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Chapter 1 
Introduction 
 

 

 

This thesis comprises a representative part of a joint effort aimed at the 

development and study of novel types of low dimensional hybrid films based on 

layered nanomaterials like graphene and germanane by the use of the Langmuir-

Blodgett technique. For a complete list of all the projects in which I participated in the 

past 6 years I refer the reader to the list of my publications at the end of this 

dissertation. 

Considering the great physiochemical properties of layered nanomaterials in 

combination with the advantages of Langmuir-Blodgett method, the purpose of this 

research is to offer an insight into the formation process, structural details and 

properties of the produced 2D hybrid nanostructures. The described fabrication 

routes allow one to create entirely novel architectures whose final structure is 

encoded in the shape and properties of the clusters or moieties that are used. 

The various chapters of this thesis can be read individually and demonstrate the 

potential use of hybrid thin films in a wide range of applications including 

optoelectronics, transparent electrodes, supercapacitors, sensors, photovoltaics, 

conductive inks as well as in biological and medical applications. 
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1.1 Layered nanomaterials 
Layered nanomaterials are composed of two-dimensional (2D) layers of covalently 

bonded atoms, hold together by van den Waals forces. Ever since the use of natural 

clays in Upper Palaeolithic period (26.000-30.000 BC),1, 2 to the isolation of graphene 

in 2004 (single-layer of graphite), 2D materials have attracting enormous industrial 

and scientific interest because with the reduced dimensionality of their building 

blocks come very special physical and chemical properties.3 These layered 

compounds can be built up from very different elements, their layers can be flat or 

buckled; examples are layered double hydroxides (LDHs), transition metal 

dichalcogenides (TMDs), transition metal oxides (TMOs) and 2D compounds such 

as BN, Bi2Te3 and Bi2Se3.4, 5 A classification of layered nanomaterials is presented in 

Table 1.1. A high-throughput prediction of novel two-dimensional materials has 

identified close to 5000 layered materials by screening more than	 300,000 three-

dimensional structures from several crystallographic databases6 and systematically 

checking for the absence of chemical bonds between adjacent layers.6 Their 

structural characteristics and in particular their high surface area, combined with their 

often exotic electronic properties, make layered materials ideal for a wide range of 

diverse applications in (opto)electronics, spintronics, nanosensing, gas and energy 

storage, biomedical technology and drug delivery.7 In this context it is particularly 

important that layered materials can be used as component for the development of 

novel hybrid nanostructures with well-defined dimensions and behaviour. 

In this PhD thesis the Langmuir-Blodgett (LB) technique was used to form novel 

low dimensional films based on layered materials, namely graphene and germanane 

in order to investigate their structure and properties. More specifically graphene 

oxide was used as a platform to form hybrid multilayer systems hosting a variety of 

0D carbon allotropes (fullerene molecules and carbon dots). Finally germanane was 

produced by a new synthetic approach and tested as antimicrobial agent. In the next 

paragraphs these materials will be shortly introduced. 
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Table 1.1 Families of layered nanomaterials. 

 
 

1.1.1 Graphene 
Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms that are 

arranged in a honeycomb crystal lattice, as shown in Figure 1.1 (left). The isolation 

and discovery of the surprising electronic properties of graphene in 2004 by Andre 

Geim and Konstantin Novoselov (yielding in 2010 the Nobel Prize in Physics) started 

a scientific revolution around the unique electronic, mechanical, thermal and optical 

properties of this 2D material. The extraordinary electron mobility, combined with its 

high thermal and mechanical stability, chemical inertness, large surface area, 

elasticity and the possibility to electrochemically modify the electronic structure place 

graphene at the top of the list of candidates for the development of new 

nanomaterials for a plethora of applications.8-10  

Graphane, a hydrogenated form of graphene with formula unit (CH)n, was 

predicted in 200711 and the first experimental confirmation was reported two years 

later by exposing pristine graphene to atomic hydrogen.12 The addition of hydrogen 

to graphene causes a new configuration of the original flat monoatomic graphite 

layer because all carbon atoms in the resulting lattice change their hybridization from  

Graphene
Graphene	Oxide

Fluorographene

BCN
(B,N	co-doped	graphene)

h-BN	
(white	graphene)

Germanene

Germanane
Silicene

Derivatives	from	MAX	phases
M	=	transition	metal;	A=Al	or	Si;

