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ABSTRACT OF THE DISSERTATION 

Development of Photosensitive Nanostructured Hybrid 

Devices 

By Minas M. Stylianakis 

 

The extraordinary mechanical, electric and optical properties of graphene and its 

derivatives, along with the need for low-cost and solution-processed materials, ideal for 

electronic applications, have experienced particular attention in global scientific 

research, over the past decade. Graphene-based nanostructured materials appear to be 

attractive alternatives in a range of new energy devices, including organic photovoltaic 

cells, lithium batteries, fuel cells and supercapacitors. 

In organic photovoltaic applications, graphene-based materials have been introduced 

as transparent conductive electrodes (TCE), buffer layers, as well as electron 

donor/acceptor materials to improve the architecture and the photovoltaic performance, 

replacing the conventional existing materials. Therefore, new insights into “graphene 

chemistry” have been rapidly developed, leading to novel graphene derivatives, by 

innovative synthetic routes and new fabrication methods. Graphene-based OPVs seem 

to be perspectives, due to their promising and appealing properties, reaching to 

comparable or higher efficiencies to the traditional OPVs, which are summarized to an 

exponentially growing literature. 

In this thesis, novel graphene-based materials have been designed and synthesized 

for bulk heterojunction (BHJ) photosensitive nanostructured hybrid devices 

development. The resulting graphene-based materials have been incorporated into the 

photoactive layer of OPV devices and have been applied as electron-acceptor materials, 

replacing the most used fullerene derivative PC71BM and moreover have been used as 

electron-cascade donor materials, constituting the third component to a ternary organic 

blend, along with polymer/fullerene composites. Finally, the structures of the graphene-

based materials used, as well as the optimization of the fabricated OPVs have been 

evaluated by utilizing various spectroscopy and microscopy analyses, alongside with 

complementary photovoltaic measurements. 
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ΠΕΡΙΛΗΨΗ ΤΗΣ ΔΙΑΤΡΙΒΗΣ 

Ανάπτυξη Φωτοευαίσθητων Νανοδομημένων Υβριδικών 

Διατάξεων 

Από το Μηνά M. Στυλιανάκη 

Οι εξαιρετικές μηχανικές, ηλεκτρικές και οπτικές ιδιότητες του γραφενίου και των 

παραγώγων του, σε συνδυασμό με την ανάγκη για εξεύρεση φτηνών υλικών που 

μπορούν να επεξεργαστούν σε διάλυμα, ιδανικά για ηλεκτρονικές εφαρμογές, έχουν 

συγκεντρώσει την προσοχή της παγκόσμιας επιστημονικής έρευνας, κατά την 

τελευταία δεκαετία. Νανοδομημένα υλικά με βάση το γραφένιο φαίνεται ότι μπορούν 

να αποτελέσουν ελκυστικά εναλλακτικά υλικά σε μια σειρά από νέες ενεργειακές 

συσκευές, συμπεριλαμβανομένων των οργανικών φωτοβολταϊκών διατάξεων, των 

μπαταριών λιθίου, των κυψελών καυσίμου και των υπερπυκνωτών. 

Στις οργανικές φωτοβολταϊκές διατάξεις, τα υλικά με βάση το γραφένιο έχουν 

εισαχθεί ως διάφανα αγώγιμα ηλεκτρόδια, ρυθμιστικές στιβάδες μεταφοράς οπών 

ή/και ηλεκτρονίων, αλλά και ως υλικά δότες/δέκτες ηλεκτρονίων, ώστε να βελτιώσουν 

την αρχιτεκτονική και τη φωτοβολταϊκή απόδοση τους, αντικαθιστώντας τα υπάρχοντα 

συμβατικά υλικά. Ως εκ τούτου, νέες ιδέες αναπτύχθηκαν γρήγορα στη ‘’Χημεία του 

Γραφενίου’’, οδηγώντας σε νέα παράγωγα του γραφενίου, με καινοτόμες συνθετικές 

πορείες και μεθόδους παρασκευής. Τα οργανικά φωτοβολταϊκά με βάση το γραφένιο 

δείχνουν να έχουν προοπτική εξέλιξης, χάρη στις υποσχόμενες και ελκυστικές 

ιδιότητές τους, αποδίδοντας εξίσου ή και υψηλότερα με τα κλασικά οργανικά 

φωτοβολταϊκά, όπως συνοψίζεται σε μια εκθετικά αυξανόμενη βιβλιογραφία. 

Στην παρούσα διατριβή, συντέθηκαν καινοτόμα υλικά με βάση το γραφένιο, για την 

ανάπτυξη αποδοτικών φωτοευαίσθητων νανοδομημένων υβριδικών διατάξεων, τύπου 

διεσπαρμένης ετεροεπαφής. Τα υλικά που συντέθηκαν, με βάση το γραφένιο, 

εισήχθησαν μέσα στη φωτοενεργή στιβάδα των οργανικών φωτοβολταϊκών διατάξεων 

και αποτέλεσαν τα υλικά δέκτες ηλεκτρονίων, αντικαθιστώντας το πιο συνηθισμένο 

παράγωγο φουλερενίου, το PC71BM. Επίσης, χρησιμοποιήθηκαν ως βοηθητικά υλικά 

δότες, για τη σύζευξη των ενεργειακών επιπέδων ροής των ηλεκτρονίων, αποτελώντας 

τον τρίτο παράγοντα σε ένα τριμερές οργανικό μείγμα, μαζί με σύνθετα 
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πολυμερούς/φουλερενίου. Τέλος, οι δομές των υλικών με βάση το γραφένιο που 

συντέθηκαν, όπως και η βελτιστοποίηση των οργανικών φωτοβολταϊκών διατάξεων 

που κατασκευάστηκαν, πιστοποιήθηκαν με τη χρήση διαφόρων φασματοσκοπικών και 

μικροσκοπικών αναλύσεων, παράλληλα με συμπληρωματικές φωτοβολταϊκές 

μετρήσεις. 
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curve, 0.1%; green curve, 0.3%); blue curve, 0.5%). 
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Preface and Thesis Layout 

When the global warming and depletion of common energy supplies, such as fossil 

fuels started threatening the balance of human life, great attention was driven towards 

the renewable (alternative) energy sources. Among number of alternative sources, such 

as wind energy, hydroelectric energy, biomass and geothermal energy, solar energy has 

the highest amount potentially available on earth. A very small fraction of sun power 

(less than 0.02 %) reaching the earth surface can cover the whole energy demand of the 

world. Yet, by the end of year 2008, solar technology based sources have been 

providing only 0.1 % of all the energy consumed by man according to Renewable 

Energy Policy Network (REN21) report. 

Moreover, the increasing demand for energy consumption and the limited energy 

resources are the two main driving forces for the exploration of new energy-harvesting 

processes, among which new materials, especially nanomaterials, have been 

investigated in clean energy applications such as solar cells, solar fuels, lithium-ion 

batteries (LIBs) and supercapacitors. 

Graphene, a 2D sheet composed of sp2-bonded single-layer carbon atoms with the 

honeycomb lattice structure, has attracted great research interest in physics, chemistry, 

materials science, etc. Until now, the electrical, optical, mechanical, thermoelectric, and 

magnetic properties of graphene have been intensively studied. In order to mass 

produce high-quality 2D graphene nanosheets for potential applications, various 

strategies have been developed. 

The main goal of this thesis is to design, as well as to synthesize novel, innovative 

solution-processed graphene-based materials, which can combine the extraordinary 

properties of graphene, along with some additional optical, mechanical and 

photovoltaic properties of the linking molecules, for photosensitive nanostructured 

hybrid devices fabrication; highly efficient organic photovoltaics (OPVs). The studies 

presented in this thesis tackle the synthesis of graphene-based electron acceptor 

materials as potentials for the fullerene derivative (PCBM) replacement, into the active 

layer of an OPV device. In addition, a brief description of the corresponding synthetic 

routes, step by step, is stated, followed by a detailed report for the OPV devices 
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fabrication methods, including the preparation and the introduction of the blends into 

the OPV device for the active layer fabrication. 

In the following Chapter 1 is described the theoretical background that is most 

relevant to the contents of this thesis. The production of graphene and its derivatives by 

various methods, as well as their properties, are briefly reported. It is aimed to introduce 

the reader to “the world of graphene”, analyzing each method for graphene production 

separately, and comparing their benefits and disadvantages. 

In Chapter 2, several organic reactions are presented which have been applied on 

graphene up to now affording a large number of derivatives. The organic nature of 

graphene, allows its functionalization in order to improve the properties that make 

graphene and graphene-based materials ideal for organic electronics. Covalent, non-

covalent and doping reactions take place between graphene and polymers, small 

molecules as well as gazes, respectively. It is worth mentioned that all these reactions 

affect the solubility, the light harvesting, the band gap tuning, the charge transportation, 

the conductivity and the transmittance, which are important factors in the field of 

organic electronics. 

 The main focus of the experimental work is described in Chapters 3, 4, 5, 6. Briefly, 

in Chapter 3 a novel graphene-based material, named GO-PITC is synthesized by the 

covalent attachment of graphene oxide with the small molecule phenyl isothiocyanate 

(PITC) by taking advantage of the functional carboxyl groups of graphene oxide. GO-

PITC was used as the electron acceptor material in poly-(3-hexylthiophene) (P3HT) 

bulk heterojunction photovoltaic devices, yielding a power conversion efficiency of 

1.02 %. 

Chapter 4 describes the synthetic route, by chemical way, of a very promising 

graphene-based material, named GO-EDNB. The small molecule ethylene-dinitro-

benzoyl (EDNB) is covalently linked around to the main graphene oxide sheet via an 

amide bond. It brings two nitro groups, which make GO-EDNB a strong electron 

acceptor material and was used as the electron acceptor material in poly-(3-

hexylthiophene) (P3HT) bulk heterojunction photovoltaic devices to significantly 

improve the performance, instead of PC60BM, yielding a power conversion efficiency 

of ~1 %. 
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The fabrication of the most efficient graphene-based electron acceptors to date, is 

situated in Chapter 5. The synthesis of the above mentioned graphene-based molecule 

GO-EDNB was restated using a laser beam for a fast and facile photochemical synthetic 

route, yielding LGO-EDNB. Moreover, the energy levels of LGO-EDNB can be readily 

tuned upon fine-tuning of the bandgap, since it is directly related to the irradiation dose 

applied during the synthesis process. LGO-EDNB was also utilized as the electron 

acceptor material in organic bulk heterojunction solar cells (OSCs) with the poly(2,7-

carbazole) (PCDTBT) as the electron donor, achieving a PCE of 2.41 %. 

Chapter 6 includes a different approach in the field of OPVs. The synthesis of a 

porphyrin-graphene oxide hybrid material (GO-TPP) is discussed and was incorporated 

in the photoactive layer of bulk heterojunction organic solar cells, as electron-cascade 

donor material, to fabricate highly efficient ternary blend polymer solar cells, blended 

with PCDTBT and PC71BM. The highest resulting PCE was 5.93 %. 

The last Chapter of this dissertation refers the concluding remarks and suggested 

future work. 
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Chapter 1 

1.1 Introduction 

Carbon materials are the leading thread in the unfolding story of nanotechnology, 

during the last couple of decades. The hybridization of carbon-based materials occurs 

between 2s and 2p orbitals to form spn state, where n is the number of 2p orbitals mixed 

with the 2s orbital. The ability to exhibit spn hybridization gives rise to the formation 

of a wide variety of molecular and crystalline structures with varied chemical and 

physical properties. The sp2 hybridized carbon systems are particularly interesting 

because carbon molecules with every dimensionality (0 to 3) can be formed. In fact, 

carbon is the only element in the periodic table which has allotropes from zero to three 

dimensions (Figure 1).1 While graphite, a three dimensional sp2 carbon allotrope, has 

been known for centuries,2 discovery of the fullerenes (0D),3 carbon nanotubes (1D)4 

and graphene (2D)5 has significantly contributed to shaping the route that science at the 

nanoscale has taken. These materials have unique and extraordinary optical, electrical, 

mechanical, and thermal properties arising from their dimensionality and structure. 

 

Figure 7. Low-dimensional carbon allotropes with the relevant hybridization.6 
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Graphene is a flat monolayer of carbon atoms tightly packed into a two-dimensional 

(2D) honeycomb lattice (Figure 2), which can be viewed as both a solid and a 

macromolecule with molecular weights of more than 106-107 gmol-1. It is a basic 

building block for all the above mentioned graphitic materials for theoretical reasons 

and in order to simplify the analysis. It can be wrapped up into 0D fullerenes, rolled 

into 1D nanotubes or stacked into 3D graphite. It can also be considered as an infinitely 

large polycyclic aromatic hydrocarbon (see also Figure 1). Graphene was recently 

isolated by repeatedly peeling highly oriented pyrolytic graphite (HOPG) using scotch 

tape.5 Since then, outstanding physical properties predicted and measured for graphene 

have been explored for practical applications such as field-effect transistors,5,7,8,9 

chemical sensors10,11,12 and composite reinforcement.13,14,15 Monolayer graphene 

possesses high crystallographic quality and ballistic electron transport on the 

micrometer scale with only ~2.5 % of light absorption.16,17 Moreover, the combination 

of its high chemical and thermal stability,18,19 high stretchability20,21,22 and low contact 

resistance with organic materials,18,23,24 offers tremendous advantages for using 

graphene as a promising transparent conductor,19,25,26,27,28 as hole transport layer,29,30,31 

and as electron acceptor material32,33 in organic electronic devices, e.g. solar cells, 

organic light emitting diodes (OLEDs),34,35 liquid crystal displays (LCDs),18 touch 

screens,36 field emitters,37,38 field effect transistors (FETs),39,40,41 photodetectors42,43 

and spectroelectrochemistry investigation.44 

 

Figure 8. The hexagonal honeycomb crystal lattice of graphene. 
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1.2 Production of graphene 

As graphene presents so many unique physical properties, how to produce such material 

has become a critical issue. Currently, graphene has mainly been made by different 

methods, as Figure 3 depicts. 

