer between the host and the guest species. One the 
other hand, graphite oxide (GO) is an oxygen rich derivative of graphite decorated with hydroxyl, epoxy, and 
carboxyl groups on the basal planes and edges of carbon sheets.24 These functional groups are created by 
strong oxidation and distributed randomly on the GO sheets, generating aliphatic regions (sp3-carbon atoms). 
Due to the existence of such hydrophilic moieties, GO presents similar properties with smectite clays in that it 
is prone to swelling and intercalation. Both GO and intercalated GO are being considered for numerous 
applications such as supercapacitors,25 high mobility transistors,26 lithium batteries,27 hydrogen storage, 
absorbers for organic moieties28 and for the removal of pollutants (e.g. chlorophenols) from aqueous solutions. 
In contrast to clays, the intercalation process of GO involves covalent bonding of guest molecules to the 
oxygen-containing groups on the GO surfaces (nucleophilic substitution reactions). It has been demonstrated 
that, under proper conditions, GO can be exfoliated in water forming colloidal suspensions of single graphene 
oxide sheets.29 

In this chapter, we report on the intercalation of adamantylamine into two types of layered matrices, 
graphene oxide and smectite nanoclay. Intercalation of ADMA in montmorillonite proceeds through a simple 
cation exchange reaction while in the case of GO, the adamantane derivative is inserted in the graphene 
interlayers and is covalently bonded via chemical grafting on the epoxy groups on the GO surfaces. 

 

6.2 Experimental section 

Host layered materials. Graphene oxide was produced from graphite powder using a modified 
Staudenmaier’s method.30 (see chapter 2.2.1). The clays used in this work were a natural Wyoming 
montmorillonite (SWy-2) (see chapter 2.2.2) with cation exchange capacity (CEC) of 78 meq/100 g clay, and 
a synthetic trioctahedral hectorite, Laponite RD (Lap), produced by Laporte Industries Ltd. with structural 
formula Na0.8[Mg5.4Li0.4]Si8O20(OH)4, a CEC of 48.1 meq/100 g clay and average particle size 20 nm.  SWy-2 
was fractionated to <2 µm by gravity sedimentation and purified by standard methods in clay science (see 
chapter 2.2.2).  

Preparation of clay-adamantylamine hybrids. a. Intercalation of montmorillonite: 300 mg of Na-SWy-2 
dispersed in 100 mL distilled deionized water were reacted with 50 mg of 1-adamantylamine (97%, Aldrich) 
dissolved in 20/1 (v/v) ethanol/water. This amount corresponds to 1.5 times the CEC of SWy-2 montmorillonite. 
5 drops of HCl 1M were then added and the mixture was stirred at room temperature for 24 hours. The residue 
was separated by centrifugation, washed three times with distilled deionized water and air-dried by spreading 
over a glass plate (product: SWy-2/ADMA). b. Intercalation of laponite: 300 mg of laponite dispersed in 100 
mL distilled deionized water were reacted with 30 mg of 1-adamantylamine (97% Aldrich) dissolved in 20/1 
(v/v) ethanol/water. This amount corresponds to almost 1.5 times the CEC of Laponite. The residue was 
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separated by centrifugation, washed three times with distilled deionized water and air-dried by spreading over a 
glass plate (product: Lap/ADMA). 

Preparation of graphene oxide-adamantylamine hybrid. In a typical experiment, 300 mg 1-adamantylamine 
were dissolved in ethanol (50 mL) and added dropwise to a dispersion of GO in distilled deionized water (100 
mg GO in 50 mL) under vigorous stirring. Upon addition of adamantylamine the GO solid swelled instantly. The 
reaction continued for 24 h at room temperature. The GO derivative was isolated by centrifugation and washed 
three times with 1:1 (v/v) ethanol/water and dried in air (GO/ADMA).  

Characterization Techniques 

X-ray diffraction: (see chapter 2.1.2 b)  

Infrared spectra:  (see chapter 2.1.4) 

For optical absorption measurements we used a Perkin Elmer Lambda-35 UV-vis (10 mm quartz cells, (200-900 
nm) spectrometer. 

X-ray photoelectron spectroscopy: See chapter 2.1.1. Here evaporated 150 nm thick gold films supported on 
mica were used as substrates. All the samples were dispersed in distilled deionized water, and after stirring and 
sonication for 30 min, a small drop of the dispersion was left to dry in air on the substrate. An electron flood gun 
providing 0.3 eV kinetic energy electrons in combination with a gold grid about 1mm above the sample (in the 
case of clays and clay nanocomposites) was used to compensate for sample charging. All binding energies of GO 
and SWy-2/ADMA were referenced to the C 1s core level of the C-C bond set to the nominal value of 285.0 
eV,31 while in the case of smectite clay, all binding energies were referenced to the Si 2p core level of clay at 
102.8 eV.32  

For nitrogen adsorption-desorption isotherms: (see chapter 2.1.7)  

Cell lines and cell culture: Leiomyosarcoma cells from Wistar rats after chemical carcinogenesis (LMS), human 
lung cancer cells (A549) and normal human foetal lung fibroblasts (MRC-5), were used in this study. Cells were 
cultured in culture medium DMEM (Dulbecco’s Modified Eagles Medium) enriched with 10% foetal bovine 
serum (FBS), 100 IU/mL penicillin, 100 µg/mL streptomycin and 1.4 mM L- Gloutamin, at 37 ºC, with 5% CO2. 
All materials were provided by Costar and PAA.33,34 

MTT assay: Cell growth inhibition was analysed using the MTT assay shown in Figure 6.1. Briefly, 3×103 
LMS and A549 and 5×103 MRC-5 cells were cultured overnight on 96-well plates and media containing 
different concentrations (µg/mL) of Lap and Lap/ADMA dissolved in sterilized water, were added. Control 
wells had only the sterilized water dose equalling amount added to the test well. After incubation for 48 h, 50 
µL of MTT were added in each well from a stock solution (3 mg/mL), and incubated for additional 3 h. The 
yielded purple formazans were re-suspended in 200 µL of DMSO, using a multi-channel pipette. The solution 
was spectrophotometrically measured (540 nm, subtracted background absorbance measured at 690 nm) using 
a microplate spectrophotometer (Multiskan Spectrum, Therno Fisher Scientific, Waltham, USA). All the 
experiments were performed in triplicate. 

Adsorption experiments of chlorophenols: (a) Swelling of materials. 10 mg of GO or GO/ADMA were 
swelled for 20 h in methanol under stirring in glass vials. Then, distilled deionized water was added to a  
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Figure 6.1 A typical 96-well plate after an MTT assay. The first row represents non treated cells (control). 
Increasing amounts of viable cells resulted in increased purple colouring. 

 

final MeOH:H2O 70:30 (v/v). 10 mg of SWy-2 or SWy-2/ADMA were swelled for 20 h in distilled deionized 
water (pH=4.5) under stirring in glass vials. After 20 h methanol was added so the final volume ratio MeOH: 
water = 70:30 (v/v). This methanol:H2O mixture was chosen for both materials, since the goal of this 
experiment was to compare the performance of the clay and GO-based materials. (b) Adsorption. The solutes 
used were 2,4,6-trichlorophenol (2,4,6-TCP) pentachlorophenol (PCP) and 2,4-dichlorophenol (2,4-DCP) 
purchased from Aldrich (purity 97%). Stock solutions of 0.8 mM 2,4-DCP, 2,4,6-TCP and PCP were prepared 
in MeOH: H2O in a ratio 70:30 v/v respectively. Adsorption experiments were performed in batch. In 10 mg 
of swelled dispersion, standard additions of 2,4-DCP, 2,4,6-TCP or PCP were performed at concentrations 
ranging between 7 µM and 70 µΜ. The pH of the reaction mixture was adjusted using NaOH to pH=5.3 for 
both 2,4-DCP and 2,4,6-TCP and 4.5 for PCP to ensure the presence of protonated form of the phenols since 
the pKa of 2,4-DCP is 6.79, the pKa of 2,4,6-TCP is 6.23 and the pKa of PCP is 4.7.35 Screening the 
experiments showed that the adsorption was completed in 90 min. Thus, our measurements were performed 
after 2 h of incubation to ensure adsorption equilibrium. Then the samples were centrifuged and UV-Vis 
spectra of supernatants were measured in quartz cuvettes 6Q, 1x1cm. Controls were run for chlorophenols 
solutions every 2 h with no solid material in the reaction mixture. The UV-Vis spectra were recorded using a 
Perkin-Elmer Lambda-35 double beam spectrometer.  

 

 

6.3 Results and discussion  

Since clay is a natural material, some ions are always substituted by other cationic species: typically Al3+ 
for Si4+ in the silica tetrahedral layers and Mg2+ for Al3+ in the alumina octahedral layer. These substitutions 

No drug 100% growth 

 

 

Drug concentration increasing  

 

 

Highest Concentration 



73 

 

leave the clay platelets negatively charged and charge neutrality is achieved by (hydrated) cations (usually 
sodium)  

 

 

Scheme 6.1 Schematic representation of the intercalation process of adamantylamine (ADMA), after the 
protonation of the amine end groups, into the inter-lamellar space of the clay. The bold lines represent the negatively 

charged clay platelets.  

 

Scheme 6.2 Schematic representation of the synthesis procedure of GO/ADMA 

 

present in the interlayer space. Synthetic clays, like LAP are artificially fabricated to have similar properties. 
These charge balancing cations can be substituted by organic/or inorganic cationic species and this constitutes 
an easy way for intercalation of water soluble cationic moieties in the interlayer galleries of clay minerals.18a 

The incorporation of adamantylamine into the interlayer space of the clay involves an initial protonation of the 
terminal amine groups in order to form cationic adamantane species. The intercalation of positively charged 
adamantane molecules, readily dispersed in aqueous solution, is achieved by ion-exchange of the charge 
balancing monovalent Na+ cations with the diamondoid derivative according to the reaction (Scheme 6.1).  
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Contrary to clay minerals, GO does not contain charge balance cations, thus intercalation is obtained 
by functionalization of the GO surface and/or adsorption of molecules held between the galleries by van der 
Waals interactions. The oxidation and subsequent (partial) exfoliation by chemical treatment has been 
established first in 1962 (see also Chapter 2).36,30 ADMA was intercalated in oxidized graphene leading to new 
pillared hybrid structures. A schematic representation of the reactions is presented in Scheme 6.2. A water 
dispersion of GO was used as the host material, while the ADMA was diluted with distilled deionized water 
and then added to the GO solution. An immediate flocculation of GO particles was observed, a phenomenon 
induced by the insertion of adamantylamine into the GO galleries through covalent bonding via the amine 
functionality of the adamantane derivative (see XPS data below). The interaction of primary aliphatic amines 
with GO is taking place mainly through chemical grafting of the amine end groups onto the GO surfaces via a 
ring opening reaction of the epoxy groups of GO.29 

 

6.3.1 X-ray diffraction 

X-Ray diffraction is one of the most powerful characterization techniques to demonstrate the success 
of the intercalation reaction because it allows estimating the interlayer d001 spacing between GO sheets. The 
XRD patterns of GO/ADMA, SWy-2/ADMA and Lap/ADMA are displayed in Figure 6.2. The insertion of 
adamantylamine between the aluminosilicate and graphene oxide layers causes an increase of the  

 

 

 

Figure 6.2 XRD patterns of the hybrid pillared systems (A) SWy-2/ADMA, (B) GO/ADMA and (C) Lap/ADMA in 
comparison with pristine layered matrices (Lap, SWy-2 and GO) 
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interlayer distance. More specifically, for intercalation in SWy-2 clay (Figure 6.2 B), the basal d001-spacing, 
which is 12.4±0.3 Å in the initial montmorillonite clay, becomes 15.6±0.4 Å after the modification, which 
corresponds to an interlayer separation of 15.6-9.6 = 6 Å, where 9.6 Å represents the thickness of a clay 
layer.37 The results for laponite (Figure 6.2 C) are similar to those for montmorillonite: the basal d001-spacing, 
which is 12.0±0.3 Å in the initial laponite clay, becomes 15.5±0.4 Å after the intercalation of 
adamantylamine; this corresponds to an interlayer separation of 15.5-9.6 = 5.9 Å. This value is in accordance 
with the size of the adamantylamine molecule if we assume an orientation perpendicular to that of the 
aluminosilicate platelets.38 In the case of GO/ADMA (Figure 6.2 A), the 001 diffraction peak centred at ~12o 
in pristine GO shifts to lower angles corresponding to a d001-spacing of 10.4±0.3 Å. Taking into account the 
thickness of a graphene oxide layer (6.1±0.2 Å),39 this corresponds to an interlayer separation of ∆ = 10.4 – 6.1 
= 4.3 Å occupied by the ADMA pillaring moieties. This value implies that the flexible amine groups of the 
adamantane must adopt an inclined orientation in the GO galleries.40 

 

6.3.2 FTIR spectroscopy 

An additional tool for the characterization of hybrid pillared materials is FTIR spectroscopy, which 
can confirm the successful incorporation of the adamantane derivative in the layered matrices. Figure 6.3 
displays the FTIR spectra of SWy-2 and GO before and after the pillaring process. In the case of SWy-
2/ADMA, the spectrum displays all the characteristic bands arising from aluminosilicate clay mineral, at 465 
cm-1 (Si-O-Si and Si-O bending vibrations), 524 cm-1 (Si-O-Si bending), 778 cm-1 (Si-O deformation), 797 cm-

1 (Si-O and Si-O-Al stretching), 884 cm-1 (Al-Fe-OH deformation), 918 cm-1 (Al-  

 

 

Figure 6.3 FTIR spectra of the hybrid pillared systems SWy-2/ADMA, GO/ADMA (left) and Lap/ADMA 
(right); the FTIR spectra of pristine SWy-2 and GO are plotted for comparison. 



76 

 

OH-Al bending), 1047 cm-1 (Si-O-Si stretching) and 1639 cm-1 (H2O bending). In addition, the presence of 
adamantylamine in the hybrid material is revealed by the bands centred at 2863 cm-1 and 2921 cm-1 
corresponding to stretching vibrations of C-H, as well as from the peak at 1520 cm-1, due to N-H vibrations. 
Analogously the FTIR spectrum of Lap/ADMA after the pillaring process displays not only the characteristic 
bands arising from the aluminosilicate clay but also a peak at approximately 1515 cm-1, due to N-H vibrations 
testifying the intercalation of the adamantylamine moieties in between the clay sheets. Moreover, in the case 
of GO/ADMA the same peaks originating from the ADMA molecules are also present in the spectrum, 
together with the characteristic bands arising from pristine GO at 3410 cm-1 (hydroxyl stretching vibration of 
C-OH groups), 1621 cm-1 (C=O stretching vibrations of the -COOH groups), 1396 cm-1 (assigned to the O-H 
deformations of the C-OH groups) and 1062 cm-1 (C-O stretching vibrations).41 

 

6.3.3 X-ray photoelectron spectroscopy 

To verify the presence and integrity of the adamantylamine cycloalkanes within the layered 
nanostructures, as well as to analyse the chemical environment of ADMA, we employed X-ray photoelectron 
spectroscopy (XPS). The C 1s XPS spectrum of GO/ADMA (Figure 6.4) reveals the characteristic 
contribution of C-C/C-H bonds of the GO lattice and adamantane cyclohexane ring centred at a binding 
energy of 285.0 eV, which amount to 54.3% of the total carbon 1s intensity. The peak at 286.3 eV is due to C-
O/C-N bonds and represents 23.8 % of the total carbon 1s intensity. Finally two components at 287.9 eV and 
289.6 eV are attributed to carbonyl (C=O) and carboxyl (O-C=O) groups, respectively, which are created on 
the basal planes and at the boarders of the carbon sheets after the acid treatment.  