&	X=C	or	N,	such	as	Ti3C2

Transition-metal	dihalides
MoCl2

Metal	halides
MX3

Layer-type	halides	
MX4	, MX5,	MX CaHPO4

Transition	Metal		Dichalcogenides

Transition	Metal	Trichalcogenides
AMo3X,	NbX3	, TiX3	,	X=S,	Se	or	Te

Metal	Phosphorous	Trichalcogenides
(MPX3)

Perovskites-type	&	niobates

Transition	metal	oxides
Ti	oxides,	Nb oxides,

Mn	oxides,	Vanadium	oxide

LaNb2O7, CaLaNb2TiO10,

Bi4Ti3O12, etc

Trioxides
MoO3,	TaO3 &	hydrated	WO3

Oxychalcogenides &	oxypnictides
(Ch,	chalcogenide)	&	derivatives	

LaOCuCh

Oxyhalides of	transition	metals
VOCl,	CrOCl,	FeOCl,	NbO2F,	WO2Cl2,

FeMoO4Cl

2:1	Layered	silicates
Smectites,	Talc,	etc

1:1	Layered	silicates
Kaolite,	halloysite

Layered	Double	Hydroxides

GaX,	InX
X	=	S,	Se,	Te

Layered	semiconductors

MoS2, ZrSe2, TaS2,	NbSe2 etc.
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Figure 1.1. Schematic representation of graphene (left) and graphene oxide (right) 

structures. 

 

the flat sp2 to the tetrahedral sp3 (bonded to one hydrogen atom)13 without damaging 

or changing the pristine 2D hexagonal structure. This process transforms the 

conducting graphene into insulating graphane with a	band gap around 3.5 eV 11 and 

renders it an ideal candidate for hydrogen storage applications.11 

 

1.1.2 Graphene oxide 
Graphene oxide (GO) is a graphene derivative with covalently attached oxygen-

containing groups. GO exhibits a lamellar structure with distributed unoxidized 

aromatic regions (sp2-carbon atoms), six-membered aliphatic regions (sp3-carbon 

atoms) and a high concentration of exposed oxygen-containing functional groups 

such as, hydroxyl, epoxy and carboxyl, as shown in Figure 1.1 (right). These 

functional groups are created by strong oxidation and distributed randomly on the 

basal planes and edges of the GO sheets. Due to the existence of such hydrophilic 

groups, GO is an excellent host matrix for the accommodation of a variety of 

moieties (long chain aliphatic hydrocarbons, hydrophilic molecules, transition metal 

ions and polymers) in the interlayer space and promising for the fabrication of thin 

films with fascinating properties.  

 

1.1.3 Germanane 
Germanane (GeH), the germanium graphane-analogue (Figure 1.2) has recently 

attracted considerable interest due to its remarkable combination of expected 

properties. 
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Figure 1.2. Schematic representation of the germanane (GeH) structure. 

 

The predicted high mobility of GeH makes it an extremely suitable 2D material for 

electronic and optoelectronic applications, while its non-zero band gap and low 

dimensionality promise well for short channel field effect transistors with high on-off 

ratios and low quiescent currents14 as well as for photocatalysis applications.15 

Moreover, Germanane’s large spin-orbit coupling should allow to explore novel 

physical phenomena such as quantum spin Hall effect at room temperature.14 

 

1.2 0D Carbon Nanoallotropes 
The unique ability of carbon atoms to participate in covalent bonds with other 

carbon atoms in diverse hybridization states (sp, sp2, sp3) or with nonmetallic 

elements enables them to form a wide range of structures, from small molecules to 

long chains.16 The most known 0D nanoallotropes of carbon include fullerenes and 

carbon dots as shown in Figure 1.3. 

 

 
Figure 1.3. Schematic representation of a C60 structure (left) and an artist 

impression of a fluorescent carbon dot (right). 

OH
NH2

C=O

CH2
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1.2.1 Fullerenes 
C60, also known as Buckminster fullerene, was the first carbon nanoallotrope 

discovered in 1985 by H. W. Kroto, R. F. Curl and R. E. Smalley (yielding in 1996 the 

Nobel Prize in Chemistry). Several other types of fullerenes were also discovered in 

the following, such as C20 and C70. C60 is the most widely studied fullerene up to 

date; each molecule consists of 60 sp2 carbon atoms arranged in pentagons and 

hexagons to form a spherical nanostructure (cage).16 Fullerenes are the smallest 

carbon nanostructures and can be regarded both as molecules and nanomaterials. 