 

Figure 9. Schematic illustration of the main graphene production techniques. (a) 

Micromechanical cleavage. (b) Anodic bonding. (c) Photoexfoliation. (d) Liquid phase 

exfoliation. (e) Growth on SiC. Gold and grey spheres represent Si and C atoms, respectively. 

At elevated T, Si atoms evaporate (arrows), leaving a carbon-rich surface that forms graphene 

sheets. (f) Segregation/precipitation from carbon containing metal substrate. (g) Chemical 

vapor deposition. (h) Molecular Beam epitaxy. (i) Chemical synthesis using benzene as 

building block.45 
 

Dry exfoliation 

Dry exfoliation is the splitting of layered materials (LM) into atomically thin sheets via 

mechanical, electrostatic, or electromagnetic forces in air, vacuum or inert 

environments. 
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a) Micromechanical cleavage 

Micromechanical cleavage (MC), also known as micromechanical exfoliation, has been 

used for decades by crystal growers and crystallographers.46,47 In 1999, reported a 

controlled method of cleaving graphite,48 yielding films consisting of several layers of 

graphene. It was also suggested that “more extensive rubbing of the graphite surface 

against other flat surfaces might be a way to get multiple or even single atomic layers 

of graphite plates.” This was then firstly demonstrated, achieving single layer graphene 

(SLG) using a scotch tape, by Novoselov et al, (Fig. 3a).49 Micromechanical cleavage 

is now optimized to yield high quality layers, with size limited by the single crystal 

grains in the starting graphite, of the order of millimeters.50 The number of layers can 

be readily identified by elastic51 and inelastic52 light scattering. Raman spectroscopy 

also allows a fast and non-destructive monitoring of doping,53,54,55 defects,56,57,58,59 

strain,60,61 disorder,62 chemical modifications57,63 and edges.64,65 

Although, MC is impractical for large scale applications, it is still the method of 

choice for fundamental studies. Indeed, the vast majority of basic results and prototype 

devices were obtained using MC flakes. Thus, MC remains ideal to investigate both 

new physics and new device concepts and remains the best method in terms of electrical 

and structural quality of the obtained graphene, primarily because it benefits from the 

high quality of the starting single crystalline graphite source. The size of the deposit is 

also appreciable, and can be purchased on supporting substrate in the fraction of square 

millimeter. 

 

b) Anodic bonding 

Anodic bonding is widely used in the microelectronics industry to bond Si wafers to 

glass,66 to protect them from humidity or contaminations.67 When employing this 

technique to produce SLGs,68,69 graphite is first pressed onto a glass substrate, a high 

voltage of few kVs (0.5 – 2 kV) is applied between the graphite and a metal back contact 

(Fig. 3b), and the glass substrate is then heated (~200 °C for ~10 – 20 mins).68,69 If a 

positive voltage is applied to the top contact, a negative charge accumulates in the glass 

side facing the positive electrode, causing the decomposition of Na2O impurities in the 

glass into Na+ and O2- ions.68,69 Na+ moves towards the back contact, while O2- remains 
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at the graphite-glass interface, establishing a high electric field at the interface. A few 

layers of graphite, including SLGs, stick to the glass by electrostatic interaction and can 

then be cleaved off;68,69 temperature (T) and/or an applied voltage can be used to control 

the number of layers and their size.68,69 Anodic bonding has been reported to produce 

flakes up to about a millimeter in width.68 

 

c) Laser ablation and photoexfoliation  

Laser ablation is the use of a laser beam to remove material from a solid surface.70 If 

irradiation results in the detachment of an entire or partial layer, the process is called 

photoexfoliation.71 

Laser pulses can in principle be used to ablate/exfoliate graphite flakes (Fig. 3c). 

Indeed, tuning the laser energy density permits the accurate patterning of graphene.72 

The ablation of a defined number of layers can be obtained exploiting the laser energy 

density windows required for ablating a SLG72 and N-layer graphene (NLGs) of 

increasing number of layers (N).72 Laser ablation is still in its infancy72,73 and needs 

further development. The process is best implemented in inert or vacuum 

conditions,74,75 since ablation in air tends to oxidize the graphene layers.72 Promising 

results were recently demonstrated also in liquids.76 

 

d) Liquid-phase-exfoliation (LPE) 

Liquid-phase exfoliation has been considered as one of the most feasible approach for 

industrial production of graphene due to its scalability and low cost. This approach 

typically involves sonication of graphite or graphite oxide powders in solvents. 

Depending on the graphite precursors, liquid-phase exfoliation of graphite has been 

studied using (1) natural graphite, (2) graphite oxide and (3) graphite intercalation 

compound (GIC) as displayed in Figure 3d. The liquid-phase exfoliation (LPE) process 

generally involves three steps: 1) dispersion of graphite in a solvent; 2) exfoliation; 3) 

“purification”. The third step is necessary to separate exfoliated from un-exfoliated 

flakes, and is usually carried out via ultracentrifugation.77 
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LPE of graphite 

The exfoliation of graphite via chemical wet dispersion followed by ultrasonication in 

water78,79,80,81 and organic solvents77,79,82,83 has been shown to be an efficient and low-

cost method to produce oxide-free graphene flakes in solution. The exfoliation process 

occurs because of the strong interaction between the solvent and the composing layers 

of graphite. Ultrasound-assisted exfoliation is controlled by hydrodynamic shear-

forces, associated with cavitation,84 i.e., the formation, growth, and collapse of bubbles 

or voids in liquids due to pressure fluctuations.84 After exfoliation, the solvent-graphene 

interaction needs to balance the inter-sheet attractive forces. 

Two factors need to be taken into account when graphene is dispersed in organic 

solvents and/or surfactant solutions: polydispersity and flake size. The first one is 

related to the nature of the objects present in the solution, i.e. monolayers, bilayers, 

multilayers, which ideally would need to be separated before film formation. Because 

of the different buoyant densities of the multilayered graphene compared to mono or 

bilayer graphene, different strategies based on ultracentrifugation in a uniform 

medium,85 or in a density gradient medium (DGM),86 are used in order to remove the 

thick flakes. The first is called differential ultracentrifugation (sedimentation based-

separation, SBS),85 while the second is called density gradient ultracentrifugation 

(DGU).86 The SBS process separates various particles on the basis of their 

sedimentation rate in response to centrifugal force acting on them.85 Sedimentation 

based separation is the most common separation strategy and, to date, flakes ranging 

from few nanometers to a few microns have been produced, with concentrations up to 

a few mg/ml.87,88 High concentration is desirable for large scale production of 

composites77 and inks.82 YM up to ~70 % was achieved by mild sonication in water with 

SDC, followed by SBS,81 while YM~33 % was reported with NMP.82 This YM 

difference is related to the difference in flake lateral size. The narrower the dispersivity 

of the graphene dispersions, the more homogeneous the films obtained, which means 

significant improvement in transmittance and Rs.80 The flake size is also an important 

parameter on the film formation. In general, the small sized graphene sheets are more 

stable than the large ones in the solution. Thus, in the view of the stability, long-time 

sonication is normally used to cut the large graphene sheet to small pieces.89 
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Solvents ideal to disperse graphene are those that minimize the interfacial tension 

[mN/m] between the liquid and graphene flakes (i.e. the force that minimizes the area 

of the surfaces in contact).90 In general, interfacial tension plays a key role when a solid 

surface is immersed in a liquid medium.90,91,92 If the interfacial tension between solid 

and liquid is high there is poor dispersibility of the solid in the liquid.90 In the case of 

graphitic flakes in solution, if the interfacial tension is high, the flakes tend to adhere to 

each other and the work of cohesion between them is high (i.e. the energy per unit area 

required to separate two flat surfaces from contact),90 hindering their dispersion in 

liquid. Liquids with surface tension (i.e., the property of the surface of a liquid that 

allows it to resist an external force, due to the cohesive nature of its molecules) γ ~ 40 

mN/m,77 are the ”best” solvents for the dispersion of graphene and graphitic flakes, 

since they minimize the interfacial tension between solvent and graphene. 

The majority of solvents with γ~ 40 mN/m (i.e., NMP, DMF, Benzyl benzoate, GBL, 

etc.)77 have some disadvantages. E.g., NMP may be toxic for the reproductive organs,93 

while DMF may have toxic effects on multiple organs.94 Thus, the main drawback is 

the low yield and the high (>450 K) boiling points temperature of the organic solvents 

used for exfoliation, which makes processing complicated. As an alternative, low 

boiling point solvents,95 such as acetone, chloroform, isopropanol, etc. can be used. 

Water, the ”natural” solvent, has γ~72 mN/m, too high (30 mN/m higher than NMP) 

for the dispersion of graphene and graphite.96 In this case, the exfoliated flakes can be 

stabilized against re-aggregation by Coulomb repulsion using linear chain surfactants, 

e.g. SDBS,78 or bile salts, e.g. SC80 and sodium deoxycholate (SDC)79,81 or polymers, 

e.g. pluronic,97 etc. However, depending on the final application, the presence of 

surfactants/polymers may be an issue, e.g. compromising, decreasing, the inter-flake 

conductivity.98 

 

LPE of graphite oxide 

A low cost method of producing graphene on a large scale is to reduce graphene oxide 

(GO) to graphene. GO is made by oxidizing graphite with strong acids followed by 

intercalation and exfoliation in water.99,100 The oxidation of graphite in the presence of 

potassium chlorate (KClO3) and fuming nitric acid was developed by Brodie in 1859 

while investigating the reactivity of graphite flakes.101 This process involved successive 
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oxidative treatments of graphite in different reactors.101 In 1898, Staudenmaier 

modified Brodie’s process by using concentrated sulphuric acid and adding KClO3 in 

successive steps during the reaction.102 This allowed carrying out the reaction in a single 

vessel, streamlining the production process.103 However, both methods were time 

consuming and hazardous, as they also yielded chlorine dioxide (ClO2) gas,104 which 

can explosively decompose into oxygen and chlorine. Graphite oxide flakes were 

already investigated by Kohlschtter and Haenni in 1918,105 and the first TEM images 

reported in 1948 by Ruess and Vogt106 showed the presence of single GO sheets. In 

1958, Hummers modified the process using a mixture of sulphuric acid, sodium nitrate 

and potassium permanganate.99 Avoiding KClO3 made the process safer and quicker 

with no explosive byproducts.99 The downside of this approach is that, after reduction, 

some places in the sp2 carbon network can be irreversibly destroyed leaving sp3 carbons 

and vacancies which behave as electron traps.8,107,108 Thus, hydroxyl or epoxide groups 

are introduced in the basal plane, while carbonyl and carboxylic groups, together with 

lactone, phenol and quinone attach to the edges (Figure 4). However, the introduction 

of these functional groups is essential for the GO production and subsequent liquid 

dispersion. GO flakes can be produced via sonication,109,110 stirring,111 thermal 

expansion,112 etc., of graphite oxide. The aforementioned functional groups make GO 

flakes strongly hydrophilic, allowing their dispersion in pure water,110,113 organic 

solvents,111,112,114 aqueous mixtures with methanol, acetone, acetonitrile or 1-propanol 

and ethylene glycol.115,116 

 

Figure 10. Graphite can be oxidized to give water dispersible Graphene Oxide (GO). Reduction 

of GO gives nm thick graphitic structures. 

 

However, due to its low cost and easy solution processing, a great number of attempts 

have been made to improve the electronic properties of the reduced graphene oxide 
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(RGO), such as the preparation of large-sized GO sheets,7,117,118,119 chemical doping,113 

and defect repairing.120,121 

Graphene oxide is electrically insulating material due to its disrupted sp2 bonding 

networks. On the other hand, the reduction of the GO can recover the π-network and 

restore the electrical conductivity of graphene. Thus, graphene oxide sheets became one 

of the most promising starting materials in the mass production of solution processable  

graphene sheets through various chemical reduction approaches, e.g. by chemical 

reduction (using reductants such as hydrazine7,110,111,122 dimethylhydrazine,13 

hydroquinone123 and NaBH4),
124,125 by thermal reduction (annealing in 

argon/hydrogen)19,112 or by electrochemical reduction.126 

Thermal  treatment  of  GO  is  another  route  used  to  obtain  reduced  graphene 

oxide. Rapid heating (>2.000 °C min−1) up to 1.050 °C exfoliates as well as reduces 

GO, yielding a black powder.112,127 The platelets have similar oxygen content to that of 

hydrazine-reduced graphene oxide, and powder conductivity has been reported in the 

range of (1 - 2.3) × 103 S m−1.112,127 Although thermal reduction is able to eliminate 

oxygen-containing groups, the corruption of sp2 carbon network during the graphite 

oxidation strongly hampers the properties of ReG. How to mend the defects left on ReG 

is a key and open question for producing high quality graphene by reducing exfoliated 

graphite oxide. 