The N 1s core level region of the XPS spectrum of GO/ADMA, plotted in Figure 6.5, exhibits two 
main peaks, located at 399.8 eV and 401.5 eV. They arise from the amine end groups of ADMA chemically 
grafted to the epoxy groups of GO,42 and from protonated amines ionically bonded to the carboxylic acid 
anionic groups of GO, respectively. In fact, the corresponding spectrum of pristine ADMA, plotted in the 
same figure for comparison, is deconvoluted into two photoelectron peaks, one at 400.1 eV, which is 
attributed to the amine groups of the organic molecule43 and a second one at 401.5 eV due to protonated 
amines. After intercalation no amine peak is found but a contribution typical of C-N-C bonds at 399.8 eV, 
indicating the successful functionalization of ADMA in the GO galleries, while the protonated groups remain 
at the same binding energy value. 
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Figure 6.4 C 1s core level region of the X-ray photoelectron spectra of GO/ADMA 
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Figure 6.5 Comparison of the N 1s core level region of the XPS spectra of adamantylamine and of the GO/ADMA 
hybrid 

 

Figure 6.6 XPS survey spectra of montmorillonite clay before (SWy-2) and after intercalation of adamantylamine (SWy-
2/ADMA). 
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XPS measurements were also carried out for the SWy-2/ADMA hybrid system. The survey spectra of 
SWy-2 and SWy-2/ADMA are shown in Figure 6.6. Characteristic photoelectron and Auger peaks of O, Si, 
Al, and Mg are clearly distinguishable in the spectrum of pristine montmorillonite clay. A small carbon peak 
appears, mainly due to contamination from adventitious carbon species always present on the outer surface of 
air exposed materials, but also due to soil organic matter present in natural clay minerals. After the insertion of 
ADMA a pronounced increase in the intensity of the carbon signal is observed and confirms the presence of 
adamantylamine inside the clay galleries. Quantitatively, the incorporation of ADMA molecules in the clay is 
determined by measuring the ratio between the carbon 1s and the silicon 2p core level photoemission 
intensities before and after the intercalation process, as shown in Figure 6.7. The C 1s / Si 2p intensity ratio 
increased from 1.42±0.06 before the incorporation of adamantylamine to 2.79±0.11 after the introduction of 
ADMA. The presence of the amine terminal groups on adamantane is deduced from the N 1s photoelectron 
spectrum, presented in Figure 6.8. 

 

Figure 6.7 C 1s and Si 2p core level regions of the X-ray photoelectron spectra of SWy -2 and SWy-2/ADMA. The 
calculated intensity ratio C 1s/Si 2p is indicated. 
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                         Figure 6.8 N 1s core level region of the X-ray photoelectron spectrum of SWy-2/ADMA 

6.3.4 Thermogravimetric and differential thermal analysis 
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Thermogravimetric (TGA) and differential thermal analysis (DTA) of pure graphite, graphene oxide 
and the GO/ADMA are displayed in Figure 6.9. The DTA curve of graphite exhibits one exothermic peak at 
700 ºC due to the combustion of carbon layers, while in the case of graphene oxide we  
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Figure 6.9 Thermogravimetric (TGA) and differential thermal analysis (DTA) of pure graphite, of graphene 
oxide and of the GO/ADMA hybrid. 
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have the presence of two exothermic peaks centred at 250 ºC and 500 ºC, which correspond to a 30% and a 
50% weight loss, respectively. These peaks are attributed to the removal of oxygen containing functional 
groups, created after the acid treatment of graphite (first peak), and to carbon combustion  

 

 

Figure 6.10 (A) DTA and TGA curves of SWy-2/ADMA and (B) DTA and TGA curves of Lap/ADMA 

 

(second peak).44 In the case of GO/ADMA, the DTA curve exhibits one exothermic peak at ~201 °C with 30% 
weight loss, ascribed to the removal of oxygen functional groups, while the combustion of the carbon layers 
appears at 540 ºC. The weight loss observed in the temperature range 280–400 °C originates from the 
combustion of the amino groups of adamantylamine and represents ~8% of the total mass of the material. 

In the thermogravimetric analysis of the hybrid system SWy-2/ADMA shown in Figure 6.10 A, we 
observe at 100 °C a weight loss of about 5%, attributed to the removal of physisorbed water. Above 100 °C 
and up to 400 °C a weight loss (with the exothermic peak centred at 274 ºC) in the range of 3-4% occurs, 
which is due to the calcination of the amino groups of adamantylamine. Moreover, between 400 ºC and 700 ºC 
another weight loss 8.5% is observed, which is due to combustion of the cycloalkane of adamantylamine. 
Based on the latter two weight losses, we estimate that the amount of intercalated adamantylamine in the 
hybrid material corresponds to ~12,5 wt % of the total mass. Thermogravimetric (TGA) and differential 
thermal analysis (DTA) of Lap/ADMA are displayed in Figure 6.10 B. In the thermogravimetric analysis of 
the hybrid system we observe at 100 °C a weight loss of about 6.5%, attributed to the removal of physisorbed 
water. Above 100 °C and up to 400 °C a weight loss of 12 % which is due to the calcination of the amino 
groups of adamantylamine. Finally, between 400 ºC and 750 ºC another weight loss of 8 % is observed, which 
is due to combustion of the cycloalkane of adamantylamine. The two observed thermogravimetric weight 
losses between that range (400 ºC and 750 ºC) is due to the different orientation of the adamantylamine 
molecules in the interlayer space of the laponite clay.  
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Figure 6.11 N2 adsorption (filled circles)-desorption (open circles) isotherms from (left) montmorillonite clay 
intercalated with adamantylamine (SWy-2/ADMA) and (right) graphite oxide intercalated with adamantylamine 
(GO/ADMA) (measured according to the BET analysis). 

  

Table 6.1 Specific surface area values for graphite oxide (GO), GO intercalated with adamantylamine (GO/ADMA), 
montmorillonite clay (SWy-2) and montmorillonite clay intercalated with adamantylamine (SWy-2/ADMA) 

 

 

 

 

 

 

 

 

6.3.5 Nitrogen adsorption-desorption measurements 

Nitrogen adsorption-desorption measurements (at 77 K) were performed on both hybrid materials in 
order to determine the porosity in each case. The adsorption-desorption isotherms are plotted in Figure 6.11 
and Table 6.1 shows the specific-surface-areas (SBET) obtained from these curves through BET analysis (as 
explained in appendix C of this thesis) for the intercalated hybrid nanostructures GO/ADMA and SWy-
2/ADMA, as well as the SBET values calculated for pristine GO and SWy-2 (isotherms not  reported here). The 
specific surface area of pure GO (~9 m2 g-1) is small indicating that N2 can only adsorb on the external 
surfaces of GO, while the interlayer space of GO is inaccessible to the gas. The extremely low SBET value 
points to a “paraffin-like” behaviour of the material,45 which is also evident from the appearance of the 
material. However, for the GO/ADMA hybrid the specific surface area is four times higher (37 m2 g-1) than for 
GO, supporting the hypothesis that adamantylamine acts as pillaring species. In fact, this result implies that 
nitrogen adsorbs not only on the external surface but in the pores between the adamantine pillars. The specific 
surface area was even larger (135 m2 g-1) in the case of SWy-2/ADMA. 

 Specific Surface Area (SBET) 

(m2g-1) 

GO 9 

GO/ADMA 37 

SWy-2 65 

SWy-2/ADMA 135 

SWy-2/ADMA GO/ADMA 
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Figure 6.12 Left panel: UV-Vis spectra of 20 µM 2.4.6-trichlorophenol (TCP, red curve), 2.4-dichlorophenol (DCP, 
black curve) and pentachlorophenol (PCP, green curve) in MetOH:H2O 70:30 v/v. The arrows mark the peaks used for 
quantitative analysis of adsorption. Right panel: UV-vis spectra of 2.4.6-trichlorophenol (TCP) and 2.4-dichlorophenol 

(DCP) adsorbed on SWy-2/ ADAM prepared with 1.5 and 3.0 CEC). 

 

6.3.6 Suitability of the SW-2/ADMA hybrid material for environmental 
remediation: adsorption of phenolic compounds† 

a. SWy-2/ADMA  

In view of possible applications for these new hybrid materials, we tested whether SWy-2/ADMA is 
capable of adsorbing organic pollutants (phenol derivatives) from solution. For these experiments 
SWy-2/ADMA hybrids were prepared with an amount of adamantylamine equal to 1.5 and 3.0 times the CEC 
of the clay.  

The left panel of Figure 6.12 presents UV-Vis spectra for 2,4,6-TCP and 2,4-DCP and PCP. 
Quantification of the chlorophenols was done using the peak at 280 nm for 2,4-DCP, 290 nm for 2,4,6-TCP 
and 210 nm for PCP marked by arrows. By comparing these UV-Vis spectra for solutions with known phenol 
concentrations with the corresponding spectra recorded after adsorption on pristine SWy-2 and on the two 
types of SWy-2/ADMA hybrids – see examples in the right panel of Figure 6.12-, we could calculate the 
concentration of chlorophenol adsorbed in each case and compile the adsorption isotherms. 

 In Figure 6.13 the adsorption isotherms of 2.4.6-trichlorophenol (TCP), 2.4-dichlorophenol (DCP) and 
pentachlorophenol (PCP), in the starting material (SWy-2) and in two types of SWY-2/ADMA are shown. The 
adsorption isotherms show a plateau at increased chlorophenol:clay ratios which defines the maximum 
adsorption capacity of the material, listed in Table 6.2. As evident from the isotherms, TCP and DCP phenols 
adsorb in the interlayer space of the pristine clay as well as in the pores of SWy-2/ADMA while the 
adsorption of PCP remained zero in all cases. From Table 6.2 we notice that the adsorption of the various 
phenols followed a consistent trend for all materials:  

DCP>TCP>PCP. 



83 

 

 

 

Figure 6.13 (A) Langmuir adsorption isotherms of 2,4-DCP on pristine SWy-2 clay (�), SWy-2/ADMA prepared with 
1.5 CEC and (�)SWy-2/ADMA prepared with 3.0 CEC (�), (B) Adsorption isotherms of 2,4,6-TCP on pristine SWy-2 
clay (�), SWy-2/ADMA prepared with 1.5 CEC () and SWy-2/ADMA prepared with 3.0 CEC (�), (C) Adsorption 

isotherms of PCP on pristine SWy-2 clay (�), SWy-2/ADMA prepared with 1.5 CEC (�), and SWy-2/ADMA prepared 
with 3.0 CEC ( ). 

 

Table 6.2 Maximum adsorption capacity for chlorophenol [mM per mg] of montmorillonite clay and graphene oxide and 
of their derivatives SWy-2/ADMA and GO/ADMA. 

Chlorophenol SWy-2 SWy-2/ADMA 
prepared with 

1.5 CEC of 
adamantylamine 

SWy-2/ADMA 
prepared with 

3.0 CEC of 
adamantylamine 

GO GO/ADMA 

2,4-DCP 20×10-4 22×10-4 27×10-4 0 32×10-4 

2,4,6-TCP 2×10-4 7×10-4 15×10-4 0 1.3×10-4 

PCP 0 0 0 0 0 
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The uptake of DCP was significantly higher than for TCP. Strikingly the adsorption of PCP remained 
zero in all cases; the adamantane-modified clays showed improved adsorption capacity vs. the unmodified 
ones. For example the uptake of DCP by the pristine SWy-2 clay was 19 µΜ/mg but improved to 22 µΜ/mg 
for SWy-2/ADMA prepared with 1.5 CEC of adamantylamine and to 27 µΜ/mg for SWy-2/ADMA prepared 
with 3.0 CEC of adamantylamine. 

In the case of DCP, we observed initially the same adsorption behaviour for the pristine clay and for 
SWy-2/ADMA prepared with 1.5 CEC of adamantylamine (10-2 mM DPC), but as the amount of phenol 
increases, the intercalated clay is a better absorber than the pristine one. This trend reverts when the 
concentration of adamantylamine in the hybrid is increased: SWy-2/ADMA prepared with 3.0 CEC of 
adamantylamine adsorbs significantly higher amounts of DCP for all concentrations of the added phenol and 
shows a 40% enhanced uptake compared to the pristine clay at the highest phenol concentrations.  

For TCP phenol the two hybrids with 1.5 CEC and 3.0 CEC of adamantylamine, respectively both 
present a higher adsorption than the starting clay. It is obvious that the amount of adsorbed phenol scales with 
the amount of adamantylamine used in the preparation of the hybrid since the SWy-2/ADMA prepared with 
3.0 CEC of adamantylamine displays a 50% higher adsorption than the hybrid material synthesized with 1.5 
CEC of adamantylamine.  

Comparing the three types of chlorophenols we conclude that the intercalated clays possess higher 
capability of adsorption for DCP than for TCP while the adsorption of PCP is almost negligible. This 
difference could be explained by the molecular size of the three phenols: 2.4.6-trichlorophenol and 
pentachlorophenol are larger so they might block the pores of the pillared hybrid and thereby hamper the 
adsorption of further molecules (see physical model below). 

 

b. GO-ADMA 

In parallel with SWy-2/ADMA we studied the adsorption of organic pollutants (phenol derivatives) 
from solution on GO/ADMA. To determine the rate of the adsorption also in this case the UV-vis spectra of 
the adsorptions of DCP, TCP and PCP on graphene oxide and graphene oxide intercalated with adamantylamine 
were measured (see experimental section and above). By comparing these curves with characteristic curve for 
solutions with known phenol concentrations, we can calculate the concentration of chlorophenol adsorbed in 
each case in GO-ADMA hybrid.   

Figure 6.14 presented the resulting adsorption isotherms of 2.4.6-trichlorophenol (TCP), 2.4-
dichlorophenol (DCP) and pentachlorophenol (PCP) by modified graphene oxide with adamantane in contrast 
with the unmodified graphene oxide. As shown by the experimental results, the initial, unmodified graphite 
oxide layers appear to have no adsorption capacity, whereas, the modification of graphite oxide results to the 
adsorption of chlorophenols. GO-adamantane appears to adsorb selectively DCP while TCP or PCP was 
minimal. It is to be noted that 2.4-DCP is removed in a higher amounts in comparison to 2.4.6-TCP. This can 
be explained by the molecular size of two phenols. Thus the data in Figure 6.14 reveal that GO/ADMA can ace 
as highly-selective sorbent of DCP.  In Table 6.2 the maximum adsorption capacity for DCP was 32 µM/mg for 
GO/ADMA, which was significantly higher than that for SWy-2/ADMA (prepared with 3.0 CEC). 
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Figure 6.14 Langmuir adsorption isotherms of 2,4-DCP on pristine GO (�) and on GO/ADMA (�); of 2,4,6-TCP on 
pristine GO () and on GO/ADMA (�); of PCP on pristine GO (�) and on GO/ADMA(�). 