Their size and electronic structure renders them very attractive for doping and 

functionalization, a precondition for the synthesis of novel fullerene-derivatives with 

unique properties for application in medical and electron-transport devices, such as 

sensors, transistors, or solar cells.16, 17 
	

1.2.2 Carbon Dots 
Carbon dots (C-dots) are quasi-spherical carbon nanoparticles with diameters of 

2-10 nm consisting of carbon, hydrogen and oxygen. C-dots are a new class of 

luminescent nanoparticles with properties matching the traditional metal-containing 

quantum dots.18 The combination of multicolour and tunable emission, controlled 

surface chemistry, low toxicity and solvent dispersibility give C-dots great potential 

for a wide range of applications including light emitting diodes, solar cells, sensing, 

catalysis and photovoltaic devices as well as in the fields of bioimaging and 

nanomedicine.18, 19 The most common synthetic methods for the fabrication of C-dots 

are the ‘‘top-down’’ and ‘‘bottom-up’’ approaches.	The splitting up of larger carbon 

structures (graphite, carbon nanotubes and nanodiamonds) into C-dots is achieved 

by "top-down" synthetic methods such as arc discharge, laser ablation and 

electrochemical techniques.20 In the other hand, "bottom-up" synthetic methods refer 

to the synthesis of C-dots from simple precursors such as carbohydrates, citrate and 

polymer-silica nanocomposites. Hydrothermal treatment and microwave-assisted 

methods are the most common synthetic routes.21 Doping of C-dots with 

heteroatoms such as nitrogen and sulfur or metal ions (e.g., Zn, Gd, Si) is also 

common since it allows to tune the optical properties or to add new functionalities.18, 

19, 22 



Chapter 1 
 

	 7	

	
Figure 1.4. Schematic representation of the Langmuir-Blodgett (left) and 

Langmuir-Schaefer (right) deposition techniques. 
	

1.3 Langmuir-Blodgett technique 
The Langmuir-Blodgett (LB) technique is one of the most widely used layer-by-

layer (LbL) deposition methods for preparing monolayer and multilayer thin films. Its 

invention was key to the Nobel Prize in Chemistry awarded to Langmuir in 1932 for 

his work in surface chemistry. The method consists in forming organic monolayers 

called Langmuir films, of amphiphilic molecules in the air-water interface and 

depositing them by immersing a solid substrate into the liquid (vertical dipping). If the 

substrate is instead horizontally dipped the method is called Langmuir-Schaefer (LS) 

deposition and the only difference with the LB technique is the geometry as shown in 

Figure 1.4. In both cases amphiphilic molecules are adsorbed homogeneously with 

accurate control of the thickness of the formed monolayers. This bottom-up approach 

enables the precise control over the packing density of the molecules but also allows 

the deposition over large areas.23  

 

1.4 Outline of the thesis 
The research work subject of this thesis is presented in five (5) chapters and two 

(2) appendixes. 

In Chapter 2 the most recent developments in the use of the Langmuir-Blodgett 

technique for the design and preparation of novel graphene-based hybrids are 

presented in a comprehensive and critical overview.	The structural, physicochemical, 
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electronic and mechanical properties of these hybrid systems are discussed and how 

these properties can be exploited applications in various fields is emphasized.  

In Chapters 3 and 4 hybrid graphene-based multilayers and monolayers 

containing either pure Buckminster fullerene or a fullerenes derivative (C60Br24 or 

C60(OH)24) were developed by a modified Langmuir-Blodgett approach, which 

combines the Langmuir-Schaefer method with self-assembly. This approach uses 

graphene nanosheets as templates for the attachment of fullerenes in a bi-

dimensional arrangement, allowing the control of layer-by-layer growth at the 

molecular level. The produced multilayer thin films constitute novel hybrid systems 

that could be used for potential applications in optoelectronics, photovoltaics, 

sensors, photocatalysis and drug delivery. 

The combined properties of luminescent carbon dots and graphene in hybrids 

offer unique opportunities for highly efficient applications in the fields of 

optoelectronics, sensing, catalysis and biomedicine. Towards this aim, in Chapter 5, 

hydrophilic carbon nanodots were for first time inserted between graphene 

nanosheets by the same bottom-up approach, to form transparent hybrid multilayer 

nanostructures.  