The in-plane conductivity in RGO film is much higher than that in the vertical 

direction.128 The preparation of ultra-large GO sheets is interesting because of the 

feasible processing and favorability towards reducing the inter-junction resistance. The 

Hummers method is modified by replacing the sonication process with shaking. The 

ultra-large monolayer graphene sheets can be delaminated via centrifugation of the GO 

dispersion at different centrifugation speeds.117,118 Freeze-drying has proven to be a 

very efficient technique to dry the GO colloid, thus facilitating the re-dispersion 

process.118 Due to the incorporation of a significant number of water molecules between 

the GO sheets, freeze-drying of the GO colloid can keep the GO sheets separated from 

each other, leading to a porous morphology. The absence of post sonication treatment 

of the dried GO powder is undoubtedly favorable to maintain the size of the initially 

produced sheets. 
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LPE of intercalated graphite129 

Liquid-phase exfoliation of graphite intercalation compound (GICs) for production of 

graphene was first reported by Viculis et al and has attracted great interest 

recently.130,131,132,133 This method begins with intercalation of graphite followed by 

expansion of graphite via rapid increase in the vapor pressure of the volatile intercalated 

substance under microwave or thermal treatment (See Figure 5). As non-oxidative 

agents are applied for intercalation of graphite and microwave or thermal treatment of 

GIC leads to large expansion of graphite, high-yield production of graphene with high 

quality can be achieved using this method. For example, it was reported that, by 

solvothermal-assisted exfoliation of expanded graphite (EG) obtained from GIC in 

acetonitrile, Qian et al. successfully prepared mololayer and bilayer graphene with 10-

12 wt% yield without significant structural defects.134 However, these recipes are 

limited by using either poisonous chemical agents131 or dangerous chemical 

reactions.132,133 

 

Figure 11. Schematic representation of the liquid-phase exfoliation process of graphite in the 

absence (top-right) and presence (bottom-right) of surfactant molecules. 
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e) Growth on SiC (Carbon Segregation) 

Graphene can also be produced through carbon segregation from silicon carbide (SiC) 

following high-temperature annealing.135,136,137 Acheson reported136 a method of 

producing graphite from SiC in as early as 1896. High-quality layers can now be 

produced on SiC in an argon atmosphere138 and electronic decoupling from the 

underlying SiC substrate can be achieved by hydrogen treatment.139 

The underling method in synthesizing graphene from SiC wafers is to sublime 

silicon from the wafer surface whereby the remaining carbon will reform into a 

graphene sheet. The annealing of SiC comes with some simplicity as it avoids the use 

of metal catalysts and as such is favourable in traditional CMOS processing. However 

the price of this simplicity is paid by the use of high annealing temperatures (upwards 

of 1300 °C) and ultra-high vacuum needed to achieve silicon sublimation. In addition, 

the surface topography of SiC will limit the area of graphene growth as graphene is 

limited to the horizontal terraces with little growth occurring on vertical edges. 

Epitaxial graphene synthesis from SiC was first carried by Von Bommel et al. in 

1974,140 this process was carried out in UHV and at temperatures above 800 °C. From 

these experiments it was found that the orientation of the crystal plays a principal role 

in graphene growth, with carbon terminated faces having higher rates of graphene 

growth then silicon terminated sides. 

After Geim’s discovery in 2004, Berger et al. were the first to fabricate graphene 

devices on Si-terminated 6H-SiC wafers. In this work synthesis occurred in UHV 

conditions and at temperatures ranging from 1250-1450 °C. These conditions produced 

“ultrathin epitaxial graphite”, possibly to say that the films produced were multilayer 

graphite. Afterwards traditional lithography techniques were applied in patterning 

devices in which moderate field effect was seen, and thus served as an inspiring proof 

of concept into a new breed of graphene SiC devices. Studies into graphene synthesis 

on SiC by Emtsev et al138 go on to show that graphene defects in sublimed SiC are 

caused by high silicon sublimation rates seen in UHV synthesis, and that sublimation 

can better be controlled by utilizing argon at atmospheric pressures. In this way, true 

monolayer graphene can be synthesized on SiC terraces. The downside of atmospheric 

annealing in argon is naturally the higher temperatures required (1600 °C) in order to 

initiate sublimation in ambient pressure argon. 
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Following in the success approach to controlling silicon sublimation, de Heer et al141 

have recently published a refined synthesis method referred to as confinement 

controlled sublimation (CCS). In this method SiC wafers are confined in a nonreactive 

graphite chamber with a small leakage aperture which maintains a higher silicon vapour 

pressure and thus limits the sublimation rate. The CCS method has be used with both 

UHV and argon atmospheres and can effectively grow graphene on both the silicon and 

carbon terminated faces of SiC by tuning both the temperature and size of the leak 

aperture. 

 

SiC on Si 

There are several other divisions in the methods of graphene synthesis from SiC, one 

of which consists of growing SiC films on silicon via gas source molecular beam 

epitaxy, followed by an in situ UHV anneal.142 This method reports marginally lower 

annealing temperatures in UHV (1200 °C) in comparison to Berger’s annealing 

temperatures that range from 1250-1450 °C, however this demonstrates the utility of 

SiC synthesis method without relying on expensive SiC wafers. 

 

Etching SiC on Si 

All the methods discussed thus far rely on physical sublimation of silicon from the SiC 

surface, another possibility exists by inducing a chemical reaction that will consume 

silicon in favour of carbon and thus induce graphene synthesis. This method was first 

exploited by Moon et al in which a SiC film is first grown on a silicon substrate with 

mono methyl saline, subsequently the SiC film is exposed to a halogen gas which leads 

to the de-adsorption of silicon and formation of graphene.143 The most impressive 

aspect of this research is that this process is carried out in chemical vapour deposition 

(CVD) reactor with synthesis temperatures of 850 °C. Further research in this method 

may show promise as a low temperature solution to synthesizing graphene on silicon 

substrates. 
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f) Growth on metals by precipitation 

The first reports of synthetic growth of graphite, i.e. not extracted from mines, on 

transition metals date back to the early 1940s.144,145 However, the details of the growth 

process were not elucidated until the 1970s, when Shelton et al. identified, via a 

combination of Auger and low energy electron diffraction (LEED), SLG formed from 

carbon precipitation, following high T annealing of Co, Pt, or Ni.146 Graphite can also 

be obtained from carbon saturated molten Fe during the formation of steel.147 In this 

process, Fe is supersaturated with carbon, and the excess carbon precipitates.147 This is 

usually referred to as ”Kish graphite”,148 derived from the German ”Kies”, used by steel 

workers to refer to the ”mixture of graphite and slag separated from and floating on the 

surface of molten pig iron or cast iron as it cools”.149 

The amount of carbon that can be dissolved in most metals is up to a few atomic 

percent.150 In order to eliminate the competition between forming a carbide and 

graphite/graphene growth, the use of non-carbide forming metals, e.g. Cu, Ni, Au, Pt, 

Ir, is preferred.151 Elements like Ti, Ta, Hf, Zr and Si, etc. form thermally stable 

carbides, as shown by the phase diagram,152,153,154,155,156 thus are not ”ideal” for 

graphite/graphene growth. Moreover, all these have a large (>20 %) lattice mismatch 

with graphene. 

Carbon can be deposited on a metal surface by a number of techniques: flash 

evaporation, physical vapor deposition (PVD), chemical vapor deposition (CVD), spin 

coating, etc. The carbon source can be a solid,157,158 liquid159,160,161 or gas.162 In the case 

of a pure carbon source, flash evaporation163 or PVD,164 can be used to deposit carbon 

directly on the substrate of interest, before diffusion at high T followed by precipitation 

of graphite (graphene) upon cooling. When the solid source is a polymer, it can be spun 

on the metal substrate at RT, followed by high T annealing and growth158 as mentioned 

above. 

The growth process on Ni was first investigated in 1974.146 The authors observed 

SLG on Ni (111) at T>1000 K by Auger analysis, followed by graphite formation upon 

cooling. During high T annealing, carbon diffuses into the metal until it reaches the 

solubility limit. Upon cooling, carbon precipitates forming first graphene, see Fig. 4f, 

then graphite.146 The graphite film thickness depends on the metal, and the solubility of 
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carbon in that metal, the Tat which the carbon is introduced, the thickness of the metal 

and the cooling rate. 

There has been an effort to try and use inexpensive metals to grow large area (cm 

scale) graphene, such as Ni165,166,167,168 and Co,169 while growth on noble metals such 

as Ir,170 Pt,171 Ru,172,173 and Pd,171,174 was performed primarily to study the growth 

mechanism,175,176,177,178 and/or obtain samples suitable for fundamental studies, e.g. for 

scanning tunneling microscopy (STM),173,176,179 requiring a conductive substrate. 

Growth of graphene on Ni,165,166,167,168,180 Co,169 Ru,181 etc. was also reported by so-

called CVD at high T, using various hydrocarbon precursors.165,166,167,168,169 However, 

the CVD process referred to in the aforementioned papers is a misnomer, since 

graphene is not directly produced on the metal surface by the reaction and deposition 

of the precursor at the ”growth T”, but rather grows by carbon segregation from the 

metal bulk, as a result of carbon supersaturation in the solid, as discussed above.146,162 

For lattice mismatches between graphene and substrate below 2%, commensurate 

superstructures are formed, where the resulting symmetry (between graphene and 

substrate) is a doubling of the unit cell along one axis (i.e., 1/2, 0,0).180 This is the case 

for Co (0001).182 Larger mismatches yield incommensurate Moiré superstructures, (i.e. 

with total loss of symmetry in a particular direction, like (0.528,0,0)), such as in Pt 

(111),183 Ir (111),184 or Ru (0001).175 E.g., high-T segregation of C on Ru (0001) gives 

a spread of orientations.175 Also, the graphene/Ru lattice mismatch179 gives a 

distribution of tensile and compressive strains,185 thus causing corrugation, with a 

roughness ~2 Å.185 The Moiré superstructure could be eliminated by adsorption of 

oxygen,186 since this weakens the graphene interaction with the substrate.186 

Growth of graphene by precipitation requires careful control of metal thickness, T, 

annealing time, cooling rate, and metal microstructure. Reference 181 reported growth 

on Ni, Co and Ru on sapphire. Through the suppression of grain boundaries, 

demonstrated uniform growth on Ru by a surface catalyzed reaction of hydrocarbons, 

but not on Ni and Co.181 Both SLG and FLG were observed on Ni and Co, presumably 

due to the higher C solubility and incorporation kinetics in comparison to Ru at the 

same T.181 However, graphene was grown on epitaxial Co on sapphire,187 achieving 

SLGs, in contrast to FLGs in reference 181. An alternative strategy for SLG growth on 

high C solubility substrates was proposed,188 using a binary alloy (Ni-Mo). The Mo 
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component of the alloy traps all the dissolved excess C atoms, forming molybdenum 

carbides and suppressing C precipitation.188 Graphene was also grown on epitaxial Ru 

(0001) on sapphire.189 

One of the shortcomings of the growth on metals is that most applications require 

graphene on an insulating substrate. It is suggested that graphene can be grown directly 

on SiO2 by the precipitation of carbon from a Ni film deposited on its surface.190 This 

process has promise but needs further refinement. 

 

g) Chemical Vapor Deposition (CVD) 

Nickel has been one of the best working catalysts in the prior synthesis of carbon 

nanotubes and these methods have been adapted in the production of graphene through 

the use of CVD.165 Nickel provides a very soluble media in which carbon can diffuse 

into while at high temperature. Upon cooling the carbon solubility will start to decrease 

causing the dissolved carbon to escape from the nickel film, ultimately segregating on 

the surface to form graphite and graphene. While nominal CVD reactions do not 

involve chemical diffusion, it is believed that diffusion is responsible for CVD graphene 

synthesis using methane as a source gas.165 The formation of graphene even in CVD 

methods is determined by the thermal history of the nickel film, and CVD process using 

methane at temperatures of 1000 °C will yield 1-10 layers of graphene. During the 

above process, the evaporated nickel film will undergo recrystallization, forming grains 

of 20μm, sheets of continuous graphene are ultimately limited to the size of these nickel 

grains, however by carefully dosing and cooling of samples can produce larger areas of 

single and few layers of graphene up 85% surface coverage.191 

Transferring graphene films from nickel is carried out be first applying poly methyl 

methacrylate (PMMA) over the graphene, followed by selectively etching the 

underlying nickel with hydrochloric acid. After etching, the PMMA/graphene film can 

be transferred onto an arbitrary substrate and the PMMA can be subsequently removed 

with acetone.  

Similar CVD methods using copper as catalytic film have also been established.151 

As copper has a limited solubility for carbon, CVD synthesis utilizing methane as a 

carbon source have been found to be self-limiting, with most of the synthesis area 
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containing single layer graphene. Unlike nickel, CVD growth on copper is found to be 

non-temporal and authors report that the synthesis mechanism is a truly catalytic 

surface reaction unlike the segregation that takes place in nickel. The Exacting details 

of the copper–carbon reaction mechanism are still unknown. At present CVD on copper 

provides the largest possible area of synthesized graphene with a graphene yield of 95% 

and continuous growth over copper grain boundaries. 

 

h) Molecular beam epitaxy 

Molecular beam epitaxy (MBE) is widely used and well suited for the deposition and 

growth of compound semiconductors.192 It was used to grow graphitic layers with high 

purity carbon sources (Fig. 3e) on a variety of substrates such as SiC,193 Al2O3,
194,195 

Mica,196,197 SiO2,
196 Ni,198 Si,199 h-BN,200 MgO,201 etc., in the 400–1100 °C range. 