 

Table 6.3 Molecular volume (Å3) Chemical structure and space filling surface of different phenols (calculated with 
ChemDraw7.0) 
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c. Physical Model 

The observed differences in the uptake of PCP, 2,4,6-TCP and 2,4-DCP can be attributed to the 
difference in the molecular size of the phenols. Comparing the adsorptive capacity of two chlorophenols by 
modified clays, 2,4-DCP appears to be adsorbed much better than 2,4,6-TCP. The molecular volume of 2.4-
DCP is 60.3 Å3, whereas that of 2,4,6-TCP is 67,9 Å3 and the one of PCP 83,2 Å3 (Table 6.3). Thus the more 
bulky PCP is adsorbed less by the intercalated clays and not at all by GO/ADMA, while DCP seems to be able 
to penetrate in the interlamellar space of both SWy-2/ADMA and GO/ADMA. This can be explained if we 
take into account the change in the interlamellar space as depicted in Figure 6.2. The interlayer distance of the 
pristine SWy-2 clay is 2.8±0.3 Å and becomes 6±0.4 Å in SWy-2/ADMA. On the other hand, the interlayer 
distance of pristine graphite oxide is 1.3 Å, which is much narrower than that of the initial SWy-2 clay, and 
becomes 4.3 Å after modification with adamantylamine. Despite this increase in the GO-adamantane only 
DCP can be accommodated and this results in the observation for significant adsorption of DCP in contrast to 
TCP and PCP. 

 

6.3.7 Cytotoxicity of Lap/ADMA and GO/ADMA‡‡ 

  Another possible future application of the intercalated layered structures is their use as potent 
cytotoxic agents. We chose laponite and intercalated laponite for these tests because, as mentioned in the 
introduction, this synthetic clay with small platelet size is frequently used in biomedical applications. Parallel 
to Lap and Lap/ADMA we also test GO and GO/ADMA for cytotoxic behavior. The IC50 (µg/mL) values for 
cell proliferation (MTT assay) after 48 h of treatment with ADMA, Lap and Lap/ADMA for LMS cells were 
79±7.2 µg/mL, 132±19.1 and 39±9.3µg/mL respectively (Table 6.4), whereas IC50 (µg/mL) values for A549 
cells were 122±13.7, 205±20.7 µg/mLand 91±5.0 µg/mL, respectively (Table 6.4). It is noteworthy to mention 
that Lap and Lap/ADMA exhibited cytotoxic activity on MRC-5 cells in concentration higher than 200 
µg/mL. The IC50 (µg/mL) values for cell proliferation (MTT assay) after 48 h of treatment with ADMA, GO 
and GO/ADMA for LMS cells were 79±7.2, 295±57.7 and 154±31.8 respectively (Table 6.4), whereas IC50 
(µg/mL) values for A549 cells were 122±13.7, 259±48 µg/mL and 192±27.6 0 µg/mL, respectively (Table 
6.4).  Figure 6.15 represents the diagram of IC50 values of ADMA, Lap and Lap/ADMA on LMS, A459 and 
MRC-5 cells while Figure 6.16 displays the diagram of  IC50 values of ADMA,, GO and GO/ADMA 
respectively. What we observe is that Lap, Lap/ADMA, GO, GO/ADAM and ADMA exhibited 
antiproliferative activity against LMS and A549 cells. There was no cytotoxic effect during control 
experiment, using sterilized water. All substances, except ADMA, presented significantly lower toxicity on 
MRC-5 cells and among all, Lap/ADMA is the most cytotoxic agent against cancer cell lines.There is a 
statistically significant difference between all cell lines treated with ADMA and Lap/ADMA compared to the 
Laponite clay (p<0.05).In addition, Lap/ADMA showed a significant higher cytotoxicity (p<0.05) compared 
to that of Lap (starting material) and ADMA against both LMS and A459 cells (Figure 6.15). Accordingly 
there is a statistically significant difference between all cell lines treated with ADMA and GO/ADMA 
compared to the GO  (p<0.05). In this case GO/ADMA showed slight lower  cytotoxicity (p<0.05) compared 

                                                             
‡‡ Cytotoxicity tests performed by I. Verginadis, University of Ioannina. 

†  Enviromental remediation tests performed by E. Serestatidou, University of Ioannina. 
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to that of ADMA and significantly higher compared to pure GO (Figure 6.16). On the other hand MRC-5 cells 
stayed unaffected in the case of GO/ADMA compare to GO, whereas for ADMA MRC-5 cells importantly 
reduced compared with GO.   

  

 

Table 6.4 IC50 values of ADAM, LAP, LAP/ADMA, GO and GO/ADMA against LMS, A549 and MRC-5 

 

 

 

Figure 6.15 IC50 (µg/mL) values of Lap and Lap/ADMA on LMS, A549 and MRC-5 cells, compared with laponite clay 
(Lap). Comparison of the IC50 (µg/mL) values for Lap, ADMA and Lap/ADMA on LMS, A549 and MRC-5 cells. A 
statistically significant difference compared to MRC-5 cell line (p<0.05) between ADMA and Lap/ADMA;statistically 
significant difference between groups (Lap,ADMA and Lap/ADMA) 
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Figure 6.16 IC50 (µg/mL) values of ADMA and GO/ADMA on LMS, A549 and MRC-5 cells, compared with graphite 
oxide (GO). Comparison of the IC50 (µg/mL) values for GO, ADMA and GO/ADMA on LMS, A549 and MRC-5 cells. 
A statistically significant difference compared to MRC-5 cell line (p<0.05) between ADMA and GO/ADMA; statistically 
significant difference between groups GO, ADMA and GO/ADMA. 

6.4 Conclusions 

We successfully achieved the intercalation of adamantylamine into the interlayer space of layered 
structures. The host materials that we used in our study were graphite oxide, montmorillonite and laponite 
clay. X-ray diffraction measurements demonstrate the successful intercalation of adamantylamine into all 
three host matrixes, while X-ray photoelectron spectroscopy, FTIR spectroscopy as well as thermogravimetric 
and differential thermal analysis illustrate the type of interactions between the host materials and the 
intercalated molecules as well as the intercalation yield. Porosimetry measurements quantified the specific 
surface area for each of the hybrid nanostructures. UV-vis spectra demonstrated that the hybrid material 
obtained by intercalation of adamantylamine into montmorillonite clay has an excellent potential for 
environmental remediation because of it is capable of adsorbing significant quantities of organic pollutants. 
Finally the hybrid nanostructures obtained by intercalation of adamantylamine into laponite clay were 
investigated for its cytotoxicity against cancer cell lines and one normal cell line. The findings revealed that 
Lap and Lap/ADMA exhibited antiproliferative activity against LMS and A549 cells, while found to be 
significantly less toxic on MRC-5 cells. We established a controllable and reproducible method for the 
synthesis of multi-functional material capable for diverse applications in the fields of energy storage, 
environmental and biomedical applications. 
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Chapter 7 

 

A simple road for the transformation of few-layer 

graphene into MWNTs
§§

 

 

In this chapter we report for the first time the direct formation of multiwall carbon nanotubes 

(MWNT) by ultrasonication of graphite in dimethylformamide (DMF) upon addition of ferrocene aldehyde 

(Fc-CHO). The tubes appear strictly at the edges of graphene layers containing Fe clusters, while similar 

attempts of Fc with benzyl aldehyde or other Fc derivatives do not induce formation of nanotubes. Higher 

amounts of Fc-CHO added to the dispersion do not increase significantly MWNT formation. Increasing the 

temperature reduces the amount of formation of MWNTs and shows the key role of ultra-sound induced 

cavitation energy. It is concluded that Fc-CHO behaves as a radical trap, reducing the concentration of 

radical reactive species that slice graphene into small moieties; then it localizes itself at the edges of graphene 

and templates the rolling up of a sheet to form a nanoscroll where it remains trapped; finally it accepts and 

donates unpaired electron to the graphene edges and converts the less stable scroll into a MWNT. This new 

methodology matches the concept that CNTs are rolled up graphene layers. The proposed mechanism is 

general and will lead to control the production of carbon nanostructures by simple ultrasonication treatments. 

 

7.1 Introduction 

Carbon is a most versatile element that occurs in allotropic forms as diverse as diamond, graphite, and 
the more recently discovered nanostructures of fullerenes, nanotubes (CNTs) and graphene.1 The production 
of graphene by micromechanical cleavage2 triggered an enormous experimental activity. Many studies 
demonstrated that graphene monolayers possess novel structural,3 electrical4 and mechanical5 properties. 
Additionally, graphene can be thought as a 2D building block for carbon nanostructures of other 

                                                             
§§This chapter is based on: Quintana, M.; Grzelczak, M.; Spyrou, K.; Calvaresi, M.; Bals, S.; Kooi, B.; Van 
Tendeloo, G.; Rudolf, P.; Zerbetto, F.; Prato, M.; 2012. A Simple Road for the Transformation of Few-Layer 
Graphene into MWNTs. J. Am. Chem. Soc (in Press). 
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dimensionalities. It can be wrapped into 0D buckyballs, rolled into 1D nanotubes, or stacked into 3D 
graphite.6 Recently, in situ TEM experiments demonstrated the direct transformation of flat graphene sheets 
into fullerene cages where etching of the edge carbon atoms promotes folding into fullerenes.7 

CNTs are often described as rolled-up graphene layers. Matching this concept to experiments where 
the layers fold into CNTs is still a great challenge. To date large-scale mass CNT production has only been 
achieved by stochastic synthetic processes such as arc discharge,8 laser ablation,9 and chemical vapor 
deposition (CVD),10 which require post-synthetic separation and purification treatments.11 

During the last few years, ultrasonication has become an extremely powerful tool in the synthesis, 
modification and manipulation of carbon nanomaterials.12 Under appropriate conditions, ultrasounds can 
functionalize CNTs, open their caps, or even fracture them completely.13 In addition to surface modifications, 
carbon nanotubes can be prepared directly from organic solvents with the assistance of ultrasounds.14-16 

Graphite ultrasonication produces exfoliation in many solvents, if the free energy of mixing is negative17 and 
the solvent is able to stabilize colloidal graphene.18 It is accepted that ultrasounds break the graphitic basal 
structure and produce graphitic carbon fragments of variable sizes, which are later intercalated by solvent 
molecules.19 To complicate matters, ultrasounds generate cavities whose implosion releases sufficient energy 
to form high-energy intermediates and free radicals that can drive chemical reactions.20,21 Chemical attack 
reduces the size of the graphene sheets and is therefore detrimental to the physical properties that are usually 
sought after. Graphene dispersions produced by exfoliation of graphite in organic solvents, such as N-methyl-
2-pyrrolidone (NMP) and N,N-dimethylformamide (DMF), first reached concentrations up to 0.01 mg/ml and 
1 wt% monolayer.17 Increasing sonication time, the concentration increased up to 1.2 mg/ml and 4 wt% 
monolayer.22 The resulting graphene sheets presented higher concentration of defects and size reduction 
proportional to the sonication time. Previous studies demonstrated that sonication in DMF produces •CH3 and 
•CH2N(CH3)CHO radicals.23 These radicals form either through reaction of the solutes with ultrasound-
generated •H and •OH radicals, or by direct pyrolysis of weak bonds. In air-saturated sonicated solutions, the 
radicals convert to the corresponding peroxyl radicals, such as •OOCH2N(•CH3)CHO.24 By virtue of their 
longer lifetimes and higher selectivity, the latter species are likely responsible for the damage of the graphene 
layers. To avoid oxidation, antioxidant molecules, for instance natural flavonoids, can be employed to 
effectively scavenge the free radicals generated during sonication.24 

 

7.2 Results and discussion 

In the present work, we sonicated graphite in DMF in the presence of ferrocene aldehyde (Fc-CHO),25 
a reducing agent that can inhibit reactions promoted by oxygen, peroxides and radicals. Ferrocene derivatives 
are used in the synthesis of CNTs as catalysts and carbon source.26 Addition of Fc-CHO reduces the effect of 
long sonication times on graphene sheets and produces the controlled cutting of graphene sheets close to the 
edges. The direct formation of multiwalled carbon nanotubes (MWNT) is here observed for the first time. It 
occurs by sealing unstable pieces of graphene sheets of limited size.26,27 A schematic representation of the 
experimental procedure is presented in Figure 7.1. 
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Figure 7.1 Ultrasound-assisted synthesis of carbon nanostructures. 

 

7.2.1 Experimental section*** 

Samples were prepared using the ultrasonic tip processor GEX 750. All samples were sonicated in 
cycles of 30 s on / 30 s off for 1 or 3 h periods of time at the lower power of the ultrasonic tip (20%, 112.5 W). 
During ultrasonication, samples were kept in an ice bath to avoid overheating. As a starting material, we 
produced G-1: 10 mg of graphite crystals were ultrasonicated in 30 ml of DMF during 1 h in order to induce 
partial exfoliation of graphite. (G-1). After sonication, dispersions were left to stabilize for 5 min and then the 
liquid phase was removed by pipetting. Dispersions were copiously washed by filtration with fresh DMF to 
remove all possibly altered DMF formed during ultrasonication. Special attention was paid to keep the 
samples wet during the filtration processes. G-1 dispersion was used as starting material for the further 
experiments. As control experiment, we performed a 3 h sonication of G-1 without the addition of the 
antioxidant molecules (G-DMF). Sonicated DMF was always removed by filtration and the wet precipitate 
was re-dispersed in 10 ml of fresh DMF. Then, in a different set of experiments 40 mg of Fc-CHO were added 
to G-1. Dispersions were further sonicated for 3 h, under the same experimental conditions. The resulting 
dispersions are named D-Fc-CHO. This product was copiously washed by filtration with fresh DMF in order 
to remove antioxidant and by-product molecules. Samples were re-dispersed in a bath ultrasonicator (few 
seconds) in 10 ml of fresh DMF. Centrifugation of all dispersions was carried out at 3000 rpm during 30 min. 
A precipitate was observed only for G-1. Two liquid fractions, of 5 ml each, of the D-Fc-CHO dispersion were 
collected and analyzed. UV-vis spectroscopy was used to measure the absorption at 660 nm. The 
concentration of the final dispersion was calculated using the absorption coefficient α= 2460 mL/mg•m,17 
resulting in 0.031±0.003 mg/mL. The dispersed material was investigated by transmission electron 
microscopy (TEM), Figure 7.2a. TEM analysis of G-1 (30 micrographs) indicates the presence of graphene 
flakes with lateral size of typically a few µm, consisting of several layers.  

                                                             
***Synthesis by Mildred Quintana and Marek Grzelczak. 



94 

 

 

Figure 7.2 Starting material. TEM micrographs of solution cast G-1(a). Raman spectra excited at 633 nm for G-1 (b). C 
1s core level region of the X-ray photoemission spectrum of G-1 (c). 

 

 

Figure 7.3 Carbon nanostructures produced by the addition of Fc-CHO during ultrasonication of G-1. a) TEM 
micrograph of solution cast D-Fc-CHO. b) HR-TEM of D-Fc-CHO where a MWNT on a graphene lattice is observed; 
in the inset, a panoramic TEM micrograph of MWNT-Fc-CHO is shown. c) Representative TEM micrograph of G-Fc-
CHO. d) HR-TEM image of G-Fc-CHO; the inset shows the corresponding diffraction pattern. e) Comparison of the 

Raman spectra of MWNT-Fc-CHO, D-Fc-CHO and G-Fc-CHO collected exciting at 633 nm, the D and 2D bands are 
high-lighted. f) C 1s core level photoemission line of G-Fc-CHO. 