Finally, in Chapter 6, a new and facile approach for the synthesis of germanane is 

described, through which the final product can be obtained in significantly shorter 

time (few minutes) than reported so far. The antimicrobial activity of germanane was 

investigated for first time. Moreover a new technology for the preparation of 

antimicrobial thin films and coatings is presented. Nanoflakes of germamane 

produced by liquid exfoliation were injected in air-water interphase of the Langmuir-

Blodgett trough without the use of organic molecules and compressed to obtain a 

Langmuir film of closed-packed GeH flakes. After transfer to a substrate, the 

antimicrobial activity of the germanane films was investigated for first time, revealing 

that the bacterial populations incubated on germanane films were importantly 

decreased. In addition the antimicrobial activity of GeH dispersions showed that 

during the first six hours bacterial growth is very strongly suppressed. 
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Appendix A  
Characterization techniques 
	

A.1 FTIR spectroscopy  
Infrared spectra reported in Chapters 4, 5 and 6 were measured with a 

SHIMADZU 8400 infrared spectrometer, in the region of 400-4000 cm-1, equipped 

with a deuterated triglycine sulphate (DTGS) detector. Each spectrum was the 

average of 200 scans collected at 2 cm-1 resolution by means a SPECAC variable-

angle attachment. Samples were in the form of KBr pellets containing ca. 2 wt % of 

the sample.  

 

A.2 Raman spectroscopy  
Raman spectra of thin films deposited on Si-wafer and of powder samples of C-

dots, reported in Chapters 3, 4 and 5 were collected with a Micro-Raman system RM 

1000 RENISHAW using a laser excitation line at 532 nm (laser diode). A 0.5-1 mW 

laser power was used with a 1μm focus spot in order to avoid photodecomposition of 

the films. Powder samples of fullerene derivatives (C60(OH)24 and C60Br24) and GeH, 

reported in Chapter 4 and 6 respectively, were measured using a Labram Horiba HR 

spectrometer integrated with a laser line at 514 nm. A 1.5 mW laser power was used 

with a 2 μm focus spot. The measurements were performed by Dr. Konstantinos 

Dimos (University of Ioannina, Greece) and Dr. Vasilios Kostas (University of 

Ioannina, Greece). 

 

A.3 X-ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS) measurements of thin films and of 

aqueous dispersion of GO deposited on Si-wafer reported in Chapters 3 and 5 were 

performed in ultrahigh vacuum at a base pressure of 2×10-10 mbar with a SPECS 

GmbH spectrometer equipped with a monochromatic Mg Kα source (hv=1253.6 eV) 

and a Phoibos-100 hemispherical analyzer. The spectra were collected in normal 

emission and energy resolution was set to 1.16 eV to minimize measuring time. The 
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measurements were performed by Dr. Konstantinos Dimos (University of Ioannina, 

Greece) and Dr. Konstantinos Spyrou (University of Ioannina, Greece).  

X-ray photoelectron spectroscopy (XPS) data of the hybrid films deposited on Si-

wafer, reported in Chapter 4 were collected at a base pressure of 5*10-10 mbar in a 

SPECS GmbH spectrometer equipped with a monochromatic Mg Kα source 

(hv=1253.6 eV) and a Phoibos-100 hemispherical analyser. The energy resolution 

was set to 1.16 eV and the photoelectron take-off angle was 37° with respect to the 

surface normal. All binding energies were referenced to the C1s core level 

photoemission line at 284.6 eV. Spectral analysis included a Shirley background 

subtraction and a peak deconvolution employing mixed Gaussian-Lorentzian 

functions,1 in a least squares curve-fitting program (WinSpec) developed at the 

Laboratoire Interdisciplinaire de Spectroscopie Electronique, University of Namur, 

Belgium. The measurements were performed by Dr. Georgia Potsi (University of 

Groningen, The Netherlands). 

 

A.4 X-ray diffraction  
The X-ray diffraction (XRD) patterns of thin films deposited on Si-wafer substrates 

reported in Chapters 3, 4 and 5 and of powder samples of C-dots reported in 

Chapter 5, (Appendix B) were collected on a D8 Advance Bruker diffractometer by 

using a Cu Kα (λ=1.5418 Ǻ) radiation source (40 kV, 40 mA) and a secondary beam 

graphite monochromator. The patterns were recorded in the 2-theta (2θ) range from 

2 to 80°, in steps of 0.02° and with a counting time of 2 s per step.  