However, these films have a large domain size distribution of defective crystals,198 with 

lack of layer control,198 because MBE is not a self-limited process relying on the 

reaction between the deposited species.192 Moreover, the reported μ at RT is thus far 

very low (~1 cm2V−1s−1).194 Based on the graphene growth mechanism that we have 

learned over the past few years on metals,151,166,180,202,203,204 specifically Cu,36,151,203 it is 

unlikely that traditional MBE can be used to grow SLG of high enough quality to 

compete with other processes discussed above. Since MBE relies on atomic beams of 

elements impinging on the substrates, it is difficult to prevent, say carbon, from being 

deposited on areas where graphene has already grown. Therefore, since MBE is a 

thermal process, the carbon is expected to be deposited in the amorphous or 

nanocrystalline phase. One might however envisage the use of chemical beam epitaxy 

(CBE)205 to grow graphene in a catalytic mode, taking advantage of the CBE ability to 

grow or deposit multiple materials, such as dielectrics206 or layered materials, on the 

top of graphene, to form heterostructures. 

 

Atomic Layer Epitaxy (ALE) 

Atomic layer epitaxy (ALE) has by large not been as successful a technique to grow 

semiconductor materials as MBE is. Atomic layer deposition (ALD),207 on the other 

hand, has been extensively used to produce thin layers of nano-crystalline binary metal 
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nitrides (e.g. TaN, TiN),208,209 and high-k gate dielectrics such as HfO2.
210 The ALD 

process can be used to controllably grown very thin, less than 1nm, films,207 but to our 

knowledge, single atomic layers have not been commonly deposited on large areas. 

Large area graphene can be grown by thermal CVD36,151,204 and PECVD211,212 using 

hydrocarbon precursors. A process dealing with a specific precursor and reactant could 

in principle be used in the ALE mode. However, to date there are no reports, to the best 

of our knowledge, of ALE-growth of graphene. 

 

i) Chemical synthesis213 

Stankovich et al.110 recently proposed a chemical route for producing large quantity of 

graphene from graphite. The process involves synthesis of graphite oxide and 

exfoliation into individual monolayer of graphene oxide. GO can be viewed as graphene 

sheet with oxygen functional groups attached on the basal plane as well as around the 

sheet the edges. As-synthesized GO is electrically insulating because oxygen bonding 

disrupts sp2 carbon network over which π electrons are delocalized. Reduction of GO 

partially restores the sp2 carbon network and renders GO electrically conductive.13 

Reduction can be achieved via various routes but thermal annealing and chemical 

reduction are commonly used. GO sheets can be deposited onto a substrate from 

aqueous suspensions and lithographically contacted for transport studies as shown in 

Figure 6a. Figure 6b and c show transition of GO from insulator to conductor with 

gradual reduction treatment. Complete reduction of GO is generally not achieved and 

the conductivity of reduced GO is typically more than two orders of magnitude lower 

than the minimum conductivity of graphene due to residual oxygen and disorder.8,122 

FETs fabricated using reduced GO exhibit graphene-like ambipolar characteristics but 

the field effect mobility values is on the order of 1-300 cm2/V·s, which is significantly 

lower than those of ideal graphene (Fig. 6d and e).8,122 The on/off ratio increases with 

decreasing temperature as in the case of GNRs and values as large as 100 has been 

observed at low temperatures.8 The proposed conduction mechanism of reduced GO 

has been inconsistent due possibly to variability in the oxidation and reduction state of 

the reported reduced GO devices.8,122,214,215,216,217 From temperature and field 

dependence of reduced GO conductivity, activated transport215,216 thermionic 

emission122,214 variable range hopping,8 and space-charge limited transport217 have been 
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proposed as potential conduction mechanisms. Wu et al.214 indicated that as-

synthesized GO is a semiconductor and forms a Schottky barrier at a metal interface. 

Jung et al.217 reported that conduction in reduced GO FETs are not contact limited but 

trap limited. Chua et al.216 suggested that the transport mechanism may depend on the 

structure of sp2 carbon network. It is likely that carrier transport across highly 

disordered graphene occurs via hopping between intact sp2 carbon domains. A recent 

study of hydrogenated graphene, or graphene,63 demonstrates that variable range 

hopping (Fig. 6f) becomes the dominant transport mechanism after some of the atoms 

in the graphene lattice are converted to sp3 carbon. Further investigation is essential to 

understand the correlation between the chemical and electronic structure of GO and 

transport properties. 

 

Figure 12. (a) Optical micrograph and device schematic of a reduced GO FET. The heater is 

used to thermally reduce GO. (b) Resistance of GO as a function of time during several 

annealing cycles. (c) I-V characteristics of GO with progressive chemical reduction. The results 

for H plasma reduction are also shown. (d) Transfer characteristics for progressively reduced 

GO. (e) Transfer characteristics of chemically reduced GO at different temperatures. (f) Current 

of chemically reduced GO fitted with variable range hopping model. (a,b,d) were reproduced 

from Ref. 217 and (c,e,f) from Ref. 8. 
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Chapter 2 

2.1 Graphene functionalization and composite218 

Covalent functionalization of pristine graphene 

Graphene is a carbon nanostructure with high chemical stability in general, which is 

provided by the extended aromatic character of the graphitic lattice. In practice, this 

stability is usually associated with the influence of chemical substances like gases, 

acids, or bases under specific conditions determined by chemical processes such as 

catalytic procedures. On the other hand, several organic reactions have been applied on 

graphene up to now affording a large number of derivatives. In general the reactions 

with graphene are divided in two main categories. The first category includes the 

reactions of the carboxyl, hydroxyl, and epoxy groups that are spread on a graphene 

oxide (GO) layer as a consequence of their preparation procedure. The second category 

includes the covalent attachment of organic functional groups directly on sp2 carbon 

atoms of pristine graphene or GO and they are described in this chapter. 

The chemical reactivity of sp2 carbon atoms of graphene originates from various 

sources that are described below. It is known that a number of carbon atoms at the 

defect sites and at the edges have sp3 hybridization. The existence of these sp3 carbon 

atoms decreases the aromatic character in the areas around the defects and near the 

edges and consequently increases the reactivity of the neighboring sp2 carbon atoms or 

carbon–carbon double (C=C) bonds. In addition, because the direct covalent addition 

to graphitic carbon atoms changes their hybridization from sp2 to sp3, as the reaction 

proceeds the number of sp3 carbon atoms of the graphene layer is increased. As a 

consequence, during the reaction the aromatic character of graphene is decreased 

continuously and the chemical reactivity is increased. Furthermore, although 

theoretically graphene has a planar structure, the combination of the large 2D surface 

area with the minimal thickness creates a number of anomalous – out of planar – curved 

domain-like folds and wrinkles that induce local strain and hence chemical reactivity 

to the C=C bonds analogous to the induced reactivity of carbon nanotubes as a result of 

the curvature of the cylindrical shape. 

The organic modification of graphene through covalent bonds with graphitic carbon 

atoms has advantages and disadvantages. The addition of organic groups on the 
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graphene surface, which is followed by the transformation of the hybridized carbon 

atoms from sp2 to sp3, disrupts the aromatic systems. This change has an important 

influence on the electronic and the mechanical properties of the organic graphene 

derivatives. Usually the extent of this influence depends on the percentage of the carbon 

atoms that have reacted and the type of reaction as well. The advantages of 

derivatization are related to the nature of the added organic functionalities, which can 

enrich graphene with various novel physicochemical properties. Thus, graphene can be 

functionalized with organophilic or hydrophilic organic groups, chromophores, drugs, 

biomolecules, or polymers acquiring analogous properties and characteristics. Making 

the graphene nanoplatelets highly organophilic, its dispersion in organic solvents and 

subsequent dispersion or mixing with analogous polymers is facilitated. In addition the 

organic character that is gained after the modification increases the chemical affinity 

with polymers which is a crucial factor for the enhancement of the mechanical strength 

in polymer nanocomposites. In general carbon nanostructures–graphene, carbon 

nanotubes, nanohorns – dispersed in organic solvents can be purified, characterized, 

and handled much easier than in solid phase. In the case of graphene the absence of a 

stabilizer in the liquid phase very often leads to the reorganization of graphene 

monolayers into larger graphitic aggregates or in the absence of the liquid phase, into 

graphite. 

The characterization of the functionalized graphene is usually based on microscopic 

techniques such as AFM (atomic force microscope), TEM (transmission electron 

microscope), HRTEM (high-resolution transmission electron microscope) for the 

identification of graphene and spectroscopic techniques such as UV–vis, FTIR (Fourier 

transform infrared), Raman, XPS (X-ray photoelectron spectroscopy), 

photoluminescence spectroscopy, and thermogravimetric analysis (TGA) for its 

morphology. Free radicals, dienophiles, and other reactive intermediates are the most 

frequently used organic species in the direct organic functionalization of graphene. The 

following sections include the description of the most widely used reactions of this 

category through the presentation of representative examples. 
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I. Addition of Free Radicals to sp2 Carbon Atoms of Graphene 

Upon heating of a diazonium salt, a highly reactive free radical is produced, which 

attacks the sp2 carbon atoms of graphene forming a covalent bond. This reaction has 

been used by Tour and co-workers to decorate graphene with nitrophenyls.219,220 The 

graphene sheets in this work were produced through the chemical unzipping of carbon 

nanotubes. A measurement of the conductivity of a graphene sheet through a simple 

device (Figure 7) during chemical functionalization with diazonium salts results in a 

remarkable decrease in conductivity due to disruption of the aromatic system by 

transformation of carbon atoms from sp2 to sp3 hybridization. The conductivity of the 

graphene sheets was shown to decrease in a controlled manner, showing that 

conductivity can be controlled by reaction time (Figure 8). 

 

Figure 7. Chemical doping of graphene with 4-nitrophenyl groups: (a) schematic 

representation; (b) SEM image of a graphene nanoplatelets between Pt electrodes; (c) AFM 

image of a fragment of a monolayer graphene.220 
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a)   b)  

Figure 8. Time dependence of current I: (a) Scheme of the experiment shows the device 

consisted of two parallel resistances derived from the graphene and the solution, and (b) N1s 

and C1s XPS spectra of GNRs before and after the functionalization (f-GNRs).220 

 

In a similar approach, Niyogi and coworkers221 showed that the covalent attachment of 

nitrophenyls to graphene sheets results in the introduction of a band gap, which can be 

controlled, making the functionalized graphenes potentially useful as semiconducting 

nanomaterials. The strong covalent binding of the nitrobenzyl group on graphene was 

detected by X-ray photoelectron spectroscopy (XPS) (Figure 8b). The N1s XPS 

spectrum of the functionalized graphenes exhibits two peaks at 406 and 400 eV that 

correspond to the nitrogen of NO2 and the partially reduced nitrogen of the product, 

respectively. The reactions with diazonium salts have been applied to the 

functionalization of chemically or thermally converted graphenes, single graphene 

sheets obtained by micromechanical cleavage from bulk graphite, and epitaxial 

graphenes.111,220,222,223,224,225 

Hydroxylated aryl groups grafted covalently on graphene by the diazonium addition 

reaction act as initiators for the polymerization of styrene via the atomic transfer radical 

polymerization (ATRP) method (Figure 9). As a consequence the polymeric chains are 

covalently grafted on the graphene surface.226 

The ratio between carbon atoms with sp2 and sp3 hybridization in the graphitic lattice 

is an indication of the degree of oxidation or a covalent functionalization reaction. This 

ratio is estimated using Raman spectroscopy as the ID/IG ratio, where ID and IG are the 

intensities of the peaks at ∼1350 and 1580 cm−1, which correspond to the number of 

sp3 and sp2 C atoms, respectively. Graphene is defined as a pristine two-dimensional 



49 

 

sp2 hybridized carbon sheet; as such the coexistence of sp3 carbons in the lattice are 

inherently classified as defects, where these defects can be on the basal edges or inside 

defects in the plane. For the modification described in Figure 9, the ID/IG ratio increased 

from 1.7 to ∼2 after functionalization by diazonium addition. 

An alternative free radical addition method includes the reaction of benzoyl peroxide 

with graphene sheets.227 Graphene isolated mechanically from Kish graphite was 

deposited on a silicon substrate and immersed in a benzoyl peroxide/toluene solution. 

The reaction was initiated photochemically, by focusing an Ar-ion laser beam onto the 

graphene sheets in the solution. The attachment of the phenyl groups was directly 

indicated by the appearance of a strong D band at 1343 cm−1. The appearance of this D 

band is due to the formation of sp3 carbon atoms in the basal plane of graphene by 

covalent attachment of phenyl groups (Figure 10). The above reaction was also carried 

out on a graphene sheet placed in afield effect transistor (FET) device. 

 

Figure 9. The attachment of aryl groups on graphene nanoplatelets and the formation of 

polystyrene chains grafted on graphene nanoplatelets.226 

 

In this case, apart from the significant decrease in conductivity due to the increase of 

sp3 carbon atoms after the covalent addition of phenyl groups, an increase in the level 

of hole doping was also observed. The increase in the hole doping was attributed to the 

physisorbed benzoyl peroxide. Regarding the mechanism of radical generation, Liu et 

al.227 suggest that a hot electron initiates an electron transfer from photoexcited 

graphene to the physisorbed benzoyl peroxide. The short-lived benzoyl peroxide radical 
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anion is then decomposed to produce the phenyl radicals, which react with the sp2 

graphene carbon atoms. 