 

D-Fc-CHO was obtained by sonication of G-1 with the addition of Fc-CHO (Figure 7.3). After washing and 
re-dispersing the product in 10 mL of fresh DMF, the concentration of the sample was calculated from the 
optical absorption as described above for G-1 and found to be 0.029±0.003 mg/mL. When analyzed by TEM, 
the presence of very long MWNTs (2 ± 0.5 µm) was observed in D-Fc-CHO as shown in Figure 7.3a. The 
formation of the tubular structures is seen exclusively at the edges of graphene layers (Figure 7.4).  
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Figure 7.4 MWNTs formation on the edges of the graphene layers. Evolution as a function of sonication time is shown. 

 

 

Figure 7.5.MWNT formation on the edges of graphene layers. Evolution as a function of sonication time is shown. 

 

 

Figure 7.6.MWNTs produced by the addition on Fc-CHO mixed with graphene layers. 
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7.2.2 High resolution-transmission electron microscopy 

Further analysis of the sample by HR-TEM proved the existence MWNTs. In some micrographs it is 
possible to distinguish the rolling up of the graphene edges while in others completely isolated MWNT are 
seen (Figure 7.5). The Raman spectrum of D-Fc-CHO is shown in Figure 7.3e. The ID/IG value of 0.72 and 
the 2D band at 2666 cm-1 imply a disordered material. After centrifugation, the concentration of the 
supernatant was again calculated from the optical absorption to amount to 0.007±0.002 mg/mL. TEM images 
of this supernatant, MWNT-Fc-CHO, show preponderantly the presence of MWNT, but small graphene 
fragments are still noticeable (Figure 7.6). The tube surfaces observed by HR-TEM reveal semi-crystalline 
MWNT showing disordered, distorted fringes surrounding the hollow core. The distance between the 
graphene sheets was found to be 0.35±0.01 nm. These structures are similar to as-grown MWNT obtained by 
chemical vapor deposition before annealing (Figure 7.3b Inset).28 The HR-TEM of these structures after 
annealing at 500 ºC for 30 min, showed the symmetric, evenly spaced line patterns that have been interpreted 
as images of coaxial, nested graphitic tubes (Figure 7.3b).29 Alternatively, the same images were attributed to 
graphitic scroll structures.30 As previously reported, scroll segments, consisting of rolled-up graphene sheets, 
may coexist with nested tube segments inside a continuous tubular structure. The implication is that MWNT 
originate during the sonication process from the scrolls by Carbon-Carbon bond rearrangement.31 

 

7.2.3 Raman spectroscopy and X-ray photoelectron spectroscopy 

Further characterization of the sample by Raman spectroscopy captured the fingerprint of different 
carbon nanostructure.32 For MWNT-Fc-CHO, the symmetrical shape of the 2D peak (no shoulder as in graphite) 
evidences the existence of MWNT since the sample does not contain the perfect structure of crystalline graphite 
due to the strong curvature of small diameter nanotubes (Figure 7.3e). The ID/IG value of 1.36 agrees with the 
semicrystalline structure observed by HR-TEM. The concentration of the lower part of the dispersion, G-Fc-
CHO, was 0.012±0.003 mg/mL. When this sample was deposited on a TEM grid, graphene sheets with lateral 
size of few microns were found. A representative TEM micrograph is reported in Figure 7.3c, additional 
micrographs can be seen in Figure 7.7a. HR-TEM characterization confirms the presence of crystalline graphene, 
which was later corroborated by the analysis of the electron diffraction patterns. An example of this, inset in 
Figure 7.3d, shows what appears to be a single graphene.33 The occurrence of a small D band at 1346 cm-1 and 
the ID/IG value of 0.33 are attributed to the edges of the graphene sheets. The 2D-band is symmetrical and 
roughly consists of one component, typical of monolayer or few-layer graphene (Figure 7.3e). The C 1s core-
level photoemission line of G-Fc-CHO, presented in Figure 7.3f, gives insight into the chemical composition of 
this material: it shows, apart from the main component at 285.0 eV binding energy assigned to the aromatic 
carbon (77.2±1.3 % of the total amount of carbon), also contributions from carbon singly bound to oxygen or 
nitrogen at 286.6 eV (13.2±0.3 % of the total amount of carbon), as well as from carbonyl at 288.0 eV and 
carboxyl groups at 289.4 eV binding energy. The latter amount to 6.6±0.1 % and 3.1±0.1 %, respectively, of the 
total amount of carbon. The O 1s peak of D-Fc-CHO (Figure 7.7b) demonstrates the presence of different 
oxidation states of carbon after the reaction. The peak at 532.4 eV of binding energy is attributed to oxygen 
singly bound to carbon, while the peaks at 531.1 eV and 533.5 eV stem from carbonyl and carboxyl groups, 
respectively. A minor amount of Fe, about 0.3 at%, was identified and probably is due to residual iron, close 
to the edges. 
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Figure 7.7 (a) TEM images of graphene sheets of G-Fc-CHO, (b) O 1s XPS peak of D-Fc-CHO 

 

To test the possibility of producing larger quantities of MWNT, we added larger amounts of ferrocene 
aldehyde to the initial dispersion. No significant additional MWNT formation was observed by TEM and the 
treatment resulted in further oxidation of the sample as confirmed by Raman spectroscopy and XPS analysis. 
The implication is that the mechanism of formation of MWNTs entails an interaction of Fc-CHO with 
graphene layers that must reach a plateau in terms of concentration. 

As a control experiment we sonicated G-1 without the addition of Fc-CHO under the same 
experimental conditions of G-Fc-CHO. Figures 7.8 a,b display representative TEM and Raman spectra of G-
DMF; the shape and intensity of the 2D band at 2650 cm-1 for G-DMF are significantly different from those of 
pristine graphite. Conversely, the 2D band of G-DMF shows a low intensity band associated with damage of 
graphene.34 The ID/IG value of 0.99 for G-DMF, identify the material as highly damaged graphene 
comparable to graphene oxide (GO).35 Figure 7.8c shows the C 1s core level photoemission line of G-DMF. In 
the C 1s line of G-DMF the component at 285.0 eV, due to aromatic carbon, is reduced to 41.6±0.5 %, while 
the C-O bonds at 286.2 eV account now for 34±0.3 % of the total carbon amount and smaller peaks at 287.8 
eV (15.8±0.2 %) and 289.3 eV (8.5±0.2 %) are assigned to carbonyl and carboxyl groups, respectively. A 
slightly increased amount of nitrogen (2.5 at%) was also observed for G-DMF as compared to G-1 (Figure 
7.2). Such an increase in the degree of oxidation of G-DMF may result from oxidative processes promoted by 
free radicals generated during ultrasonication. Hence, the addition of Fc-CHO minimizes the oxidation of G-1 
treated under the same experimental conditions than G-DMF, decreasing the conversion of C-C bonds to other 
C-X species (X= O or N) by more than 1/3. All the analyses identify D-Fc-CHO as a significantly less 
damaged material than G-DMF. From microscopy and Raman analysis, oxygenated groups are most abundant 
in the MWNT-Fc-CHO sample. Five other control experiments were carried out. In the same conditions of 
ultrasonication, we used (i) Fc, (ii) benzaldehyde, (iii) Fc together with benzaldehyde, (iv) Fc-COOH, and (v) 
FcCON(CH3)2. In no case MWNTs were observed in the reaction mixture. The experimental details and the 
characterization of the  
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Figure 7.8 Control experiment performed by the sonication of G-1 without the addition of Fc-CHO  (G-DMF) TEM 
micrograph of drop-cast G-DMF (a). Raman spectra of drop-cast G-DMF (b). C 1s core level photoemission line of G-
DMF (c). Influence of temperature on the graphene exfoliation in the presence of the Fc-CHO. G-Fc-CHO (d) prepared 

by ultrasonication at room temperature. Raman spectra of drop-cast G-Fc-CHO (e) dispersion onto silicon oxide 
substrates, excited at 633 nm. 

 

Figure 7.9 Control experiments preparation. G-1 dispersion was used as a starting material for the control experiments. 
As control experiment, we performed a 3 h sonication of G-1 adding (a) Fc, (b) benzaldehyde, (c) Fc together with 

benzaldehyde, (d) Fc-COOH, and (e) FcCON(NH3)2. The product was washed by filtration with fresh DMF in order to 
remove antioxidant and by-product molecules. Samples were re-dispersed in a bath ultrasonicator (few seconds) in 10 mL 

of fresh DMF. Centrifugation of all dispersions was carried out at 3000 rpm during 30 min. Two liquid fractions, of 5 
mLeach, of the D-FC-CHO dispersion were collected and analyzed. 
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products in these control experiments are reported in Figure 7.9. 

The key role of the cavitation energy in these processes is demonstrated by increasing the temperature 
of the process to room temperature (25 ºC). After ultrasonication of the G-Fc-CHO dispersion, we did not 
observe the formation of MWNT, but only of carbon nanoscroll-like structures, Figures 7.9d and 7.9e. The 
lack of formation of MWNT is due to the fact that the higher temperature decreases the energy density of 
cavitation36 and allows terminal radical reaction pathways to dominate. 

The experimental findings together with the control experiments allow us to conceive a possible 
mechanism for the formation of carbon nanotubes based on the multiple role of Fc-CHO. Defects caused by 
various factors, including chemical functionalization37 or physical adsorption,38 play a crucial role in the 
spontaneous twisting and folding and in the disruption of the aromatic bond network of graphene 
nanoribbons.39  Rolling of the sheets starts from the edges40,41 and entails an energy barrier that must be 
overcome. Fc-CHO templates the formation of MWNT by lowering the barrier for rolling nanoribbons. 
Encapsulation of metallocene molecules in nanotubes is a highly exothermic process.42 Formation of ferrocene 
nanorods, attributed to π–π stacking of ferrocene molecules, on the surface of graphene sheets has been 
observed experimentally.43 We performed a combination of Molecular Mechanics and Molecular Dynamics 
calculations for an increasing number of Fc-CHO molecules deposited on the nanoribbon obtained by 
unzipping a (8,8) CNT (See Table 7.1 and Figure 7.10). The length of the tube 

 

Table 7.1 Energy barrier for a SWNT (8,8)rolling up with different number of Fc-CHO 

 

 

 

Figure 7.10 Minimum energy path (MEP) for the rolling up of the graphene nanoribbon in the absence (purple 
line) and in the presence of four Fc-CHO molecules (yellow line)    
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Figure 7.11 TEM images of MWNTs after annealing treatment 

 

was 24.5 Å. In the absence of Fc-CHO, the activation barrier for folding the nanoribbon is 120.3 kcal mol-1. 
Introduction of the first Fc-CHO molecule decreases the barrier by 17.8 kcal mol-1. The energy decrease is 
further lowered for the introduction of each subsequent Fc-CHO molecule. When 4 Fc-CHOs template the 
process, the barrier is nearly halved to 63.3 kcal mol-1. 

Crucial for templating the folding of graphene sheets by Fc-CHO is the presence of iron inside the 
MWNTs as detected by TEM (Figure 7.11). It confirms that incorporation of Fc-CHO occurs and strongly 
vouches for their templating activity and supports the idea that this is the starting mechanism in the formation 
of the MWNT.  

In the five control experiments MWNTs were not observed in the reaction mixture. Fc, benzaldehyde, 
Fc together with benzaldehyde, Fc-COOH, and FcCON(CH3)2 may still be able to exert in some templating 
activity or roll up the sheets but must lack part of the properties of Fc-CHO that produce MWNTs.  

 

7.3 Quantum chemical calculations††† 

We performed quantum chemical calculations (Table 7.2) that showed that Fc-CHO has the highest electron 
affinity (EA) of a set of molecule that comprised also Fc-COOH, Fc-CON(CH3)2, Fc, and benzaldehyde. Since 
Fc-CHO is the only molecule that produces CNTs, these calculations confirm that its radical scavenging 
activity is superior to that of the others and can be of primary importance in the MWNT formation. The large 
spin density located on the aldehydic group of Fc-CHO (Figure 7.12) further shows its role in the antioxidant 
activity.  

Table 7.2 Electron affinities (EAs) 

Molecule EA (Kcal/mol) 

Fc-CHO -50.0 
Fc-COOH -44.4 

Fc-CON(CH3)2 -32.0 
Fc -31.5 

Benzaldehyde -26.6 
 

                                                             
†††Calculations performed by Matteo Calvaresi and Francesco Zerbetto , University of Bologna. 
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Figure 7.12 Isosurfaces spin densities of Fc-CHO (left) and Fc (right) radical molecules plotted using an isovalue of 
0.004 ea0

-3. 

 

A final feature to consider is that in graphene the reactivity of edges is at least twice as large as the 
reactivity of the bulk atoms.44 This observation concurs with scanning tunneling spectroscopy measurements 
that evidenced a higher electronic density of states near the Fermi level at the edges45 and theoretical 
calculations that predicted that edge states occur in any graphene sheet.46  

From all these observations, we suggest that during ultrasonication different scenarios may occur: 

a) in the absence of antioxidants, the radical species are strong enough to oxidize the graphene sheet; 
this process starts at the edges and at inner defects and slices graphene sheets in small pieces; 

b) in the presence of Fc-CHO, the concentration of radical reactive species is considerably reduced; 
some radical attacks to the edges still occur and loosen the sheets; 

c) Fc-CHO then acts in a different way; it localizes itself at the edges of graphene and templates the 
rolling up of a sheet to form a nanoscroll where it remains trapped; the localization implies that a limiting 
number of Fc-CHO can roll up the sheet, in agreement with the experimental finding that higher amounts of 
ferrocene aldehyde do not provoke additional MWNT formation; 

d) Fc-CHOs inside the scroll then act as active bumpers in a pinball machine; they accept and donate 
unpaired electron with the graphene edges and convert the less stable scroll into a MWNT.  

While step (d) is only putative, it makes chemical sense. This mechanism explains the formation of long tubes 
during the ultrasonication process. 

 

7.4 Conclusion 

To sum up, we studied the effect of adding Fc-CHO during exfoliation of graphite in DMF with the 
help of ultrasonication treatment. The formation of MWNTs was observed when this antioxidant was added. A 
considerably reduction of the degree of oxidation of the exfoliated graphene sheets was demonstrated by XPS 
and Raman spectroscopy analyses. Higher concentrations were determined, from the UV-vis absorption at 660 
nm, of the dispersions and larger graphene sheets were observed by TEM and HR-TEM. Our results allow us 
to propose a radical attack mechanism controlled by the presence of the antioxidant molecules and the 
different reactivity of diverse graphene edges. Templating activity of Fc-CHO facilitates the nanoribbons 
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rolling. These results are expected to be useful to understand how solvents disperse graphene and in advancing 
the controlled synthesis of carbon nanotubes. This procedure can also reach higher yields of liquid-phase 
exfoliation graphene. 
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Chapter 8 

 

Pillaring of GO with [A113(O)4(OH)24(H2O)12
7+

] Keggin 

ions and derived hybrids 

 

 In this chapter we report the successful intercalation of Aluminium species into the interlayer space of 

graphite oxide, after interaction with Keggin ion [A113(O)4(OH)24(H2O)12
7+

], and subsequent heating of this 

hybrid nanostructure up to 370 °C. X-ray diffraction demonstrates the intercalation of the Al clusters, and the 

subsequent behaviour of the derived intercalated structure upon heating, while X-ray photoelectron 

spectroscopy identifies the type of Aluminium clusters incorporated between the graphene oxide layers. 