 

A.5 Thermal analysis  
The thermogravimetric (TGA) and differential thermal (DTA) analyses reported in 

Chapter 4 were performed using a Perkin Elmer Pyris Diamond TG/DTA. Powder 

samples of approximately 5 mg were heated in air from 25 oC to 850 oC, at a rate of 

5 °C/min.  
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A.6 UV-Vis spectroscopy 
The UV-Vis spectra reported in Chapter 5 were collected on a Shimadzu UV-

2401PC two beam spectrophotometer in the range of 200-800 nm, at a step of 0.5 

nm, using combination of deuterium and halogen lamps as sources. UV-Vis spectra 

were recorded at room temperature either from thin film deposited on quartz 

substrates or using 10 mm path-length quartz cuvettes in the case of dispersions.  

The diffuse reflectance measurements of powder samples reported in Chapter 6, 

were performed using a Shimadzu UV-VIS-NIR Spectrophotometer (UV-3600) 

equipped with an integrating sphere attachment on barium sulfate coatings. The 

measurements were performed by Dr. Georgia Potsi (University of Groningen, The 

Netherlands). 

 

A.7 Photoluminescence spectroscopy 
The photoluminescence spectra reported in Chapter 5 were recorded on a Jobin 

Yvon Fluorolog 3 spectrofluorometer FL-11 employing xenon 450 W lamp and a 

P928P photodetector. The slits were set at 5 nm. The photoluminescence spectra 

were corrected through the instrument-supplied files, created from compounds with 

known quantum yields and an included Si photodetector. The detector-source 

geometry was at 90o with respect to the sample and for the film photoluminescence 

measurements the quartz substrate was set in a reflective geometry. PL spectra 

were collected at room temperature either from thin films deposited on quartz 

substrates or using 10 mm path-length quartz cuvettes in the case of suspensions. 

The measurements were performed by Dr. Konstantinos Dimos (University of 

Ioannina, Greece) and Prof. Ioannis Koutselas (University of Patras, Greece). 

 

A.8 Nuclear magnetic resonance 
1H Magic Angle Spinning (MAS) NMR experiments in powder samples reported in 

Chapter 6, were conducted on a BRUKER AVANCE NMR spectrometer, operating at 

400 MHz (9.4 Tesla) at room temperature, by using 4 mm zirconia rotors. The MAS 

frequency was set to 12 kHz and one-dimensional 1H NMR spectra were acquired 

with 16 scans. 1H chemical shifts were referenced to adamantine and NMR data 
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were further processed using TopSpin 3.1. The measurements were performed by 

Dr. Georgios Papavassiliou (NCSR Demokritos, Greece). 

 

A.9 Contact angle measurements 
The water contact angle (CA) measurements of thin films deposited on Si-wafer 

substrates reported in Chapter 4, were performed on a SL200 KS contact angle 

meter from Kino at ambient atmospheric conditions. 5 μL distilled water droplets 

were used for all CA measurements. CA was recorded form the time the droplet 

touched the surface of the film (CA t=0) until CA reached a plateau value, 

approximately 1 min after the first touch (CA t=1 min). After this first static 

measurement and at the same point, dynamic WCA measurements were performed. 

Advancing and receding WCA were measured on a water droplet of 

decreasing/increasing volume.2 The measurements were performed by Dr. Nikolaos 

Vourdas (Technological Educational Institute of Sterea Ellada, Greece). 

 

A.10 Scanning electron microscopy 
Scanning electron microscopy (SEM) images of thin films deposited into Si-wafer 

substrates and of ethanol dispersion of GeH deposited by drop-casting into Si-wafers 

reported in Chapter 3 and Chapter 6 respectively, were recorded using a JEOL SEM-

6510LV scanning electron microscope equipped with an EDX analysis system xx-Act 

from Oxford Instruments. The measurements were performed by Dr. Konstantinos 

Dimos (University of Ioannina, Greece). 

 

A.11 Electrical conductivity measurements 
For the electrical conductivity reported in Chapter 3, four-probe measurements on 

thin films deposited on Si-wafer substrates, were performed using an AFX DC 

9660SB power supply and a Keithley 2000 multimeter. The measurements were 

performed by Prof. Vasilleios Georgakilas (University of Patras, Greece). 
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A.12 Atomic force microscopy 
The topographic atomic force microscopy (AFM) images reported in Chapters 3, 

4, 5 and 6 were recorded in tapping mode with a Bruker Multimode 3D Nanoscope, 

using a silicon microfabricated cantilever type TAP-300G, with a tip radius <10 nm 

and a force constant range of ~20-75 N m-1. Monolayer and multilayer thin films were 

deposited on Si-wafer substrates, while C-dots (Chapter 5) and germanane (Chapter 

6) were deposited into Si-wafers by drop-casting from aqueous and ethanol 

dispersions respectively.  
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