 
Figure 10. Schematic representation of the radical addition reaction: (a) the appearance of D 

band in the Raman spectrum of a single layer graphene after the photochemical reaction and 

(b) optical image of a functionalized single-layer graphene. The arrows indicate holes resulting 

from prolonged laser exposure.227 
 

II. Addition of Dienophiles to Carbon-Carbon Bonds 

Apart from free radicals, dienophiles also react with sp2 carbons of graphene. 

Azomethine ylide, which reacts through a 1,3-dipolar cycloaddition, is one of the most 

common dienophiles that have been successfully applied in the functionalization of 

carbon nanostructures: fullerenes, nanotubes, onions, and nanohorns. This type of 

reaction affords a variety of organic derivatives, which display interesting applications 

in several areas; these include polymer composites, biotechnology, nanoelectronic 

devices, drug delivery, and solar cells.228,229,230,231,232,233 After the successful production 

of graphene sheets directly from graphite dispersed in organic solvents,234 Georgakilas 

et al.235 showed that these graphene sheets could be substituted with pyrrolidine rings 

via a 1,3-dipolar cycloaddition of azomethine ylide. The graphene sheets were 

decorated with dihydroxyl phenyl groups by pyrrolidine rings that were formed 

perpendicular to the graphene surface by addition of azomethine ylide precursors 

(Figure 11)235 The azomethine ylide was formed by the condensation of 3,4-

dihydroxybenzaldeyde and sarcosin. The hydroxyl groups introduced onto a graphene 
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sheet increase its dispersibility in polar solvents such as ethanol and N,N- 

dimethyformamide (DMF). 

 

 

Figure 11. (left) Schematic representation of the 1,3 dipolar cycloaddition of azomethine ylide 

on graphene. (top, right) Dispersion of functionalized graphene nanoplatelets in ethanol. 

(bottom, right) Raman spectra of (a) pristine graphene and (b) pyrrolidine functionalized 

graphene.235 

 

The flexibility of this reaction procedure makes it important because one is able to 

choose among several aldehydes or substitutedα-amino acids as precursors, thus 

yielding a variety of desirable functional groups. For example, to decorate graphene 

sheets with tetraphenylporphyrin (TPP) or palladium-TPP, Zhang and co-workers236 

used tetraphenylporphyrin aldehyde (and the Pd analogue) and sarcosin as precursors. 

Quintana et al.237 utilized 1,3-dipolar cycloaddition to graphene sheets by employing 

precursors of paraformaldehyde and a specifically designed NH2-terminated α-amino 

acid. These amino groups were shown to selectively bind gold nanorods. Phenyl and 

alkyl azides react with the C−C bonds of graphene by the formation of the reactive 

intermediate nitrene. The reaction of organic azides with graphene has been used 

successfully by several research groups affording a variety of organic graphene 

derivatives. By thermally and photochemically activating a variety of para-substituted 

perfluorophenylazides (PFPA), Liu et al.238 were able to attach various functionalities 

to the graphene sheet via a three-membered aziridine ring (Figure 12). These 
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modifications result in varying solubility-dispersibility and surface energy of the 

modified graphenes. 

 

Figure 12. Functionalization of pristine graphene with PFPA.238 

 

Nitrene addition has also been used in the functionalization of graphene sheets with 

phenylalanine. The graphene sheets were reacted with Boc-protected 

azidophenylalanine in o-DCB (Figure 13). The product was determined to have 1 

phenylalanine substituent per 13 carbons.239 

Vadukumpully et al.240 reported that graphene sheets can be covalently 

functionalized with alkylazides, where the alkyl chains include several groups such as 

hexyl, dodecyl, hydroxylundecanyl, and carboxy-undecanyl. The carboxylate groups 

introduced on the surface facilitated the attachment of Au nanoparticles, which were 

used as markers to investigate the reactive site distribution. The organically modified 

graphene sheets showed enhanced dispersibility in common organic solvents such as 

toluene and acetone. An increase in the ID/IG ratio was observed on functionalization, 

which increased when excess nitrene was added. This indicates that the degree of 

functionalization is dependent on the amount of nitrene added to the reaction mixture 

(Figure 14). The appearance of a broad 2D band at 2700 cm−1 is characteristic of few 

layer modified graphene sheets. 
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Figure 13. Nitrene addition to graphene sheets using Boc-protected azidophenylalanine.239 

 

 

 

Figure 14. The reaction of alkyl nitrenes with graphene sheets.240 

 

 

The formation of covalent bonds between thermally generated nitrene and epitaxial 

graphene has been demonstrated by Choi et al.241 In this case, the formed band gap of 

the functionalized epitaxial graphene can be controlled by the amount of the added 

nitrene in the reaction. 

Zhong et al.242 recently described aryne cycloaddition to the graphene surface using 

2-(trimethylsilyl)aryl triate as a precursor toward the reactive benzyne intermediate 

(Figure 15). The reaction resulted in the formation of a four-membered ring that 

connected the aromatic arene rings to the graphene surface. The aryl-modified graphene 

sheets were dispersible in DMF, o-DCB, ethanol, chloroform, and water. Additionally, 

the aryl rings can be substituted by several organic groups (i.e., methyl and fluoro), 

thereby giving a variety of interesting derivatives.  

 

 

Figure 15. Aryne cycloaddition to graphene sheets.242 
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Covalent functionalization of graphene oxide 

GO can be characterized as a single graphitic monolayer with randomly distributed 

aromatic regions (sp2 carbon atoms) and oxygenated aliphatic regions (sp3 carbon 

atoms) containing hydroxyl, epoxy, carbonyl, and carboxyl functional groups. The 

epoxy and hydroxyl groups lie above and below each graphene layer and the carboxylic 

groups exist usually at the edges of the layers; however it should be noted that the 

chemistry and heterogeneity of graphene oxide is still heavily debated. The presence of 

oxygen groups on the surface of GO provides a remarkable hydrophilic character and 

analogous chemical reactivity. GO is prepared either by methods based on the oxidation 

of graphite with strong acidic media99 or ozone243 or the chemical/thermal exfoliation 

of graphite oxide.110,112,127,244,245,246 GO forms unstable dispersions in water and polar 

organic solvents such as ethylene glycol, DMF, NMP, and THF, since the exfoliated 

GO nanoplatelets tend to aggregate through π-π stacking and form large particles of 

graphite oxide. Several protective agents have been presented for the stabilization of 

GO nanoplatelets in the solution such as octadecylamine,114 1-octyl-3-methyl-

imidazolium,126 large aromatic molecules,27 didodecyldimethyl-ammonium 

bromide,247 polystyrene,248 and poly(sodium 4-styrenesulfonate)249 and also 

elastomeric silicon foams250 and DNA.251 The presence of these stabilizing groups is 

not favorable however in terms of use of graphenes in technological applications. 

Theoretically, a simple reduction of GO should remove the oxygen groups and 

rehybridize the effected sp3 C atoms to sp2 C, thereby leaving it aromatic and defect 

free. However, experimentally, after any reductive treatment of GO a critical number 

of oxygen groups and defects remain. The reduction of GO has been extensively 

researched, and the methods ranging from the traditional hydrazine treatment110 to 

bacterial treatment252 have shown to be successful, as well as a variety of other 

methods.112,253,254,255,256 These defects affect the properties of the reduced GO (RGO), 

most importantly its electric conductivity. For this reason, the type of graphene used is 

usually specified, that is, chemically converted graphene, chemically reduced graphene, 

RGO, or thermally reduced graphene, in order to discriminate it from pristine 

graphene.257 Due to the rich chemistry of hydroxyl, carboxyl, and epoxy groups, GO 

has been selected very often as the starting material for the formation of graphene 

derivatives through the covalent attachment of organic groups on its surface. In this 

type of functionalization where the added groups are linked through the oxygen atoms 
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of GO, the Raman spectra of the functionalized graphene show no important differences 

from those of GO, since no further structural perturbation occurred. 

III. Addition of Chromophores 

Polythiophenes and oligothiophenes are well-known conjugated polymeric materials 

with potential use in various optoelectronic applications, for example, solar cells, due 

to high charge mobility arising from the large number of πelectrons delocalized along 

their molecular chains.258 Amine-terminated oligothiophenes can be grafted on GO 

nanoplatelets through covalent amide bonds, as described by Liu et al.258 (Figure 16). 

The as-synthesized donor-acceptor material displayed a superior optical limiting effect 

compared with the standard optical limiting material C60 and a control sample 

consisting of a physical mixture of GO and oligothiophene. 

In an analogous approach, Yu et al.259 reported functionalization of GO with 

−CH2OH terminated regioregular poly(3-hexylthiophene) (P3HT) through the 

formation of ester bonds with the carboxyl groups of GO nanoplatelets (Figure 17). Due 

to the presence of an abundant number of hydroxyl groups in the added polymer, P3HT-

GO was soluble in common organic solvents, facilitating its characterization and device 

fabrication by solution processing. 

 

Figure 16. Structure of oligothiophene functionalized GO.258 
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Figure 17. Synthesis procedure for chemical grafting of CH2OH-terminated P3HT chains onto 

graphene, which involves the SOCl2 treatment of GO (step 1) and the esterification reaction 

between acyl-chloride functionalized GO and MeOH-terminated P3HT (step 2).259 

 

Apart from the classical esterification and amidation reactions, Melucci et al.260 

covalently attached optically active silane-terminated oligothiophene groups to GO 

substrates. The advantage of this reaction is that the covalent attachment is completed 

within a few minutes via microwave radiation, thereby affording GO derivatives 

soluble in water as well as nonpolar solvents. 

Apart from conjugated polymers, simple organic chromophores such as porphyrins, 

phthalocyanines, and azobenzene with very interesting optoelectronic properties have 

been covalently attached on graphene nanoplatelets.261,262,263,264 Due to the large visible 

light extinction coefficients, porphyrins and phthalocyanines are frequently used as 

antennas for harvesting energy from photons. GO can be functionalized with porphyrins 

through the formation of amide bonds between amine functionalized porphyrins and 

carboxylic groups of GO as shown in Figure 18.261 

The covalent interaction between the porphyrin and the GO surface resulted in an 

improvement in the dispersibility in organic solvents and an effective fluorescence 

quenching after the photoexcitation of the porphyrin. 
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Figure 18. Schematic representation of the product of the reaction between GO and amine-

functionalized porphyrin.261 

 

IV. Covalent Linkage to Polymers 

GO can be grafted to polymeric chains that have reactive species like hydroxyls and 

amines, that is, poly(ethylene glycol), polylysine, polyallylamine, and poly(vinyl 

alcohol). These materials combine the properties of their parts; the polymeric part offers 

dispersibility in certain solvents, mechanical strengthening, and several morphological 

characteristics, while graphene contributes to the electrical conductivity, chemical 

reactivity, and reinforcement of the mechanical properties. 

Poly(ethylene glycol) (PEG) is a biocompatible superhydrophilic polymer that has 

been used to cover nanostructures providing them with these basic characteristics. It 

has found use as a carrier for drug delivery, that is, metallic nanoparticles or carbon 

nanotubes. Amine-terminated PEG can be grafted onto GO nanoplatelets through 

amide bond formation. The PEGylated GO is highly dispersible in water, as well as, in 

contrast to GO, in several aquatic biological solutions such as serum or cell medium. 

This important characteristic makes PEGylated GO an important candidate for the 

delivery of hydrophobic drugs in biological systems. As an example, a camptothecin 

analogue named SN38 (Figure 19), which is highly hydrophobic, can be immobilized 

on the surface of PEGylated GO through van der Waals interactions, forming a 

nanostructure with excellent stability in biological solutions.265 Camptothecin is an 
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organic aromatic molecule, which displays remarkable anticancer properties. Its main 

disadvantage in cancer therapy is its low solubility in aqueous media. In further work, 

Yang et al.266 studied the behavior of PEGylated GO nanoplatelets in vivo. 

 

Figure 19. Immobilization of SN38 camptothecin on PEG-GO.265 

 

 

RGO can be made dispersible in biological solution after its functionalization by 

poly(L-lysine) (PLL) through amidation (Figure 20).267 Poly(L-lysine) is an attractive 

biocompatible molecule, with uses in promoting cell adhesion, drug delivery, cell 

labeling, biofuel cells, and DNA electrochemical sensors. The PLL/RGO nanostructure 

was used as a biosensor for hydrogen peroxide (H2O2) detection exhibiting improved 

sensing of H2O2. The detector device was based on the immobilization of horseradish 

peroxidase onto the PLL/RGO surface and the deposition of the resulting 

nanocomposite on a gold electrode. 
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Figure 20. Schematic representation of the formation of the PLL/RGO−horseradish peroxidase 

and its subsequent deposition on a gold electrode.267 

 

Polyallylamine (PAA) can be reacted with GO; in this reaction the numerous amine 

groups react successfully with the epoxy groups of GO forming an effective cross-

linking of the GO sheets (Figure 21). After filtration of a colloidal suspension of 

PAA/GO through a filter paper, a thin paper-like membrane was formed.268 Although, 

the mechanical properties of PAA/GO membrane are not impressively increased in 

comparison to a GO analogue, the idea of making stiff GO membranes by cross-linking 

with polymers seems to work successfully. 