 

8.1 Introduction 

Graphene-based nanocomposites materials triggered the interest of the scientific world due to their 
outstanding physical, chemical and electronic properties.1,2  However, the need of a controllable, high yield 
production of graphene, to meet the demand for bulk synthesis of mesoporous materials with accessible pores 
of molecular dimensions, lead to the development of new routes for making  this stable 2-D nanomaterial. 
Graphene oxide (GO) is considered to be one of the most promising materials for the bulk production of 
graphene-based composite nanostructures.3 The oxygen functional groups of GO, namely mostly epoxy, 
hydroxyl and carboxyl groups on the surface and at the edges of carbon sheets4,5) allow for the creation of 
hybrid nanocomposites materials for diverse applications such as adsorbents, energy storage, gas separation, 
building blocks for catalysts, GO-polymer composites, battery electrode materials.6-14 The Keggin ion, a 
molecular inorganic compound with the formula A113(O)4(OH)24(H20)12

7+ or (Al13) in short, is the most 
important polyoxocation formed in aluminium polycation chemistry, with many applications in geochemistry, 
sensing activities, catalysis, environmental chemistry, water treatment, material science and pharmacy.15,16 In 
this chapter we report on the successful intercalation of GO by Aluminium clusters of variable size and 
subsequent behavior of the graphene flakes upon thermal treatment. These hybrid nanostructures are 
promising candidates for application such in gas storage, catalysis, biosensors, and biomedical devices. 

 

 

8.2 Experimental section 
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Host layered material. Aqueous dispersions of graphene oxide were produced using a modified 
Staudenmaier’s method2 from graphite powder (see chapter 2.2.1) 

Synthesis of Keggin ion.‡‡‡ The chemicals used in preparing the solutions; AlCl3.6H2O 99% (Aldrich) and 
NaOH 98.3% (Merk). The Al13 polyoxocations were synthesized as follows: 100 mL of 0.2 M aluminium 
chloride solution contained in the glass reactor was heated and was kept at 80°C, 240 mL of 0.2 M NaOH 
solution was slowly added under continuous stirring and accurate temperature control. The Al13 solution was 
allowed to cool down to room temperature in about 24 h. The solution pH ranged from 3.7 to 3.9, depending 
on the rate of stirring and residual Al13

+. 

Preparation of Keggin ion pillared graphene (PILGOK). In a typical experiment, 66 mL Al13 solution 
mixed with 12 mL NaOH solution 6M and added dropwise to a suspension of GO in distilled deionized water 
(100 mg GO, 50 mL) under vigorous stirring. Upon addition of the Al13 solution, the GO solid swelled 
instantly. The reaction continued for 24 h at room temperature. The GO derivatives was isolated by 
centrifugation and washed two times with distilled deionized water and dried in air. Finally, the sample was 
heated at 200 °C for 2 h in air. 

Powder X-ray Diffraction (XRD). (see chapter 2.1.2 b) 

FTIR spectroscopy. (see chapter 2.1.4) 

Raman spectroscopy. (see chapter 2.1.3) 

Thermal analysis. Thermogravimetric (TGA) and differential thermal (DTA) analysis were performed using 
a Perkin Elmer Pyris Diamond TG/DTA. Samples of approximately 5 mg were heated in air from 25 °C to 
850 °C, at a rate of 5 °C/min. 

X-ray Photoelectron Spectroscopy (XPS).(see chapter 2.1.1) All binding energies were referenced to the C 
1s core level of the C-C bond set to the nominal value of 285.0 eV1.  

 

8.3 Results and discussion  

The oxidation and subsequent exfoliation of graphite by chemical treatment is widely known for a 
very long time.2,3 Graphite oxide possesses a lamellar structure of graphene sheets decorated with various 
oxygen-containing functional groups like hydroxyl, epoxy, and carboxyl, on the surface and at the edges of 
carbon sheets. Our starting material was graphite powder and GO was produced by the Staudenmaier’s 
method17. GO was then intercalated with Keggin ion ([Al13O4(OH)24(H2O)12]

+7) to synthesize novel 
intercalated layered nanostructures. In detail a water solution of the inorganic Al13 was added to the GO 
dispersion. An immediate flocculation of the graphene oxide particles was observed (Scheme 1). Apparently 
the flocculation was induced by the insertion of Al clusters into the GO galleries, through hydrogen bonding 
or electrostatic interactions with the oxygen functional groups of GO. Finally, the  

                                                             
‡‡‡

 Synthesis  by E. Diamanti, University of Ioannina. 
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Figure 8.1 (left) Dispersion of graphite oxide (GO) in water, (right) flocculation after the insertion of Keggin 
ion derivatives into the GO matrix. 

 

samples were heated to 200 °C and to 375 °C for 2 h in air in order to investigate the thermal stability and 
structure of the hybrid material. 

 

8.3.1 X-ray diffraction 

The X-ray diffraction (XRD) patterns of pristine graphite (G), graphene oxide (GO) and PILGOK are 
presented in Figure 8.2. The pattern for pure graphite reveals a peak at 26.6o corresponding to a basal spacing 
d002 = 3.3 Å. The diffraction pattern of GO, on the other hand, exhibits a 001 reflection peak4,18 at  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 Comparison of the X-ray diffraction data of graphite (G), graphite oxide (GO), graphene oxide intercalated 
with A113(O)4(OH)24(H2O)12

7+ at ambient conditions (PILGOK), after heating to 200 °C (PILGOK_200) and to 370 °C 
(PILGOK_370) 
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12.0o corresponding to a basal spacing d001=7.3 Å, confirming the successful oxidation of graphite after the 
acid treatment. After the intercalation of Al13 polycations, the 001 reflection was shifted to lower angles 
testifying to an increased basal spacing of 8.3 Å (Figure 8.2 top curve). The increase in the d001 distance is due 
to the insertion of Al derived molecules which are located in the GO interlamellar space, where they are 
believed to hydrogen bonded or interact ionically with the basal carboxylic groups of the graphene surfaces. 
Taking into account the thickness of the graphene oxide layers 6.1 Å,19 we estimate an interlayer separation of 
∆ = 8.3 – 6.1 = 2.2 Å for Al13derivatives. After heating at 200 °C the basal spacing of GO increased from 8.3 
Å to 8.9 Å (Figure 1b middle curve) indicating that the pillared structure remains stable at this temperature. 
The small increase in the d001-spacing is attributed to disorder of the graphitic platelets (turbostratic effect).20 

After heating PILGOK to 370 °C the d001 diffraction peak completely disappears, (Figure 8.2 top curve) 
indicating that we have no longer an ordered layered structure but that the material is now completely 
exfoliated. 

 

Figure 8.3 (a) X-ray photoelectron spectrum of the Al 2p core level region of graphite oxide intercalated with Al 
derivatives (PILGOK) (b) Different oxidation states of aluminium can be expressed by the straight line of the four 

different shifts in the binding energy of the Al 2p core level photoemission peak (c) Al 2p core level region of the XPS 
spectrum of intercalated graphite oxide at ambient conditions (bottom panel, PILGOK), and after heating to 200 °C 

(central panel, PILGOK_200) and to 370 °C (top panel, PILGOK_370). 

(a) 

(b) 

(c) 
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Table 8.1 Atomic percentage % of PILGOK at ambient conditions 

 Atomic Percentage % Error at% 

C 79.2±1.6 2 

Al 14.8±1.2 8 

O 6.0± 0.7 8 

 

8.3.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy was performed on PILGOK in order to verify the presence and 
integrity of the Al structures in the interlayer space of graphene oxide and to evaluate the nature of the 
graphene-based nanostructure upon thermal treatment (at 200 °C and at 370 °C) . The carbon 1s core level 
emission (C-C/C-H) at 285.0 eV was used as a reference and all binding energies where shifted consequently 
as to compensate for any possible charging effect. The atomic percentages of carbon, oxygen and aluminium 
in the intercalated material are displayed in Table 8.1. Figure 8.3 shows the Al 2p core level region of the 
PILGOK photoelectron spectrum which indicates that various types of Al clusters co-exist in the graphite 
oxide galleries. When we fitted the spectrum with a minimum number of components, we could conclude that 
different Al species are present; based on their binding energies we identify them as Al (70.2 eV), AlO(OH) 
(72.8 eV), AlOOH (74.3 eV) and finally Al2O3 (75.9 eV).21-24  Heating to 200 °C and to 370 °C clearly affects 
the intercalated material as seen from the comparison of the Al 2p XPS of the freshly synthesized sample with 
the ones obtained after heating in Figure 8.3(c): some components are slightly shifted to lower binding energy 
due to change of the environment.   

 

8.3.3 Thermogravimetric and differential thermal analysis  

Thermogravimetric (TGA) and differential thermal analysis (DTA) data of pure graphite, graphene 
oxide, and intercalated graphite oxide (PILGOK) are shown in Figure 8.4. The DTA curve of graphite (Figure 
8.4a) exhibits one exothermic peak at 700 °C due to the combustion of carbon layers, while graphene oxide 
shows two exothermic peaks centred at 250 °C and 500 °C, which correspond to 30% and 50% weight losses, 
respectively. The first of these peak is attributed to the removal of oxygen containing functional groups, 
created after the acid treatment of graphite, while the second one refers to carbon combustion and occurs at a 
lower temperature than for graphite because GO is a more open structure.4,25 For PILGOK the DTA curves 
exhibits one exothermic peak at ~200 °C associated with a 30% weight loss and ascribed to the removal of 
oxygen functional groups, while the combustion of the carbon layers appears now already at 375 °C. Finally 
from the remaining weight of the PILGOK samples after heating to 900 °C the wt% of inorganic Al species 
can be calculated: we find that the Al containing species account for ~8% of the total mass, in agreement with 
the XPS data analyzed above. 
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Figure 8.4 DTA and TGA curves of pristine graphite (a), GO (c), and PILGOK (b) 

 

8.4 Conclusions 

  After the intercalation of graphite oxide (GO) with Keggin ions [A113(O)4(OH)24(H20)12]
7+, X-ray 

diffraction and X-ray photoelectron spectroscopy data indicate that Al moieties are present between the 
graphene oxide layers, not as a Keggin ions but as smaller Al clusters. These clusters cause an expansion of 
the distance between graphene oxide planes by 2.2 Å. Heating to 200 °C further increases this distance by 0.6 
Å because of turbostratic disorder. Additional heating to 370 °C leads to full exfoliation of graphite composite 
and yields a nanomaterial which is promising for applications like catalysis, gas or liquid separation and 
energy storage.  
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Chapter 9 

 

Interaction between organic polycyclic aromatic 

molecules and graphite oxide: A study of the intercalation 

process 

 
In this chapter we report for the first time the intercalation mechanism of cyclic aromatic molecules 

into graphite oxide. We investigate two molecules of this family, aniline and naphthalene amine. We observe 

that aniline molecules prefer to covalently bind to the graphene oxide matrix via chemical grafting, while 

naphthalene amine binds with the graphene oxide surface through π-π electrostatic interactions. The presence 

of intercalated aromatic molecules between the graphene oxide (GO) layers is demonstrated by X-ray 

diffraction (XRD), while the type of interaction between the graphene oxide (GO) and polycyclic organic 

molecules is illustrated by X-ray photoelectron spectroscopy (XPS). The present work opens new perspectives 

for the interaction of various aromatic molecules with graphite oxide and the so-called “intercalation 

chemistry”.   

 

9.1 Introduction 

Graphene is a one-atom thick layer of sp2 hybridized carbon atoms, tightly packed in a hexagonal 
crystal lattice and the main basic building block of other graphitic nanostructures (like graphite, fullerenes and 
nanotubes). The extraordinary/unusual properties of graphene1,2 promise well for numerous, very different 
applications in electronics and spintronics, but also as reinforcement in polymer composites, constituent of 
composite materials, sensors and so on.3-10 To realize this potential, efficient approaches for the production of 
large quantities of graphene are needed; currently one of the most promising is the chemical exfoliation of 
graphite passing the oxidation of the graphene sheets in order to form graphene oxide.11-13 Graphene oxide 
(GO) is a layered material achieved through strong oxidation of graphite14-17. GO is characterized by the 
presence of oxygen–containing moieties, mostly hydroxyl and epoxy groups, but also carboxyl groups both on 
the surface and at the edges of the carbon sheets. These groups convert hydrophobic graphite into highly 
soluble graphite oxide in several polar and nonpolar solvents including water.18,19By now the attachment of 
functional groups is exploited by the well-established intercalation chemistry20,21,22leading to graphene-based 
hybrid materials for polymer composites, electrochemical sensors and biosensors, fillers in composite 
materials for engineering applications, supercapacitors, energy storage and environmental 
applications.23,24,25,26,27,28,29 
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The adsorption of organic molecules on carbon surfaces has been studied extensively for many 
years.30,31,32 However, up to now, a mechanism for covalent or non-covalent functionalization of graphene 
sheets through chemical grafting or π-π interactions respectively, using aromatic molecules has not been 
reported in the literature. Studies on carbon nanotubes (CNTs) have shown strong adsorption affinity with 
many organic contaminants including polycyclic aromatic hydrocarbons33,34,35,36 where the high adsorptive 
interactions of CNTs and aromatic molecules derive from the π-π electron donor-acceptor interaction between 
the graphene sheets (donors) and the CNTs (acceptors).37 In this chapter we demonstrate for the first time the 
mechanism, by which two aromatic molecules, aniline and naphthalene amine, interact with the graphite oxide 
matrix and form new intercalated hybrid nanostructures. The structure and properties of this new class of 
materials may lead to potential promising applications such as environmental or electronic and adsorbents in 
water treatment, catalysis, solid state gas sensors and energy storage devices.  

 

9.2 Experimental section 

Materials. Preparation of graphite oxide (GO):(see chapter 2.2.1) 

Preparation of GO intercalated with aniline (GO_A): A sample of 100 mg of graphite oxide was dispersed 
in 100 mL of distilled deionized water (H2O) and the dispersion was stirred for 24 h at ambient conditions. 
Afterwards we increased the pH of the solution to 10 by adding (dropwise) NaOH 0.5 M. Then 0.3 ml of 
aniline were added (dropwise) to 20 mL of distilled deionized H2O and the solution left stirring for 24 h while 
being mildly heated at 40 °C. Finally the solution of aniline was added to the one of GO. After stirring for 48 
h, the GO_A aggregates were washed with distilled deionized water three times, separated by centrifugation 
and air-dried by spreading on glass plates. 

Preparation of GO intercalated  with naphthalene amine (GO_NA): In a similar experiment al procedure 
100 mg of graphite oxide were dispersed in 100 mL of distilled deionized H2O and the mixture was stirred for 
24 h in air. The pH was increased to 10 by adding (dropwise) NaOH 0.5 M. A solution of naphthalene amine 
(300 mg) in distilled deionized H2O (20 mL) was then added dropwise to the GO dispersion and the mixture 
was stirred for 24 h in ambient conditions. The final solution was washed with distilled deionized H2O three 
times, separated by centrifugation and air-dried by spreading on glass plates. 

Characterization techniques. X-ray photoelectron spectroscopy (XPS): (see chapter 2.1.1). All binding 
energies were referenced to the C 1s core level line38 of the C-C bond at 285.0 eV and are given ±0.1 eV. 