 

Figure 21. Schematic representation of (a) GO and (b) PAA.268 
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Poly(vinyl alcohol) (PVA) can be grafted onto GO nanoplatelets via ester bonds 

between the hydroxyl groups of PVA and the carboxylic groups of GO. These covalent 

bonds can be formed either by direct formation or after the transformation of 

carboxylates to the more reactive acyl chlorides. The PVA/GO composite was 

dispersible in DMSO and hot water. In a further step, the PVA/GO composite was 

partially reduced by hydrazine, affording the PVA/RGO composite.269 Veca et al.270 

also reported covalent functionalization of graphene nanoplatelets with PVA, affording 

derivatives readily soluble in aqueous and polar organic solvents for further 

application.271,272 Lin et al.273 demonstrated an efficient method to covalently graft 

polyethylene (PE) chains onto the surface of GO, which resulted in a high polymer 

grafting efficiency and a 10 °C increase in the crystallization temperature compared 

with the pure polymer. Furthermore, the polyethylene-functionalized GO (PE/GO) 

displays a unique encapsulating structure and can be stably dispersed in toluene. 

Lee et al.274 reported an atom transfer radical polymerization (ATRP) approach to 

functionalize GO nanoplatelets with polymers. In this method, polymer chains were 

directly grown from the surface of GO via living radical polymerization. The technique 

involves the covalent attachment of the initiator followed by the ATRP of various 

monomers including styrene, methyl methacrylate, or butyl acrylate without damaging 

the GO structure.275 The obtained nanocomposites showed significant enhancement in 

thermal and mechanical properties compared with the pure polymers. Poly(methyl 

methacrylate) PMMA functionalization of GO was carried out by Goncalves et al.276 

Different PMMA/GO composites were synthesized by changing the percentage of 

PMMA polymer to GO in the reaction. The resulting composites were readily 

dispersible in organic solvents and used as reinforcement fillers in the preparation of 

PMMA composite films. 

The formation of covalently bonded polymer-GO nanocomposites, where GO was 

initially functionalized with octadecylamine (ODA) has been reported by Pramoda et 

al.277 These ODA functionalized GO nanoplatelets were subsequently reacted with 

methacryloyl chloride to incorporate polymerizable –C=C− functionalities at the 

graphene surfaces. These intermediates were then employed in in situ polymerization 

of methylmethacrylate to obtain covalently bonded PMMA/GO nanocomposites. 
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Ramanathan et al.278 mixed oxygen and hydroxyl-functionalized high-surface-area 

graphene nanoplatelets with PMMA to yield graphene reinforced PMMA 

nanocomposites with a significant increase of about 30 °C in the glass transition 

temperature using only 0.5 wt % functionalized graphene nanoplatelets. 

Amide-functionalized graphene nanoplatelets (few layer graphene) were prepared 

by Das et al.279 to reinforce PMMA. This functionalization resulted in a significant 

increase of 70% and 10% in the elastic modulus and the hardness, respectively, of the 

composites with the addition of 0.6 wt % of graphene nanoplatelets. 

Fang et al.226 demonstrated that polystyrene (PS) chains can be covalently grafted 

onto the surface of partially RGO nanoplatelets, enhancing the glass transition 

temperature of the polymer by 15 °C. The initiator molecules were covalently bonded 

to the RGO surface via a diazonium addition, and the subsequent ATRP of styrene was 

carried out. With the addition of only 0.9 wt % GO nanoplatelets, the resulting PS/RGO 

composite film exhibited a prominent reinforcement effect, showing a 57.2% and 

69.5% increase in Young's modulus and tensile strength, respectively. The synthesis of 

PS grafted GO nanoplatelets at room temperature was reported by Sun et al.280 The 

obtained functionalized nanoplatelets exhibited good dispersibility in organic solvents. 

The covalent grafting of polyglycerol onto the surface of GO was reported by Pham et 

al.281 while Zhang et al.282 reported that GO can be functionalized with poly(N-

vinylcarbazole) (PVK), where GO acts as an electron acceptor, while PVK acts as the 

electron donor. This material was characterized by IR, DSC, TGA, UV-vis, CV, XRD, 

and AFM. A nanocomposite of waterborne polyurethane (WPU) with covalent 

functionalized graphene nanoplatelets finely dispersed in the polymer matrix improves 

the conductivity of the WPU.283,284 

V. Addition of Other Organic Molecules 

One of the earliest reports of the functionalization of GO was the formation of amide 

bonds between octadecylamine (ODA) and the carboxylic groups of GO.285,286 The 

functionalized GO product was characterized by Raman, FT-IR, UV spectroscopy, 

AFM microscopy, and thermogravimetric analysis and was found to be dispersible in 

THF (0.5 mg/mL), CCl4, and 1,2-dichloroethane. Water-dispersible GO derivatives 

have been produced by the attachment of allylamine, p-phenyl sulfonate, and phenylene 

diamine groups on the graphene surface.124,287 
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GO can also be used as support for the immobilization of enzymes in the preparation 

of biosensors. As an example, glucose oxidase (GOx) can be immobilized on GO 

nanoplatelets through amide bonds (Figure 22).288 

 

Figure 22. Immobilization of glucose oxidase (H2N-GOx) onto GO nanoplatelets.288 

 

The GO/GOx composite has been examined as a biosensor for the determination of 

glucose and was shown to give a linear response over a broad concentration range and 

exhibit high sensitivity, reproducibility in measurements, and biocompatibility with 

human cells. Zhang et al.289 have reported on the formation of a hybrid material by 

covalent linking of C60 with GO (Figure 23). In this synthesis an amide bond was 

formed between a pyrrolidine ring modified C60 and the carboxyl groups on the GO 

surface. Analogously to the fullerene derivatives of carbon nanotubes,290,291 GO-C60 

hybrids could be useful in many optoelectronic applications due to their remarkable 

electronic and optical properties. Another interesting modification of partially RGO 

with imidazolium derivatives was presented by Yang et al.;292 they showed that 1-(3-

aminopropyl)-imidazolium bromide can be attached to the epoxy groups of GO 

nanoplatelets (Figure 24). 

 

Figure 23. Representation of the formation of the C60−GO composite.289 



63 

 

 
 

Figure 24. Illustration of the preparation of imidazolium-modified GO.292 

 

 

An organic GO derivative obtained from the covalent attachment of phenyl isocyanate 

to GO through the formation of an ester bond with the epoxy group has been used in 

several diverse applications. After this chemical modification, GO nanoplatelets were 

easily dispersible in organic solvents such as o-DBC and DMF; additionally the 

incorporation of these organically modified GO nanoplatelets into polymers and 

conjugated polymers for photovoltaics was facilitated. This procedure was initially 

developed by Stankovich et al.13 as a general approach for preparation of GO−polymer 

composites. Phenyl isocyanate-treated GO nanoplatelets were dispersed in PS and other 

styrenic copolymers, such as acrylonitrile-butadiene-styrene or styrene-butadiene, 

through solution phase mixing. The modified GO was then chemically reduced in order 

to improve the electrical conductivity of composites. 

This functionalization procedure has been further used by Liu and co-

workers293,294,295 in the fabrication of organic photovoltaic cells. The phenyl isocyanate 

functionalized graphene was easily dispersed into o-DBC, and this was further 

dispersed in P3HT to form a donor/acceptor system. After the insertion of modified GO 

into P3HT, a remarkable quenching of the photoluminescence was observed, indicating 

a strong interaction and electron transfer from P3HT to GO nanoplatelets. This function 
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makes the formed composite suitable as an active layer in bulk heterojunction 

photovoltaic cells as represented in Figure 25. A photovoltaic cell containing the 

P3HT/GO composite showed a power conversion efficiency of 1.1%.295 

 

Figure 25. (a) Graphical representation of the modified graphene and P3HT, (b) schematic 

representation of the bulk heterojunction photovoltaic cells.295 

 

Finally, Avinash et al.296 obtained covalently functionalized GO with ferrocene via 

a green chemistry approach at room temperature on solid phase alumina. The 

ferrocene/GO composite material exhibited interesting magnetic properties, with the 

magnetization of the composite material found to be more than that of both GO and 

ferrocene. 

VI. Starting from Partially Reduced Graphene Oxide 

As referred in the introduction of this chapter the complete reduction of GO to graphene 

via different routes has not been achieved yet. There are always epoxy and hydroxyl 

functional groups on the basal plane of the RGO.297 Density functional theory (DFT) 

investigations of the structure of graphene after deoxygenation confirm that it is 

impossible to completely remove the oxygen-containing functional groups from the 



65 

 

graphene surface using chemical or thermal reduction or even a combination of these 

two.298,299 

In a subsequent DFT study, Ghaderi and Peressi300 confirmed the presence of hydroxyl 

groups after reduction. The residual oxygen-containing groups give the RGO a weaker 

chemical reactivity as regards organic groups that can be grafted onto the graphene 

surface through oxygen linkers. The chemical functionalization of RGO using residual 

oxygen groups has been presented by Hsiao et al.301 This procedure has the advantage 

that it does not create additional defects on the graphene surface compared with the 

reaction with C=C bonds. They used a specific polymeric molecule (MA-POA2000), 

which was grafted onto RGO by two different methods, radical addition and 

condensation using residual epoxy groups (Figure 26). In the free radical grafting 

method, initiated by benzoyl peroxide, the radical attacked the sp2 carbon atoms on the 

RGO surface. In the second method, the free amine groups reacted with the residual 

epoxy groups of RGO. 

 

Figure 26. Two different grafting methods from the same organic molecule.301 
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Derivatives of RGO with poly(oxyalkyne)-amine are dispersible in THF (0.25 

mg/mL), and the dispersions remain stable for at least two months. RGO was also used 

by Shen et al.302 for the preparation of “amphiphilic” graphenes. Here GO was reduced 

by sodium boron hydride (NaBH4) affording RGO nanoplatelets, which were decorated 

with PS−polyacrylamide copolymer (PS−PAM) by in situ free radical polymerization, 

initiated by benzoyl peroxide (Figure 27). The polymerized GO is dispersible in water, 

due to its hydrophilic PAM component, and simultaneously in xylene due to the 

hydrophobic PS component. Additionally, by controlling the ratio between the two 

polymeric components, the hydrophilic-hydrophobic balance of the functionalized 

graphene can also be controlled. 

 

Figure 27. Schematic representation of covalent attachment of PS/PAM copolymer to RGO.302 

 

Non-covalent functionalization of pristine graphene 

In addition to covalent functionalization, graphene also exhibits non-covalent bonding 

via π-π stacking, cation-π or van der Waals interactions on the sp2 networks (where 

present) that are not oxidized or engaged in hydrogen bonding. Via these non-covalent 

attachments, functional species can be anchored on the surface of graphene sheets 

without chemical bonding, but able to render external forces to disperse graphene in 

various media. Moreover, the non-covalent functionalization, comparing to covalent 

functionalization, is considered to have less impact on the structure and properties of 

graphene. Ruoff et al. first used poly(sodium 4-styrenesulfonate) (PSS), a ionic polymer 

with abundant aromatic structures, to stabilize ReG solution in water.245 The strong π-

π interaction between graphene plane and PSS prevents ReG from reaggregation during 

the reduction step and therefore, form a very stable aqueous dispersion of ReG with 

concentration up to 1 mg/mL. Similar effect was also observed when aromatic 

molecules or polymers were applied as surfactant (such as Phospholipid-PEG,303 
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pyrene salts,304 TCNQ,305 pyrene diimide salts27 and sulfonated polyaniline306 (Figure 

28). 

 

Figure 28. Schematic illustration of aqueous graphene dispersions stabilized with TCNQ anion. 

a) Pristine expanded graphite b) TCNQ insertion into graphite by the aid of DMSO c) after 

durative sonication, TCNQ-anion-stabilized graphene in water d) photograph of TCNQ anion 

adsorbed graphene dispersed in different solvents: water, ethanol, DMF, DMSO.305 

 

Later on, it has been discovered that carboxylic acids were not affected by chemical 

reduction of GO, and these groups would remain intact on the edge of graphene sheets 

after hydrazine reduction and, if deprotonated, would provide sufficient electrostatic 

repulsion (zeta potential is about –30 mV) to overcome the aforementioned van der 

Waals attraction.257 

By adding ammonia to raise the pH of the suspension to ~10 during the hydrazine 

reduction of graphene oxide, a stable aqueous dispersion of graphene was obtained. 

Unfortunately, this suspension was fairly sensitive to both pH and the presence of 

‘‘hard’’ electrolytes such as sodium chloride. Furthermore, graphene sheets were 

successfully transferred into organic solution (such as chloroform) via ionic interaction 

with the assistance of amphiphilic alkyl ammonia salt (NR4
+).123 
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The properties of ReG in graphene-based composite materials are greatly limited by 

the functionalization processes and the defects left during the processes. How to 

increase the electrical/thermal conductivity as well as the mechanical strength of 

graphene-based composite materials remains a big challenge. 

 

2.2 Applications of graphene-based materials in organic solar cells307 

The unique properties, i.e., highly optical transparence, highly electrical conduction, 

and mechanical flexibility, graphene and its derivatives have been investigated 

extensively in the field of solar cells. Lots of impressive results have been reported, 

where graphene was used as the electrodes, i.e., transparent 

electrodes19,21,36,308,309,310,311,312,313,314,315 transparent cathodes, as well as where 

graphene was used as the active layer, i.e., light harvesting material,293,316,317 Schottky 

junction,318,319,320 electron transport layer,321,322,323,324,325 hole transport 

layer,259,326,327,328,329 both hole and electron transport layer,3288 and interfacial layer in 

the tandem configuration.330,331,332 

 

a) Conductive Electrodes 

Recently, graphene has been successfully used as the transparent conductive anode for 

the flexible organic photovoltaic (OPV) cell with the configuration graphene/poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/copper phthalocyanine 

(CuPc)/C60/bathocuproine(BCP)/Al (Figure 29a).21 Graphene was first deposited onto 

the Si/SiO2/Ni film by chemical vapor deposition (CVD) and then transferred onto the 

transparent glass or polyethylene terephthalate (PET) substrates (Figure 29b). The 

obtained graphene/PET film showed its sheet resistance down to 230 Ω/sq with 

transparency of 72 %. The solar cell incorporating CVD-grown graphene (referred to 

here as CVD-graphene) as the transparent conductive anode exhibited a power 

conversion efficiency (η) of 1.8%, which is comparable to the performance (1.27%) 

obtained in the device with the commonly used ITO electrode. Obviously, the flexibility 

of CVD-graphene device surpasses that of the ITO device because the former device 

can operate under bending up to 138° (Figure 29c), whereas the latter one degraded 
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rapidly and irreversibly even under bending of 60° (Figure 29d). Consistently, the 

decay/decrease rate of the initial fill factor in the CVD-graphene device was much 

slower than that in the ITO one as the bending angle increased, and the fill factor of the 

ITO device rapidly decayed to 0 when it was bent to around 60° (Figure 29e). The lower 

performance under bending, i.e., lower flexibility, of the ITO device was caused by the 

generation of microcracks in the ITO film under mechanical stress, while no such 

microcracks were observed on the CVD graphene device (Figure  29f). 

 

Figure 29. a) Schematic representation of the energy level alignment (top) and the construction 

of heterojunction organic solar cell fabricated with graphene as anodic electrode: 

graphene/PEDOT/CuPc/C60/BCP/Al. b) Schematic illustration of the transfer process of CVD-

graphene onto transparent substrate. The plots of current density vs voltage for c) graphene and 

d) ITO devices under 100 mW cm–2 AM1.5G spectral illumination at different bending angles. 

Insets show the experimental setup used in the experiments. e) The plot of fill factor vs bending 

angle for the graphene and ITO devices. f) Scanning electron microscopy (SEM) images of the 

surface structure of CVD-graphene (top) and ITO (bottom) devices after being subjected to the  

bending angles described in panels (c,d).21 
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In the area of flexible OPV devices, Zhang’s group has used chemically reduced 

graphene oxide (rGO) as the transparent conductive anode in the device with 

configuration of rGO/PEDOT:PSS/poly(3-hexylthiophene):phenyl-C61-butyric  acid 

methyl ester (P3HT:PCBM)/TiO2/Al. The performance of the OPV devices mainly 

depends on the charge transport efficiency and the transparency of the rGO electrodes, 

when the optical transmittance of rGO is above and below 65%, respectively. 

Impressively, the fabricated OPV device on rGO can sustain a thousand bending cycles 

at 2.9% tensile strain.308 

Iijima and co-workers reported a roll-to-roll method to transfer the 30-inch CVD-

graphene monolayer film from the copper foil onto a flexible substrate, such as PET.36 

The graphene film exhibited 97.4% optical transmittance with sheet resistance as low 

as 125 Ω/sq. After a four-layer graphene film was achieved by layer-by-layer stacking, 

it was doped with HNO3, showing the further decreased sheet resistance (≈30 Ω/sq at 

≈90% transparency), which is superior to the commercial transparent ITO electrode. 

Furthermore, such graphene electrode was capable of withstanding high strain.36 

All of the aforementioned reports have demonstrated the highly flexible nature of 

graphene, which shows its potential application as the transparent conductive anode 

electrode for flexible solar panels, since both CVD-graphene and solution-processed 

rGO have exhibited superior mechanical performance over ITO. For the flexible CVD-

graphene based thin film, which is compatible with the roll-to-roll fabrication process 

developed by Iijima and co-workers,166 it possesses not only better mechanical 

properties than ITO, but also superior sheet resistance and transparency compared to 

ITO when used as a transparent electrode. 

In addition to the OPV devices, graphene also shows potential as the transparent 

anode electrode for dye sensitized solar cells (DSSCs). In a recent report,19 the graphene 

thin film, prepared by dip coating aqueous graphene oxide (GO) solution on quartz 

followed by temperature-controlled film drying and subsequent thermal reduction, 

exhibited a high conductivity of 550 S cm–1 and transparency of more than 70% in the 

wavelength range of 1000–3000 nm. A solid-state DSSC with configuration of 

graphene/TiO2/dye/spiro-OMeTAD/Au has been fabricated using the graphene film as 

the transparent anode (Figure 30a). The corresponding energy level diagram of the 

DSSC device is shown in Figure 30b. This is the first demonstration of a solid-state 
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DSSC based on a graphene electrode with the power conversion efficiency (PCE) of 

0.26%, which is still lower compared to the fluorine tin oxide (FTO)-based solid-state 

DSSC (0.84 %, Figure 30c). 

 

Figure 30. Illustration and performance of DSSC based on graphene electrodes. a) Schematic 

illustration of DSSC using graphene film as electrode. The four layers from bottom to top are 

Au, dye-sensitized heterojunction, compact TiO2, and graphene film. b) The energy level 

diagram of the DSSC with the configuration of graphene/TiO2/dye/spiro-OMeTAD/Au. c) 

Current density–voltage curves of the graphene-based cell (black) and FTO-based cell (red) 

illuminated under AM solar light (1 sun).19 

 

Graphene has also been developed as the transparent conductive cathode electrode 

for solar cells. Recently, has been reported that rGO was used as the working electrode 

for electrochemical deposition of functional materials, which was further used as the 

cathode electrode for the hybrid solar cell application.308 

Briefly, the rGO thin film on quartz was obtained by two-step reduction of GO, i.e., 

using hydrazine vapor and then thermal annealing. It exhibited a sheet resistance of 420 

Ω/sq at 61 % transmittance. The n-type ZnO nanorods (NRs) were electrochemically 

deposited on the obtained rGO electrode. Then, the p-type poly(3-hexylthiophene) 

(P3HT) layer was spin-coated on the top of ZnO NRs to form an inorganic–organic 

material based hybrid solar cell. In addition, we found that the electrochemical 

deposition of ZnO strongly depends on the thickness, i.e., the sheet resistance, of the 

rGO film. The thicker rGO film with lower sheet resistance has advantages for the 

growth of high quality crystalline ZnO nanorods. The device with a layered structure 
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of quartz/rGO/ZnO NRs/P3HT/PEDOT:PSS/Au was fabricated with a PCE of around 

0.31% ( Figure 31a). 

 

Figure 31. Current density-voltage (J-V) characteristics of ZnO/P3HT hybrid solar cells with 

rGO film as electrode. Inset: schematic illustration of the fabricated solar cell.309 

 

 

b) Active Layers  

The facile chemical functionalization enables graphene as a new candidate for active 

material in photovoltaic device applications.293,316,317 Moreover, the work function of 

graphene can be adjustable by doping with another semiconductor to form a Schottky 

junction if their energy band structures match.318,319,320,333,334 With high charge mobility, 

graphene and rGO are good candidates for the electron transport layer,321,322,323,324,325 

hole transport layer,259,326,327,328,329 both hole and electron transport layer,328 and 

interfacial layer for tandem solar cells in the photovoltaic field.330,331,332 

Light-Harvesting Materials  

GO is easy to be functionalized based on various requirements since it has various 

functional groups. For example, Chen and co-workers functionalized GO sheets with 

phenyl isocyanate, which changed hydrophilic GO surface to hydrophobic one.293 The 

resultant solution-processed functionalized graphene (SPF-Graphene) was mixed with 

poly(3-octylthiophene) (P3OT) to form the P3OT/SPF-Graphene composites, which 

were then used as the active layer material in the bulk heterojunction (BHJ) OPV device 

(Figure 32 a–d). The annealing conditions are critical for better performance of the 

device, since annealing can remove the functional groups from graphene sheets and 

enhance the crystallinity of P3OT. Based on their result, the optimized annealing 
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condition, 160 °C for 20 min, was applied for fabrication of the OPV device, which 

achieved the best power conversion efficiency of 1.4%. This work indicated that the 

functional graphene can serve as a competitive alternative to [6,6]-phenyl C61-butyric 

acid methyl ester (PCBM) as the electron acceptor for high-performance OPV devices. 

 

Figure 32. a) The idealized chemical structures of graphene and P3OT. b) Schematic 

illustration of the device with P3OT/graphene thin fi lm as the active layer and the structure 

ITO (ca. 17 Ω/sq)/PEDOT:PSS (40 nm)/P3OT:graphene (100 nm)/LiF (1 nm)/Al (70 nm). c) 

Energy level diagram of P3OT and SPF-Graphene. d) Schematic representation of the reaction 

of phenyl isocyanate with GO to form SPF-Graphene.293 

 

Importantly, the effect of graphene with different lateral size in OPV devices was 

studied.316 In this work, the active layer of OPV device was composed of aniline-

functionalized graphene (used as electron acceptor) and P3HT (used as electron donor). 

It was found that after optimization, the device with aniline-functionalized graphene 

quantum dots (ANI-GQDs) and P3HT showed enhanced efficiency as compared to the 

one with aniline-functionalized graphene sheets (ANI-GS) and P3HT. The 

corresponding current density versus voltage curves of ANI-GQDs-P3HT and 

optimized ANI-GS-P3HT based devices are plotted in Figure 33. The maximum power 

conversion efficiency is 1.14 % obtained from ANI-GQDs with 1 wt% of ANIGQD 

and P3HT, which is much higher than 0.65 % obtained from the optimized ANI-GS 
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devices with 10 wt% ANI-GSs and P3HT. This is attributed to the improved 

morphological and the optical characteristics in ANI-GQDs. The performance of GQD-

based devices is expected to be further improved by choosing other proper 

functionalization systems. 

 

Figure 33. J–V characteristics of the photovoltaic devices based on ANI-GQDs with different 

amount of GQDs in ANI and ANI-GS with 10 wt% GS in ANI (under optimized condition) 

annealed at 160 °C for 10 min.316 

 

 

In addition, Li and co-workers presented a novel solubilization strategy for synthesis 

of graphene nanostructures through a bottom-up method instead of the common top-

down method based on the exfoliation of graphite.317 Solution-processable black GQDs 

with uniform size were synthesized through solution chemistry, which were then used 

as a sensitizer for solar cells. However, a much low current density was observed, which 

was attributed to the low affinity of GQDs on TiO2 surface due to the physical 

adsorption, and the consequent poor charge injection. In the future, synthesis of 

hydrophilic graphene nanostructures or realization of the chemical bonding between 

graphene nanostructures and TiO2 surface is expected to improve the device 

performance. 

c) Charge Transport Layers  

Electron Transport Layer 

Taking the advantage of high electron mobility of graphene, Jiang and co-workers 

reported that rGO can be used as the 2D electron transport channel in rGO-TiO2 

nanocomposite based DSSCs, showing better performance than 1D CNT-TiO2 

composite based DSSCs (Figure 34a–d). In graphene composite electrodes, the 
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particles can anchor onto graphene better, and the photogenerated electrons can be 

easily captured and transferred by the graphene. However, when the composite of TiO2 

with 1D CNT is formed, there is less contact/connection between them. Therefore, the 

transfer barrier is large, resulting in the severe recombination of electrons and holes. 

Based on the operational principle of the device (Figure 34e), the introduced 2D 

graphene performs as an electron transport layer, i.e., accepts electrons from TiO2 and 

then transfers them quickly to the FTO electrode. Therefore, the recombination of 

electrons and holes is suppressed. 

 

Figure 34. Schematic illustrations of a,c) 1D and b,d) 2D nanomaterial composite electrodes. 

e) Operational principle of the device in term of charge transfer behavior in the DSSC. f) 

Photocurrent–voltage characteristics of different electrodes. The sensitizer is N3 (ruthenium 

dye). The cell active area is 0.20 cm2. The light intensity is 100 mW cm–2. Electrodes 1–4 are 

pure TiO2, TiO2 with loading of 0.6% GO, TiO2 loading of with 2.5% GO, and TiO2 loading of 

with 8.5% GO, respectively.324 

 

 

In Figure 34f, the photocurrent–voltage characteristics of DSSCs with different 

electrodes are presented. The best performance is demonstrated by the device with the 

photoanode layer of TiO2 with loading of 0.4 % rGO (i.e., ≈0.6% GO loading since GO 

will lose weight after reduction).324 It means there is an optimal rGO loading window 
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in terms of the PCE of the devices because too little graphene loading weakens its 

electron transporting effect, while too much graphene loading reduces the dye 

adsorption onto TiO2. Moreover, the excessive graphene can act as a kind of 

recombination center instead of providing an electron pathway, thus easily triggering 

the short circuit. 

As another example, graphene as the electron transport layer (ETL) in OPV has been 

reported by Heeger and co-workers.335 Instead of the usual solution-processed coating 

to prepare graphene film, they developed a novel facile stamping process to directly 

transfer graphene onto the bulk heterojunction (BHJ) layer prior to the top Al cathode 

deposition. Such stamping nanotechnology is able to transfer large-area, single-layer 

CVD-graphene onto specific regions of a substrate. In this work, the graphene was first 

doped/oxidized by HNO3, which is also called graphene oxide (GO). In order to 

compare with the traditional TiOx ETL used in OPV, the pure GO, pure TiOx, and 

GO/TiO2 double layer used as the ETL in OPV and the device without the ETL were 

all studied. Consistently, the OPV with ETL has much higher power conversion 

efficiency (PCE) than that without the ETL. Importantly, the PCE of a device based on 

a GO/TiO2 ETL was increased by 6.8% compared to the pure TiO2 ETL based device. 