X-ray diffraction (XRD): (see chapter 2.1.2) 

 

9.3 Results and discussion 

9.3.1 X-ray diffraction 

The intercalation of aniline and naphthalene amine molecules into the interlayer space of graphite 
oxide was demonstrated by X-ray diffraction measurements. Figure 9.1 displays the XRD pattern of graphite 
oxide (GO), and graphite oxide after reaction with aniline (GO_A) and naphthalene amine (GO_NA) 
respectively. We observe a shift to lower angles of the diffraction peak for both the GO_A and GO_NA hybrid 
nanostructures as compared to GO, indicating a larger distance between the graphene layers and therefore 
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pointing to the successful intercalation of the aromatic species. In detail, for GO_A the basal d001increased to 
8.6±0.3 Å while for GO_NA the d001 space amounted to 8.1±0.3 Å. Taking into account the interlayer distance 
of GO (6.1 Å)39 we estimate the opening of the graphene oxide layers after the insertion of the aromatic 
amines: in the case of aniline intercalation this additional opening amounts to ~2.5 Å, while for naphthalene 
amine intercalation it is ~2.0 Å. To explain the type of interaction between the aromatic molecules and the 
graphene sheets, we employed X-ray photoelectron spectroscopy. 

 

Figure 9.1 Comparative XRD of graphite oxide (GO), graphite oxide intercalated aniline (GO_A) and graphite oxide 
intercalated naphthalene amine (GO_NA).  

 

9.3.2 X-ray photoelectron spectroscopy 

Figure 9.2 (left panel) shows the C 1s core level region of the XPS spectrum of GO, which displays 
four contributions at 285.0 eV, 285.9 eV, 287.2 eV and 288.3 eV binding energy. The peak at 285.0 eV 
originates from carbon-carbon bonds of the hexagonal lattice, and accounts for 22.8 % of the total carbon 
intensity. The contribution at 287.2 eV is due to the C=O functional groups and accounts for  
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Figure 9.2 X-ray photoelectron spectra of the C 1s core level region of graphite oxide (GO), graphite oxide intercalated 
with aniline (GO_A) and graphite oxide intercalated with naphthalene amine (GO_NA). 

 

Figure 9.3 X-ray photoelectron spectra of the nitrogen 1s core level region of aniline, graphite oxide intercalated with 
aniline (GO_A), and graphite oxide intercalated with naphthalene amine (GO_NA).The spectrum of a drop cast film of 

naphthalene amine is also shown for comparison. 
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46.1 % of the total carbon intensity. Two peaks centered at 285.9 eV and 288.3 eV arise from the C-O and 
C(O)O bonds, representing 17,3 % and 13.7 % of the total carbon 1s peak intensity, respectively.  

After the intercalation of aniline and naphthalene amine into the GO galleries, the chemical composition 
of the resulting hybrid nanostructures changed in comparison with the starting material. In the carbon 1s spectra 
of GO_A and GO_NA (shown in the right panel of Figure 9.2) we observe a significant increase of the intensity 
of the peak due to C-C bonds centred at 285.0 eV. More specifically the relative intensity of this contribution 
rises to 41.8% for GO_A and to 46.4% in the case of GO_NA, demonstrating the presence of a carbonaceous 
material co-existing with the GO lattice. The peaks at 285.9 eV (12.7 %) for GO_A and 286.0 eV (11.1 %) for 
GO_NA hybrids correspond to the C-O bonds of the GO lattice as well from the C-N functional groups of the 
aromatic species. Finally, in the case of GO_A two more peaks at 287.1 eV (37.1 %) and 288.3 eV (8.4%) reveal 
the presence of carbonyl and carboxyl groups, respectively in our final material. On the other hand, for GO_NA 
in addition to the peaks corresponding to the carbonyl groups at 287.1 eV (34.5%) and to the carboxyl groups at 
288.6 eV (6.3%) we clearly observe the existence of the shake up satellite peaks from the π-π transitions of the 
benzene rings and the graphite sheets at 290.7 eV,40 in contrast with the GO_A nanostructure, where this peak is 
absent. From this we can conclude that naphthalene amine prefers to bind between the graphene sheets via π-π 
interactions, while aniline chemically binds to the functional groups of graphene oxide via ringopening reactions 
of the epoxy groups of GO.41,42 The ratio of the total intensities of the carbon 1s to oxygen 1s photoemission lines 
for GO, GO_A and GO_NA is presented in Table 9.1. This ratio increased after intercalation of aniline from 
1.62 to 2.12 and after intercalation of naphthalene amine from 1.62 to 2.91. 

Additional significant information on the type of interaction of aniline and naphthalene amine with the 
graphene oxide sheets comes from the N 1s core level region of the photoelectron spectra of GO_A and GO_NA 
(shown in Figure 9.3). The spectrum of both the aniline and the naphthalene amine intercalated structures can be 
deconvoluted into two main peaks placed at ~399.5 eV and ~400.8 eV binding energy, which correspond to 
amine groups and protonated amines of the aromatic species, respectively.43 For GO_A and GO_NA we see 
clear differences stemming from how aniline and naphthalene amine interact with the graphene oxide layers. In 
the case of GO_A, the photoelectron peak attributed to amine groups of aniline is shifted to lower binding 
energies (398.8 eV), pointing to the creation of a chemical bond with the epoxy groups of GO (C-N-C 
bond)44,45,46. Taking into account the size of aniline and combining the informing about the covalent bonding 
with the XRD data, we conclude that these molecules must have an inclined orientation when inserted between 
the graphene sheets. For GO_NA we do not observed any significant change on the N 1s XPS spectrum with 
respect to that of a drop cast film of naphthalene amine (presented in the right top panel of Figure 9.3 right). This 
matches with interpretation of the C 1s XPS spectrum of GO_NA because in the case of π-π interactions the 
amine functional groups do not participate in any interactions but are present as free groups inside the graphene 
galleries (scheme 9.2). 

 

Table 9.1 Ratio of the total intensities of the carbon 1s to oxygen 1s photoemission lines for GO, GO_A and 
GO_NA 

GO GO_A GO_NA 

1.62±0.03 2.12±0.06 2.91±0.06 
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Figure 9.4 Conformation of GO (top), of aniline when intercalated between graphite oxide sheets (centre) and of 
naphthalene amine when intercalated between graphite oxide sheets (bottom) as resulting from the simplified molecular 

dynamics simulations [see text below]. 

 

9.4 Molecular dynamics simulations 

To get further insight into the interaction of of anilene and naphthalene amine with GO, Francesco 
Zerbetto’s group at the University of Bologna has been performing molecular dynamics simulations. For the 
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time being only the results from the first short trial run (“quick and dirty”, 1 ns) are available, where to 
simplify the calculation time only OH groups were introduced on GO. The results of these simulations are 
shown in Figure 9.4 and seem to support the experimental findings. Some interesting issues arose and will 
have to be tackled in the next steps: 1) the interlayer distance in GO depends on the amount of water, 
however, here no water was included. In the future, the calculation will have to be repeated with the amount of 
water determined from the thermogravcimetric analysis discussed above). 2) The simulations found that 
aniline is much more mobile between the GO layers than naphthalene amine, which implies that it is able to 
locate the most reactive point(s) of GO. Organic chemistry also suggests that aniline is more basic than 
naphthalene amine and should therefore be more reactive with the epoxy groups. 

 

9.5 Conclusions 

In this study we have observed the successful intercalation of common organic polycyclic aromatic 
compounds between the layers of graphite oxide (GO), and examined in detail the mechanism by which each 
molecule interacts with the graphene oxide surface. We demonstrate that the type of interaction for aniline and 
naphthalene amine with the graphene oxide layers differs according to the size of the aromatic molecules. 
More specifically we have shown that aniline covalent binds with the graphite oxide matrix through chemical 
grafting, while naphthalene amine prefers to adsorb on the surface of graphene oxide by π-πinteractions. This 
novel class of hybrid materials opens new horizons in intercalation chemistry and may drive potential 
applications in electronics, energy storage and environmental remediation. 

 

References 

[1]  Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.; Grigorieva, I. V.; 
Firsov, A. A. Science  2004, 306, 666-669. 

[2]  Geim, A. K.; Novoselov, K. S. Nat. Mater. 2007, 6, 183–191. 

[3]  Wu, J.; Pisula, W.; Müllen, K.Chem. Rev. 2007, 107, 718–747. 

[4]  Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C. N. Nano Lett. 2008, 
8, 902–907. 

[5]  Kim, K. S.; Zhao, Y.; Jang, H.; Lee, S. Y.; Kim, J. M.; Kim, K. S.;Ahn, J. -H.; Kim, P.; Choi, J. -Y.; 
Hong, B. H. Nature 2009, 457, 706–710. 

[6]  Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J. -S.; Zheng, Y.; Balakrishnan, J.; Lei, T.;Ri Kim, H.; Song, Y. 
I.; Kim, Y. -J.; Kim, K. S.; Özyilmaz, B.;Ahn, J. -H.; Hong, B. H.;Iijima, S. Nat. Nanotechnol. 2010, 5, 
574–578. 

[7]  Tombros, N.; Jozsa, C.; Popinciuc, M.; Jonkman, H. T.;Van Wees, B. J. Nature 2007, 448, 571–574. 

[8]  Stankovich, S.; Dikin, D. A.; Dommett, G.H. B.; Kohlhaas, K. M.; Zimney, E. J.; Stach, E. A.; Piner, R. 
D.; Nguyen, S. T.; Ruoff, R. S. Nature  2006, 442, 282–286. 

[9]  Brey, L.; Fertig, H. A. Phys. Rev.B 2006, 73 (23), 235411. 



119 

 

[10] Schedin, F.;Geim, A. K.;Morozov, S. V.; Hill, E. W.; Blake, P.;Katsnelson, M. I.;Novoselov, K. S. Nat. 
Mater. 2007, 6, 652–655. 

[11] Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. J.; Stach, E. A.; Piner, R. 
D.; Nguyen, S. T.; Ruoff, R. S. Nature 2006, 442, 282–286. 

[12] Verdejo, R.; Barroso-Bujans, F.; Rodrı´guez-Pe´rez, M. A.; de Saja, J. A.; Lo´pez-Manchado, M. A. J. 

Mater. Chem. 2008, 18, 2221–2226. 

[13] Segal, M. Nat. Nanotechnol. 2009 , 4 , 612-614. 

[14] Boehm, H. P.; Clauss, A.; Fischer, G. O.; Hofmann, U. Z. Naturforsch. B 1962, 17, 150-153 

[15] Brodie ,B. C. Ann. Chim. Phys. 1860, 59, 466-472. 

[16] Staudenmaier, L. Ber. Deut. Chem. Ges. 1898, 31, 1481-1487. 

[17] Hummers, W. S.; Offeman, R. E.J. Am. Chem. Soc. 1958, 80, 1339. 

[18] Bourlinos, A. B.; Gournis, D.; Petridis, D.; Szabo, T.; Szeri, A.; Dekany, I. Langmuir 2003, 19, 
6050−6055.  

[19] Dreyer, R. D.; Park, S.; Bielawski, C. W.; Ruoff, R. S. Chem Rev Soc 2010;, 39, 228–40. 

[20] Bissessur, R.; Liu, P.K. Y.; Scully, S. F. SyntheticMet. 2006, 156, 1023–1027. 

[21] Meng, N.; Zhang, S.-Q.; Zhou, N.-L.; Shen, J. Nanotechnology 2010, 21, 185101.  

[22] Hagenmuller, P. J. Phys. Chem. Solids 1998, 59, 503–506. 

[23] Stankovich, S.; Dikin D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. J.; Stach, E. A. Nature 

2006, 442, 282–286. 

[24] Shao, Y.; Wang, J.; Wu, H.; Liu, J.;Aksay, I. A.; Lin, Y.Electroanalysis 2010, 22, 1027–36. 

[25] Wang, Y.; Shi, Z.; Huang, Y.; Ma, Y.; Wang, C.; Chen, M.; Chen, Y.J. Phys.Chem. C 2009, 113, 13103–
13107. 

[26] Chen, W.; Duan, L.; Zhu, D. Environ.Sci. Technol. 2007, 41, 8295–8300. 

[27] Wang, L.; Lee, K.; Sun, Y. -Y.; Lucking, M.; Chen, Z.;Zhao, J. J.; Zhang, S. B. ACS Nano 2009, 3, 
2995–3000. 

[28] Guo, J.; Wang, R.;Tjiu, W. W.; Pan, J.; Liu, T. J. Hazard.Mater. 2012, 225-226, 63–73. 

[29] Jin, Z.;Lomeda, J. R.; Price, B. K.; Lu, W.; Zhu, Y.; Tour, J. M.Chem Mater 2009, 21, 3045–3047. 

[30] Zhu, D.;Pignatello, J. J.Environ. Sci. Technol. 2005, 39, 2033–2041. 

[31] Xu, Y.; Bai, H.; Lu, G.; Li, C.; Shi, G.; J. Am. Chem. Soc.2008, 130, 5856–5857. 

[32] Rochefort, A.; Wuest, J. D. Langmui r2009, 25, 210–215. 

[33] Yang, K.; Zhu, L.; Xing, B. Environ. Sci. Technol. 2006, 40, 1855–1861. 

[34] Chen, W.; Duan, L.; Zhu, D. Environ. Sci. Technol. 2007, 41, 8295–8300. 



120 

 

[35] Chen, R. J.; Zhan, Y. G.; Wang, D. W.; Dai, H. J. J. Am. Chem. Soc. 2001, 123, 3838. (b) Nakashima, N.; 
Tomonari, Y.; Murakami, H. Chem. Lett. 2002, 31, 638-639. 

[36] Nakayama-Ratchford, N.; Bangsaruntip, S.; Sun, X.; Welsher, K.; Dai, H. J. J. Am. Chem. Soc. 2007, 
129, 2448-2449. 

[37] Chen, W.; Duan, L.; Zhu, D.Environ. Sci. Technol. 2007, 41, 8295–8300. 

[38] Lotya, M.; Hernandez, Y.; King, P. J.; Smith, R. J.; Nicolosi, V.; Karlsson, L. S.; Blighe, F. M.; De, S.; 
Wang, Z.; McGovern, I. T.; Duesberg, G. S.; Coleman, J. N. J. Am. Chem. Soc. 2009, 131, 3611-3620 

[39] Dekany, I.; Kruger-Grasser, R.; Weiss, A. Colloid Polym. Sci. 1998, 276, 570-576. 

[40] Biniak, S.; Szymanski, G.; Siedlewski, J.; Swiatkowvski, A. Carbon 1997, 35, 1799-1810. 

[41] Bourlinos, A. B.; Gournis, D.; Petridis, D.; Szabo, T.; Szeri, A.; Dekany, I. Langmuir 2003, 19, 6050-
6055. 

[42] Gengler, R. Y. N.; Veligura, A.; Enotiadis, A.; Diamanti, E. K.; Gournis, D.; Jozsa, C.; van Wees, B. J.; 
Rudolf, P. Small 2010, 6, 35-39. 

[43] Moses, P. R.; Wier, L. M.; Lennox, J. C.; Finklea, H. O.; Lenhard, J. R.; Murray, R. W. Anal Chem1978, 
50, 576–85. 

[44] Ektessabi, A. M.; Hakamata, S. Thin Solid Films 2000, 377-378, 621–625. 

[45] Shin, J. -W.; Jeun, J. -P.; Kang, P.-H. Macromol.Res. 2010, 18, 227–232. 

[46] Herrera-Alonso, M.; Abdala, A. A.; McAllister, M. J.;Aksay, I. A.; Prud’homme, R. K. Langmuir 2007, 
23, 10644–10649. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



121 

 

 

 

 

Appendix A 

 

Clays 

 

A.1 History 

“Clay” has been defined differently by geologists, mineralogists and soil scientists through time. 
Historically the word clay was used to define small inorganic particles smaller than <2 µm portion of soil 
(heterogeneous mixture of fluids and particles like clays, sand), without any reference to composition or 
crystallinity. The most recent definition classifies clays as a group of phyllosilicate (phyllo = sheet like 
structure) minerals based on hydrous aluminium or magnesium silicates that have layered (sheet) structure. 
Clays were mentioned already in Ancient Greece for their applications in ceramics (bricks) and, exceptionally, 
as pigments. Herodot (430 B.C) and Xenofon (355 B.C), refer to Babylonian walls made of brick (Figure 
A.1),and Aristotle (384-322 B.C) mentions clay in his general theory about bodies “quarried’’ and bodies 
“mined”; the first reference to clay as part of mineralogy comes from  Theophrastus (372-287 B.C).1  

The definition of clay was first formalized by Agricola in his famous handbook of mineralogy, with 
the title ‘De Natura Fossilium’ (1546). Finally in 1995 both the nomenclature committees of AIPEA and CMS 
report the definition of clay and clay mineral. According to these reports the term clay refers to “a naturally 

occurring material composed primarily of fine-gained minerals which is generally plastic at appropriate 

water contents and will harden when dried or fired. Although clay usually contains phyllosilicates, it may 

contain other materials that impart plasticity and harden when dried or fired. Associated phases in clay may 

include materials that do not impart plasticity and organic matter.” and to clay minerals as “phyllosilicate 

minerals and minerals which impart plasticity to clay and which harden upon drying or firing” 

 

A.2 General Description 

Every clay mineral contains two types of sheets. The main structural unit is the tetrahedral sheet of 
silicon oxide (SiO4). Silicon (Si) is located in the centre of the tetrahedral and connected covalently with four 
oxygen (O) atoms at the edges. Every tetrahedral unit shares three of the oxygens with neighbouring 
tetrahedra leading to the creation of a 2-dimensional (2-D) sheet (Figure A.2 above). The second significant 
structural unit of clays is the octahedral unit, which consists of  Al+3, Mg+2 or Fe+2,+3 placed in the centre of the 
octahedral and connected with six oxygen (O) or hydroxyl (OH) groups at the edges. Every octahedron shares 
four O with neighbouring octahedra, resulting in the creation of an octahedral sheet as illustrated in Figure A2.  
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Figure A.1. Original walls of ancient Babylon. 

 

 

Figure A.2. Schematic representation of tetrahedral and octahedral sheets where the black spots refer to Si and Al/or Mg 
atoms, respectively and white spots represent the oxygen atoms. 

 

Clays can be classified in categories based on many criteria. The most common classifications of 
phyllosilicate minerals consider the type of sheets (2:1 or 1:1), their structural formula, and the cation exchange 
capacity (will be discussed in detail below). These properties categorize them in subgroups. In this project we 
worked with montmorillonite, a clay mineral that belongs to the family of smectite clays. 

Smectite clays are a class of layered aluminosilicate minerals with a unique combination of swelling, 
intercalation and ion exchange properties that make them valuable nanostructures in different fields of high 
interest.3,4 Their structure consist of an octahedral alumina layer fused between two tetrahedral silica layers as 
sketched in Figure A.3. 

In the tetrahedral sheet Al+3 can replace Si+4 creating a negative charge. Occasionally Fe+3 cations are 
also present in the tetrahedral lattice. In the octahedral sheets negative charging may occur by substitution of 
Mg+2 for Al +3. Many other transition metals have been found in the octahedral sheets including Fe+2, Fe+3, Mn+2. 
Because of the negative charge on the clay lattices due to isomorphous substitutions, charge neutrality is 
obtained by compensating cations between the basal planes. They are monovalent or sometimes divalent and 
surrounded by water molecules, (hydrated cations) as shown in Figure A.4.  
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Figure A.3. Schematic representation of montmorillonite clay. 

 

Figure A.4. Swelling properties of clay minerals. 

 

The quantity of cations between the clay sheets, which is characteristic for each class of clay mineral, 
is called cation exchange capacity (CEC), and expressed in meq of exchange cations per mass of clay (see 
Figure A.5). For these systems, intercalation is equivalent with ion exchange, and unlike for graphite 
intercalation compounds, does not involve necessarily charge transfer between host and guest species. Clays 
have the natural ability to adsorb organic or inorganic guest cationic species (and even neutral molecules) 
from solutions, and it is this cation “storage” that allows for clay minerals to be used as catalysts,5,6templates7,8 

in organic synthesis, or as building blocks for composite materials.9-14 The nature of the microenvironment 
between the aluminosilicate sheets regulates the topology of the intercalated molecules and affects possible 
supramolecular rearrangements or reactions, such as self-assembling processes that are usually difficult to 
control in solution.9–16 

 

 

Figure A.5. Intercalation process on a clay mineral by ion exchange. 
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Appendix B 

 

X-ray photoelectron spectroscopy 

 

B.1 History 

The idea and subsequent development of X-ray photoelectron spectroscopy, XPS in short, is strongly 
connected to the discovery of the photoelectric effect by Heinrich Hertz in 1887, in which X-rays were used as 
exciting photon source.1 The photoelectric phenomenon, sketched in Figure B.1(a), was ideally explained later in 
1905 by Albert Einstein, who suggested the wave-particle duality of light that can only be understood using the 
quantum theory (Nobel Prize 1921). Two years later in 1907, P.D. Innes experimented using a Roentgen tube, 
Helmholtz coils, a magnetic field hemisphere and photographic plates in order to record broad bands of emitted 
electrons as a function of velocity, and this was the first XPS spectrum ever recorded.2 Other researchers, such as 
Moseley, Rawlinson and Robinson, independently performed various experiments trying to figure out the details 
in those broad bands. After a non-productive scientific period due to the second world war, Kai Siegbahn and his 
group at the University of Uppsala, Sweden, made a significant step concerning improvements in the equipment 
and finally in 1954 is recorded the first high-energy resolution XPS spectrum of cleaved sodium chloride (NaCl), 
which revealed the potential of XPS. A few years later, in 1967, Siegbahn published an ample study on XPS 
resulting on the immediate recognition of the values of XPS.3 In co-operation with Siegbahn, Hewlett-Packard in 
the USA produced the first commercial monochromatic XPS instrument in 1969. Siegbahn received the Nobel 
Prize in 1981 for his wide efforts to develop XPS into a useful analytical tool. Since then, XPS is one of the most 
important techniques for surface analysis. 

 

B.2 General description 

X-ray photoelectron spectroscopy is a quantitative spectroscopic technique that supplies useful 
information about the elemental composition, as well the chemical environment and electronic state of the 
elements composing a probed volume reaching from the surface to a depth of several nm (<10nm) into the 
sample.1The sample to be analyzed is bombarded with a monochromatic X-ray beam of known energy, hν, 
giving rise to the emission of electrons with kinetic energy (Ek), where Ek<hν, owing to the photoelectric effect 
(Figure B.1(b)). 

The kinetic energy of the ejected electrons (photoelectrons) can be measured by an electron energy 
analyzer, and from this the binding energy of the electron is defined by the equation: 

Ek=hν-Eb-Φsp 
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(a)  (b)  

Figure B.1(a) Schematic representation of the photoelectric effect. (b) Photoelectric effect as an analytical tool. 

 

Figure B.3 Schematic diagram of the photoemission process. The surface is irradiated with X-rays of known energy, hν, 
and electrons of kinetic energy Ek are ejected. Φο is the work function of the sample, and these electrons reach the 

detector with work function Φsp where their kinetic energy Ek is measured. 

 

where hν represents the energy of the incident X-ray beam, Φsp is the spectrometer work function, the 
minimum amount of energy one electron needs to escape from the surface. A detailed representation of the 
photoemission process which also takes into account the sample work function, Φo, is shown on an energy 
level diagram in Figure B.2 for a sample in electrical contact with the spectrometer. 

In this thesis we are interested in ejected photoelectrons coming from the core levels, which do not 
participate in any kind of chemical bonding. As sketched in Figure B.1(b) each element is characterized by a 
specific electronic configuration and will therefore give rise to a unique set of electrons with specific binding 
energies (Eb) in the X-ray photoelectron spectrum. Such a spectrum, which reports the number of 
photoelectrons as a function of the binding (or kinetic) constitutes a fingerprint of the elements compose the 
surface as shown in Figure B.3, where several core levels of gold, carbon, oxygen, nitrogen and iron are 
identified. The electrons that escape without energy loss contribute to the characteristic peaks, while those that 
undergo inelastic energy loss contribute to the background of the spectrum.4 The relative intensity of a core 
level peak is mainly governed by the atomic photoemission  
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Figure B.3 A typical XPS spectrum, in which core levels of gold, carbon, iron and oxygen can be identified. 

 

cross-section. In particular, since the cross-section of H and He when excited with X-rays is too small, 5 these 
elements cannot be detected by XPS. 

The elemental composition of the surface is derived from the area under the core level peaks. The 
atomic concentration (CA) of the element A is usually calculated as: 

∑
=

i

ii

AA

A
SI

SI
C

/

/

 

where Ii is the area under the peak of the element i, which is proportional to the amount of i, and Si is the 
relative sensitivity factor, a corrective factor that takes into account the excitation energy, the electron mean 
free path, the cross section and the instrumental efficiency. 

 

B.3 Ultra-high vacuum (UHV) requirements 

For the photo electrons to reach the energy analyzer after the photoemission process, avoiding any 
scattering inside the chamber, the mean free path should be much bigger than the dimensions of the 
spectrometer. This can be achieved by working in Ultra-high Vacuum (UHV) in the measuring chamber. UHV 
not only allows the electrons to move unperturbed into the spectrometer analyzer, it also prevents the first 
atomic layers of the sample from being covered by contaminant during the measuring time. In practice, the 
majority of experiments are carried out with a base pressure of 10-10 Torr, which is also the pressure we 
worked with most of the times. 
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Figure B.4. C 1s core level region of the X-ray photoelectron spectrum of ethyl trifluoroacetate. Different binding 
energies correspond to the different chemical environment of the carbon atoms in the molecule. Adapted from Gelius et 

al.7 J. Electron Spectrosc.Copyright 1974. 

 

B.4 The chemical shift 

The exact binding energy of an electron depends not only upon the core level involved in the 
photoemission process, but also on the oxidation state of the atom and the local chemical and physical 
environment. Core level binding energies are in fact determined by the Coulomb interaction of the electron 
with other electrons and the electrostatic interaction with the nuclei. Any change in the chemical environment 
of the element corresponds to different energy levels, giving rise photoelectrons with slightly different kinetic 
energies. As a consequence, variations in the elemental binding energies – called the chemical shifts – can be 
used to identify the chemical state or the chemical groups of the material being analyzed.6 The presence of the 
chemical shifts gives XPS the alternative name: Electron Spectroscopy for Chemical Analysis (ESCA). Figure 
B.4 presents an example of chemical shift in the C 1s core level of ethyl trifluoroacetate measured in the gas 
phase.7Thestructure of the molecule is presented above the XPS spectrum. The reason we chose this molecule 
for the illustration of the chemical shift is that the peaks of the spectrum correspond ideally to the different 
chemically shifted of carbon 1s components. 

The four different peaks correspond to four different shifts: the peak at the highest binding energy (~ 
293.0 eV) is attributed to carbon bound to three fluorine atoms (CF3-), while the other three peaks due to 
C(O)O , C-C and C-H bonds. Higher electron density around the photoemitting atom translates into lower 
binding energy. To quantify the elemental composition of the sample, the area under the core level peaks is 
calculated. Since photoelectrons from different core levels are detected with different efficiency, one has to 
take into account the relative sensitivity factor of each element, a corrective factor Si that takes into account 
the excitation energy, the electron mean free path, the cross section and the instrumental efficiency of the 
element. The atomic concentration (CA) of the element A is usually calculated as: 
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where Ii is the area under the peak of the element i, which is proportional to the amount of i. 
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Appendix C 

 

Porosimetry measurements 

 
C.1 Introduction 

Physical and synthetic materials which have the natural ability to adsorb on their surface molecules or 
atoms (in gas or liquid phase), thus they are described as adsorbent materials. When this adsorption arises 
from weak Van der Waals interactions (20-50 KJ/mol), it is called physisorption, while in the case of creation 
of chemical bonds (200-400 KJ/mol) between the adsorbate atoms (atoms that already have been adsorbed) 
and surface atoms of the solid, the process is called chemisorption.  

The phenomenon of adsorption depends strictly on the surface area of the adsorbent; the larger the surface 
area of the solid, the higher the quantity of molecules adsorbed. At this point we have to point out that the 
term ‘surface’ refers also to the internal surface of the pores of the material. 

The porosity describes the pore space in a material (Sing et. al.1985).1 It defines the internal surface of 
the porous structure and as a consequence determines the surface area. An open pore is a cavity that 
communicates with the surface. In addition to the open pores on the surface, a porous material also possesses 
closed pores, which are inside the structure and do not interact with the surface. The closed and open pores are 
called interparticular porosity of the solid. Pores are classified as macropores when the pore diameter exceeds 
50 nm, mesopores for pore diameter between 2 – 50 nm and micropores for (pore diameter < 2 nm as 
described in Figure C.1.1 

Surface area and porosity are key physical parameters that determine the performance and behaviour 
of solids and powders in applications such as catalysis, separation and purification of gases and liquids, and 
energy storage.2-5 

 

C.2 Porosimetry measurements 

The definition of the surface area, as well of the pore size of a material, includes a process based on 
the physical adsorption of an inert gas on its surface. The molecules of the inert gas adsorb on the surface 
layer-by-layer. That means that when the whole surface of the material covered with the adsorbate, the second 
layer starts to grow on top of the first one and so on. The surface of the material is calculated from the first 
layer of the molecules that covers the surface, while the pore size is estimated from the whole volume of 
molecules that are adsorbed. 
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Figure C.1. Schematic representation of classification of the pore size (IUPAC1984) 

 

 

Figure C.2. Adsorption (above) and desorption (below) isotherms in different stages (S.J. Gregg and K.S.W. Sing, 
Adsorption, Surface Area and Porosity, 1982). 

 

Figure C.3 The geometrical structure of the pores depending on the shape of the hysteresis loop of the adsorption-
desorption isotherm (S.J. Gregg and K.S.W. Sing, Adsorption, Surface Area and Porosity, 1982). 
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During the adsorption of the molecules (gas phase) from the adsorbent (solid phase), a dynamic 
equilibrium is established between the two phases. This equilibrium depends on the temperature of the system, 
the concentration of the gas that has not been adsorbed (or the saturated vapour pressure, p0) and the volume of 
the gas phase that has been adsorbed. As a consequence this equilibrium can be expressed with different 
diagrams depending on which parameter is constant every time. Here we are interested in the adsorption 
isotherms which give the volume of the adsorbate (per mass unit of the adsorbent) versus the pressure, while 
keeping the temperature constant (Figure C.2). For porous materials, the adsorption-desorption isotherms display 
a hysteresis loop. The shape of the hysteresis loop depends on the geometrical structure of the pores (Figure C.3). 
The physical explanation of this phenomenon is that the desorption of the adsorbate take place in lower values of 
p/p0 than the values of pressure that acquired for the adsorption in the same temperatures. In other words: there is 
a hysteresis loop in the isotherms for absorption and desorption because of the difference in pressure during these 
two processes. 

 

C.3 Specific Surface Area 

The method of Brunauer, Emmett and Teller (BET) is a successful model that explains the adsorption 
of gas molecules on a solid surface for the measurement of the specific surface area.6 This theory is an 
extension of the Langmuir theory*, a theory that provides information for monolayer molecule adsorption that 
does not describe most real cases. The specific surface area is calculated according to the BET equation 
(Brunauer et. al. 1938), taking into account that there is no restriction for the number of layers of adsorbate 
and the layers do not interact between each adsorption layer. The resulting BET equation is given by: 

         

where V is volume adsorbed, Vm volume of a monolayer, P sample pressure, P0 saturation pressure and c 
constant related to the enthalpy of adsorption (BET constant). The specific surface area (SBET) is then 
calculated from Vm by the following equation: 

           

where na is the Avogadro constant, am the cross sectional area occupied by each nitrogen molecule, m the 
weight of the sample and VL the molar volume of nitrogen gas (22414 cm3). The theory is based on the 
assumption that the first adsorbed layer involves adsorbate/adsorbent bonding energies, and the following 
layers the energies of the adsorbate/adsorbate interaction. 

*
1 1 1

m m

P

V KV V
= + Langmuir equation 
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C.4 Total pore volume and pore size distribution 

The method of Barrett, Joyner, and Halenda is a procedure for calculating pore size distributions from 
experimental isotherms using the Kelvin model of pore filling. It applies only to the mesoporous and small 
macropore size range. 

The macropores are determined with mercury (Hg) porosimetry while the mesopores with nitrogen (N2) 
porosimetry. From the desorption curve and based on the Kelvin equation in N2 porosimetry, we estimate the 
radius of the porous from the pressure of the isotherm.  The Kelvin equation is used to calculate the relative 
pressure of nitrogen in equilibrium with a porous solid, and applied to the size of the pores where capillary 
condensation takes place. The equation was presented in its original form by Thomson (1871). 

 
 

In the Kelvin equation, p is the equilibrium vapour pressure of a liquid in a pore of radius r, P0 the 
equilibrium pressure of the same liquid on a plane surface, γ surface tension of the liquid, VL molar volume of 
the liquid, θ the contact angle with which the liquid meets the pore wall, R the gas constant and T absolute 
temperature. When the meniscus of condensate is concave, capillary condensation will proceed in pores of 
radius r as long as the adsorptive pressure is greater than pressure p. 
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Summary 

Carbon is the most versatile element with the greatest number of known allotropic forms like 
diamond, graphite and the most recently synthesized fullerenes, nanotubes and of course graphene. Due to 
their special properties all these allotropes have had a great scientific and technological impact in time and 
opened new horizons in different fields such as nanoelectronics, transistors, sensors, gas separators, catalysis, 
supercapacitors, and energy storage materials. Aim of this PhD project was the successful manipulation of 
graphene and its derivatives in order to create efficient hybrid nanostructures for multi-functional applications. 

Several methods are available for the preparation of graphene. The first attempt came from Brodie, 
who was the first to exfoliate graphite, through strong oxidation, leading to graphene oxide sheets. More than 
a century after the creation of graphene oxide, the revolutionary method of micromechanical cleavage by K.S 
Novoselov and A.K.Geim’s lead to isolated graphene sheets and revealing the outstanding properties of this 
exotic 2-D flat monolayer. However micromechanical cleavage is not suitable for controllable production and 
has an extremely low yield of graphene, hence new methods have been investigated. Among the best is the 
chemical vapor deposition (CVD) and epitaxial growth, facilitating the high yield production of graphene; but 
the good quality is hampered by the creation of defects in the lattice. In chapter 3 we review an alternative 
way for the production of graphene, namely chemical exfoliation of graphiteand distinguished the production 
of graphene oxide (GO) and all the other methods that do not involve chemical oxidation of graphene. The 
approach followed aimed at providing the reader with an overview of the advantages and disadvantages of 
each method in terms of quality, yield, structural integrity and electronic properties.  

The organic functionalization of carbon nanotubes by the 1,3-dipolar cycloaddition of azomethide 
ylides opens new perspectives for the production of soluble and easy to handle CNTs. After the discovery of 
graphene a huge effort has been devoted to the chemical modification of the first stable 2-D monolayer ever 
found, which may help for future applications, like the utilization of graphene as robust scaffold in the 
construction of composite materials. In chapter 4 of this thesis we report our approach for the organic 
functionalization of few layer graphene by the dipolar cycloaddition method and show that functionalizing 
groups are distributed evenly over the sheets and their edges.  

Chapter 5 is devoted to the intercalation of pure graphite with fullerene. The intercalation includes the 
utilization of a co-intercalant, which is introduced between the sheets of graphite first, helping to increase the 
interlayer distance between the graphene layers and consequently to intercalate C60. The co-intercalant used in 
our case was nitric acid, leading to the creation of graphite nitrate (GN). The nitric acid molecules adsorb 
between the graphene layers with weak interactions, without affecting significantly the graphene lattice and 
help the fullerene molecules to intercalate by π-πstacking with the graphene layers. Heating of the final 
material at relatively low temperatures (100 ºC) removes the co-intercalated leaves only fullerene inside the 
graphite matrix. The quality of the intercalated graphite is high as demonstrated by Raman measurements. 
This method is a new approach for the intercalation of graphite as it does not require any oxidation treatment 
and subsequent reduction of the graphene lattice. 

In Chapter 6 we present a new method for the creation of novel multi-functional hybrid systems 
through the successful intercalation of adamantylamine into the interlayer space of graphite oxide and two 
types of clays, natural montmorillonite clay and synthetic laponite clay. The final hybrids were characterized 
by a combination of X-ray diffraction, X-ray photoelectron spectroscopy, FTIR spectroscopy, 
thermogravimetric and differential thermal analysis in order to fully investigate their chemical structure. We 
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could show that these pillared materials are highly suitable for the removal of organic pollutants 
(chlorophenols) from water, and display significant anticancer activity in cell cultures. The proposed synthesis 
method will lead to the controllable bulk production of intercalated layered materials for environmental 
remediation and medical applications. 

In Chapter 7 we describe for the first time an innovative and reproducible method for the direct 
formation of multi-wall carbon nanotubes by ultrasonication of graphite in dimethylformamide upon addition 
of ferrocene aldehyde. Ultrasonication of graphite produces sufficient energy for exfoliation in different 
solventsbut also creates free radicals on the graphene sheets. Ferrocene aldehyde has a double role: firstly it 
acts as a radical trap reducing the damage on the exfoliated graphite sheets and secondly it localizes at the 
edges of few layer graphene causing the sheets to roll up and form carbon nanoscrolls; the latter convert into 
multi-wall carbon nanotubes thanks to the ultrasound energy. The proposed method will lead to the 
controllable production of carbon nanostructures by simple ultrasonication treatments. 

Chapter 8 is devoted to the intercalation of aluminium clusters into the interlayer space of graphite 
oxide and the subsequent behaviour of the derived intercalated structure upon heating. After the synthesis of 
Keggin ion [A113(O)4(OH)24(H2O)12

7+], we intercalated the aluminium polycation between the layers of 
graphene oxide. X-ray diffraction and X-ray photoelectron spectroscopy testify to the success of our method. 
This hybrid material is promising for applications like catalysis, gas or liquid separation and energy storage. 

Finally in chapter 9 we report the intercalation of organic cyclic aromatic molecules in the interlayer 
space of graphite oxide. We studied two aromatic molecules (aniline and naphthalene amine) and investigated 
the type of bonding with the graphitic sheets. Aniline binds on the graphene oxide layer via covalent bonding 
to the epoxy groups, while naphthalene amine prefers to attach to the graphene surface through π-
πinteractions. This new class of hybrid materials opens the horizons for the intercalation chemistry of aromatic 
molecules into graphene-based nanomaterials.   

Therefore the aim of this thesis, namely the synthesis and manipulation of novel pillared materials 
based on graphene, was successfully achieved, opening the way for further investigation of their properties 
and for their utilization in innovative applications. 
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Samenvatting 
 

Koolstof is het meest veelzijdige element met het grootste aantal bekende allotrope vormen zoals diamant, 
grafiet en de meest recente gesynthetiseerde fullerenen, nanobuizen en natuurlijk grafeen.  Door hun  speciale 
eigenschappen hebben deze allotropen een grote wetenschappelijke en technologische impact gehad in de 
geschiedenis. Ook hebben deze eigenschappen nieuwe inzichten opgeleverd op verschillende gebieden zoals 
nano-elektronica, transistors, sensoren, gasscheiders, katalyse, supercondensatoren en energieopslag 
materialen.    

Het doel van dit promotieonderzoek was het succesvol manipuleren van grafeen en de derivaten om operatieve 
hybride nanostructuren voor multifunctionele toepassingen te creëren.  

Er is een aanzienlijk aantal methoden beschikbaar voor de bereiding van grafeen. De eerste poging is 
afkomstig van Brodie, hij was de eerste die door middel van sterke oxidatie grafiet deed exfoliëren wat leidde 
tot grafeen oxide vellen.  

Meer dan een eeuw na het creëren van grafeen oxide leidde de revolutionaire methode van micromechanische 
splitsing door K.S Novoselov en A.K Geim tot geïsoleerde grafeenvellen en het onthullen van de 
buitengewone eigenschappen van deze exotische 2-D vlakke monolaag.  

Echter het ontbreken van een regelbare productie en de zeer lage opbrengst van grafeen resulteerde in het 
onderzoeken van nieuwe methoden. Onder de beste methoden behoren chemical vapor desposition (CVD) en 
epitaxiale groei, dat het makkelijker maakt om een hoge opbrengst van grafeen te produceren maar de goede 
kwaliteit wordt belemmerd door het ontstaan van defecten in de structuur. In hoofdstuk 3 wordt een 
alternatieve manier voor de productie van grafeen beoordeeld, namelijk chemische exfoliatie van grafiet. Dit 
deel is onderverdeeld in twee categorieën: de productie van grafeen oxide (GO) en alle andere methoden 
waarbij geen sprake is van chemische oxidatie van grafeen. De volgende aanpak is bedoeld om de lezer een 
overzicht te geven van de voor- en nadelen van elke methode in termen van kwaliteit, rendement, structurele 
integriteit en elektronische eigenschappen.  

 De organische functionalisering van koolstof nanobuisjes door de 1,3-dipolaire cycloadditie van azomethide 
ylides opent nieuwe perspectieven voor de productie van oplosbare en gemakkelijk te hanteren CNTs. Na de 
ontdekking van grafeen is er heel veel aandacht besteed aan de chemische modificatie van de eerste stabiele 2-
D monolaag ooit gevonden, die kunnen helpen bij toekomstige toepassingen zoals het gebruik van grafeen als 
een robuuste steun bij de constructie van composietmaterialen. In hoofdstuk 4 van dit proefschrift beschrijven 
we onze aanpak voor de organische functionalisatie van enkele laag grafeen door de dipolaire cycloadditie 
methode die met groot succes is gebruikt voor de functionalisering van koolstof nanobuisjes.  

Hoofdstuk 5 is gewijd aan de intercalatie van zuiver grafiet met fullereen. De intercalatie omvat het gebruik 
van een co-intercalant, die eerst wordt geïntroduceerd tussen de bladen van grafiet, om mee te helpen aan het 
verhogen van de tussenlaag afstand en dus het intercalatie proces van C60.   

In ons geval hebben wij de co-intercalant salpeterzuur gebruikt, dat leidde tot de creatie van grafiet nitraat 
(GN). De geïntercaleerde salpeterzuur moleculen adsorberen tussen de lagen grafeen met zwakke interacties, 
zonder een significante invloed te hebben op de grafeen structuur en het helpt de fullereenmoleculen te 
intercaleren met de grafeenlagen door π-πstacking.  
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Verwarming van het uiteindelijke materiaal bij relatief lage temperaturen (100 ºC) verwijdert de co-
geïntercaleerde en laat alleen de fullerenen in de grafietmatrix. De kwaliteit van het geïntercaleerde is hoog 
zoals is aangetoond bij Raman metingen. Deze methode is een nieuwe benadering voor de intercalatie van 
grafiet omdat het geen oxidatiebehandeling vereist en de daaropvolgende reductie van de grafeenstructuur.   

In hoofdstuk 6 presenteren we een nieuwe methode voor het creëren van nieuwe multifunctionele hybride 
systemen na de succesvolle intercalatie van adamantylamine (ADMA)in de tussenlaagruimte van grafietoxide 
en twee soorten klei , natuurlijke montmorilloniet klei en synthetische laponite klei.  

De uiteindelijke hybriden werden gekenmerkt door een combinatie van X-ray diffractie (XRD), X-ray foto-
elektron spectroscopie (XPS), FTIR spectroscopie, thermogravimetrische en differentiële thermische analyse 
om de volledige chemische structuur te onderzoeken.  

We kunnen laten zien dat deze pillared materialen zeer geschikt zijn voor het verwijderen van organische 
verontreinigende (chloorfenolen) uit water en toont significant antikanker activiteit in gekweekte cellen.  De 
voorgestelde synthesewerkwijze leidt tot de regelbare bulkproductie van geïntercaleerde gelaagde materialen 
voor milieusanering en medische toepassingen.  

In hoofdstuk 7 beschrijven we voor het eerst een innovatieve en reproduceerbare methode voor de directe 
formatie van multiwand carbon nanobuisjes door ultrasonicatie van grafiet in dimethylformamide met 
toevoeging van ferrocene aldehyde. Ultrasonicatie van grafiet produceert voldoende energie voor exfoliatie in 
verschillende oplosmiddelen en creëert daarbij vrije radicalen op de grafeenvellen. Ferrocene aldehyde heeft 
een dubbele rol. Ten eerste gedraagt het zich als een val voor vrije radicalen en daarmee reduceert het de 
schade aan de gefolieerde vellen. Ten tweede lokaliseert het zich op de randen van few layer grafeen waardoor 
de vellen oprollen en zo carbon nanoscrolls vormen die converteren in multiwand carbon nanobuisjes. De 
beschreven methode zal leiden tot een controleerbare productie van carbon nanostructuren door middel van 
eenvoudige ultrasonicatie behandelingen. 

Hoofdstuk 8 is gewijd aan de intercalatie van aluminiumclusters in de ruimtes tussen de grafietoxide lagen  en 
het daaropvolgende gedrag van de afgeleide geïntercaleerde structuur bij verhitting. Na de synthese van 
Keggin ion [A113(O)4(OH)24(H2O)12

7+] hebben we de aluminium polycatie tussen de grafeenoxide lagen 
geïntercaleerd. Door middel van röntgenstraal diffractie en röntgen foto-elektron spectroscopie kan het succes 
van onze methode worden aangetoond.  

Tot slot in hoofdstuk 9 doen we verslag van de intercalatie van polycyclische aromatische moleculen in de 
tussenruimtes van de grafietoxide lagen. We hebben het type binding van twee soorten aromatische moleculen 
(aniline en naftaleen amine)  met de grafeenvellen onderzocht. Analine bindt zich aan de grafeen oxidelaag via 
covalente binding aan de epoxy groepen terwijl naftaleen amine zich bij voorkeur bindt aan het 
grafeenoppervlak door middel van π-π interactie. Deze nieuwe klasse van hybride materialen verbreedt de 
horizon voor de intercalatie-chemie van aromatische moleculen aan grafeen gebaseerde nanomaterialen. 

Gezien de resultaten is het doel van dit proefschrift, namelijk de synthese en manipulatie van nieuw op 
grafeen gebaseerde pillared materialen, succesvol behaald en maakt het ruim baan voor verder onderzoek naar 
de eigenschappen en het gebruik in innovatieve toepassingen. 
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