The improved BHJ device performance is attributed to the fact that introduction of the 

GO/TiO2 ETL layer, as compared to the pure TiO2 or GO ETL layer, increases the hole 

blocking barrier (Φh) and simultaneously shifts Evac downwards, thereby decreasing the 

electron injection barrier in the BHJ device. The larger hole blocking barrier facilitates 

the photogenerated hole to transport towards the ITO anode. The smaller electron 

injection barrier enables the photogenerated electron to transport efficiently towards the 

Al cathode. Hence, such a synergistic effect enhances the short-circuit current density 

(Jsc) and thus the PCE of GO/TiO2 ETL-based BHJ devices. 

Hole Transport Layer 

Different from graphene, which is a highly efficient electron transporter, the 

functionalized GO and GO-based composites showed excellent hole transport 

properties in photovoltaic devices. Huang and co-workers have combined GO and 

SWCNTs as the hole transport layer for P3HT:PCBM-based polymer solar cells (Figure 

35a).  They found that the addition of the proper amount of SWCNTs into GO can 

significantly improve the conductivity of the GO film as the hole transport layer. Such 
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GO:SWCNT composite films reduce the hole transport resistance and facilitate the hole 

transport from the active layer to the anode. The results shown in Figure 35b 

demonstrate that the GO:SWCNTs composite film based device exhibits higher 

performance than the pure GO film based one. Note that the GO:SWCNT composite 

can offer comparable performance to the conventional PEDOT:PSS based devices.329 

At the same time, Chhowalla and co-workers also reported that the thin GO film with 

thickness of ≈2 nm on ITO can work as an effective hole transport layer in polymer 

solar cells (Figure 35c), showing the comparable values of efficiency to devices 

fabricated with PEDOT:PSS. They also found a clear trend of decreasing PCE with 

increasing GO film thickness (Figure 35d). As a result, the thinnest GO film yielded 

the best performance. This is mainly attributed to the increased serial resistance in the 

thicker GO film, which decreases Jsc and FF and also slightly lowers its transmittance. 

 

Figure 35. a) Schematic illustration and b) current density–voltage characteristics of ITO/GO/ 

P3HT:PCBM/Ca/Al device based on unmodified ITO (inverted triangle), GO layer (open 

circle, spin coated from 0.15 wt% dispersion), PEDOT:PSS layer (diamond), and GO:SWCNT 

layer (solid circle, spin coated from 0.15 wt% GO dispersion, GO:SWCNTs =1:0.2, w/w).329 c) 

Schematic illustration and d) current density–voltage characteristics of 

ITO/GO/P3HT:PCBM/Al devices with different GO thickness.326 
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Hole and Electron Transport Layer 

The work function of GO can be easily tuned by simple chemical modification. Dai and 

co-workers recently reported GO and modified GO as hole and electron transport 

layers, respectively, in the single solar cell configuration.328 As shown in Figure 36a,b, 

by replacing the periphery –COOH groups with –COOCs groups, the work function of 

the cesium-neutralized GO (GO-Cs) can be reduced to 3.9–4.1 eV from 4.6–4.8 eV for 

pure GO. As a result, the work function of GO matches both the ITO anode and the 

HOMO level of P3HT for efficient hole extraction, while the work function of GO-Cs 

matches both Al and the LUMO level of PCBM for efficient electron extraction (Figure 

36b). 

 
Figure 36. a) Chemical structures and synthetic route of GO and GO-Cs. b) Energy level 

diagrams and c) device structures of the normal device and the inverted device with GO as hole-

extraction layer and GO–Cs as the electron-extraction layer. d) Current density-voltage curves 

of the normal device (left) and inverted device (right) with GO as the hole-extraction layer and 

GO–Cs as the electron-extraction layer.328 
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Excellent hole/electron extraction capabilities have been demonstrated for GO/GO-Cs 

based polymer solar cells. Both the normal device with the configuration of 

ITO(anode)/GO/P3HT:PCBM/GO-Cs/Al(cathode) and inverted device of 

ITO(cathode)/GO–Cs/P3HT:PCBM/GO/Al(anode) were investigated (Figure 36c). 

The observed good performance for both the normal and inverted devices containing 

GO and GO–Cs demonstrates the capability of hole and electron extraction from GO 

and GO–Cs, respectively. The slightly lower performance from the inverted device, 

compared with the normal device, is mainly due to its smaller open-circuit voltage (Voc) 

(Figure 36d). This study implies that the chemically engineered GO is promising for 

both hole and electron transport materials in solar cells. 
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Chapter 3 

 

 

 

Organic bulk heterojunction photovoltaic 

devices based on polythiophene-graphene 

composites 

 
Abstract: A solution-processed graphene content was synthesized by treatment of 

graphite oxide (GO) with phenyl isothiocyanate (PITC) by taking advantage of the 

functional carboxyl groups of graphene oxide.  The GO was prepared by the oxidation 

of natural graphite powder and was expanded by ultrasonication in order to exfoliate 

single or/and few-layered graphene oxide sheets. The functionalized graphene oxide, 

GO-PITC, can be dispersed within poly-(3-hexylthiophene) (P3HT) and can be utilized 

as the electron acceptor in bulk heterojunction polymer photovoltaic cells. When P3HT 

is doped with GO-PITC, a great quenching of the photoluminescence of the P3HT 

occurred, indicating a strong electron transfer from the P3HT to the GO-PITC. The 

utilization of GO-PITC as the electron acceptor material in poly-(3-hexylthiophene) 

(P3HT) bulk heterojunction photovoltaic devices was demonstrated, yielding in a 

power conversion efficiency enhancement of two orders of magnitude compared with 

that of pristine P3HT. 

 

KEYWORDS: graphene, photovoltaic, functionalization, solution-processed, bulk 

heterojunction 
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1. INTRODUCTION 

Novel carbon-based structures, such as carbon nanotubes and graphene, have emerged 

in recent years as integrative materials for organic photovoltaic devices.1−9 The most 

recent building block of intriguing actual scientific and technological interest is 

graphene, best described as a two-dimensional (2D) single atom-thick sheet of sp2 -

hybridized carbon atoms arranged in a honeycomb lattice with outstanding electronic, 

mechanical, thermal, and chemical properties.10,11 However, the liquid phase 

production of graphene-based materials is severely hampered by the low yield of 

graphene exfoliation (a few graphene monolayers per square millimeter of substrate 

area) and its poor solubility in common organic solvents,12 which is mainly due to the 

attractive van der Waals forces between the graphene sheets.13,14 So far, the response to 

the problem of low yield has been the exfoliation of chemically modified forms of  

graphene, such as graphene oxide (GO), or functionalized graphene,15−17 or the 

exfoliation of graphene from graphite under intense sonication in water or organic 

solvents.18 On the other hand, graphene sheets are functionalized by covalent or 

noncovalent coupling modifications in order to increase their solubility in organic 

solvents or within a polymer matrix.19−21 The advantage of using noncovalent 

functionalization via π−π* stacking and hydrophobic interactions instead of covalent 

functionalization is that the intrinsic properties of graphene are preserved.22−25 

Furthermore, since the pristine graphene is zero bandgap, the introduction of the 

functional groups opens up the bandgap of the functionalized graphene. Therefore, 

graphene-based materials are anticipated to be utilized for the effective exciton 

separation and charge transport when blended with conjugated polymers, because of 

the large surface area for donor/acceptor interfaces and continuous pathway for the 

electron transfer, as in the case of carbon nanotubes.26−30 

Chemical routes, such as those based on Hummers’ oxidation method, have been 

explored as means to introduce a large number of abundant functional groups within 

the graphene structure, such as hydroxyl (−OH), aldehyde (−CHO), carboxyl (−COOH) 

or epoxyl ones, thus reducing the interplane forces and imparting hydrophilic 

character.31 Moreover, many different functional moieties (amino, bromine, long alkyl 

chain, etc.) as well as polymer chains (e.g., poly(ethylene glycol), polystyrene) have 

been anchored onto the graphene oxide sheets by various chemical approaches.32 
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In this paper, a facile method is described that allows the chemical treatment of GO 

sheets with phenyl isothiocyanate (PITC). This results in a solution processable 

graphene based material, namely GO-PITC, which can be integrated in organic 

photovoltaic devices, due to its unique structural and photophysical properties. GO-

PITC displays increased solubility in common organic solvents as compared to that of 

the untreated GO. The synthesized GO-PITC is blended with the conjugated polymer 

poly(3-hexylthiophene), P3HT, in different concentrations. The structure and 

morphology of the polythiophene-graphene composites are characterized by X-ray 

diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM), 

whereas their spectroscopic properties are investigated by fluorescence, UV/vis and 

Raman spectroscopies. It is demonstrated that the utilization of GO-PITC in 

photovoltaic devices with the structure glass/ITO/PEDOT:PSS/P3HT:GO-PITC/Al 

lead to devices that exhibit photovoltaic performance, significantly better (power 

conversion efficiency 2 orders of magnitude higher) than that of the pristine P3HT 

device, indicating the potential of utilizing GO-PITC as an electron acceptor material. 

 

2. EXPERIMENTAL SECTION 

2.1 Preparation of graphene oxide (GO) 

GO was prepared from purified natural graphite powder (Alfa Aesar, ∼200 mesh) 

according to a modified Hummers’ method33 and purified by a controlled centrifugation 

method;34 the procedure is schematically depicted in Figure 1a. Specifically, graphite 

powder (0.5 g) was placed into a cold mixture of concentrated H2SO4 (40 mL, 98%) 

and NaNO3 (0.375 g) under vigorous stirring for 1 h, in an ice bath. During this time 

KMnO4 (2.25 g) was added in small portions and the ice bath was kept for 2 h more, in 

order to cool the mixture below 10°C. The green-brown colored mixture remained 

under stirring for five days. On completion of the reaction, the brick-colored mixture 

was mixed with an aqueous solution of 5% H2SO4 (70 mL). The mixture was stirred 

for one hour under heating at 98 °C and became gray-black colored. When the 

temperature decreased to 60°C, 30% H2O2 (∼2 mL) was added and the mixture was 

stirred for 2 h at room temperature. The mixture was, then, centrifuged for 5 min at 

4200 rpm and washed with ∼600 mL of an aqueous solution of 3% H2SO4 (∼9 

mL)/0.5% H2O2 (∼1.5 mL) in order to remove the acidic anions, especially these of 
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Mn. Then, it was put in an ultrasonic vibration bath for 10 min so that the ultrasonic 

vibration would exfoliate the graphite oxide to GO sheets. The process was repeated 10 

times. Then, the mixture was washed and purified with 150 mL of aqueous solution 3% 

HCl (∼1.5 mL) for 3 times. Afterward, it was washed thoroughly with deionized water 

(DI) and acetone, in order to remove any acidic part remaining. Finally, the resulting 

GO was dried at 60°C under vacuum oven overnight. 

 

 

Figure 1. Schematic representation of the chemical synthesis of (a) Graphene Oxide and (b) 

solution-processed GO-PITC by functionalization of GO. 

 

2.2 Preparation of GO-PITC 

GO (200 mg) was placed in a flask with 20 mL of anhydrous dimethylformamide, 

DMF. The mixture was ultrasonicated for 20 min to give a homogeneous suspension. 

An amount (20 g) of phenyl isothiocyanate, PITC, was then added to the mixture. The 

mixture was stirred for one week at room temperature, under nitrogen. The 

functionalized GO, GO-PITC, was purified and isolated by repeating the procedure 

below three times, thus, by taking advantage of its hydrophobic nature, in contrast to 

the hydrophilic GO.35 The suspension was added dropwise to 1,2-

orthodichlorobenzene, o-DCB, (∼30 mL),stirred and centrifuged at 800 rpm for 8 min. 

The supernatant solution was added dropwise to CHCl3 (∼50 mL), stirred and 

centrifuged at 4200 rpm for 20 min. The resulting GO-PITC was dried overnight in a 



99 

 

vacuum oven (124 mg, yield 62%). The synthesis and the structure of GO-PITC are 

schematically depicted in the lower part of Figure 1a and in Figure 1b, respectively. 

 

2.3 Fabrication and Characterization of Photovoltaic Devices 

All the photovoltaic (PV) devices were fabricated in a sandwich geometry consisting 

of a bottom indium tin oxide (ITO) coated electrode, a P3HT:GO-PITC thin film, and 

a top metal (Al) electrode. Indium tin oxide (ITO, 15Ω/sq) coated glass substrates were 

used for the device fabrication. The substrates were cleaned by 10 min consecutive 

sonication in detergent, deionized water, acetone and isopropyl alcohol, in an ultrasonic 

bath (Elma S 30 H Elmasonic). Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate), PEDOT:PSS, (Clevios P Al 

4083,∼30 nm thickness) thin film was spin coated onto the clean substrates, which were 

subsequently dried at 120 °C for 10 min to remove any residual water. Photovoltaic 

devices were then fabricated, in air, by spin coating a P3HT:GO-PITC thin film (110 

nm) from its o-DCB solution (concentration 17 mg/mL), followed by annealing at 

160°C for 20 min. Thereafter, an Al electrode (80 nm) was deposited by vacuum 

evaporation onto the active layer through a shadow mask to define an active area of 18 

mm2 for each device. Current-voltage (J−V) measurements were performed at room 

temperature using an Agilent B1500A Semiconductor Device Analyzer. For 

photovoltaic characterization the devices were illuminated with 100 mW/cm2 power 

intensity of white light by an Oriel solar simulator with an AM1.5 filter through the 

glass/ITO side. All measurements were made in air immediately after device 

fabrication. 

 

2.4 Microscopic and Spectroscopic Characterization 

The samples were characterized by Raman spectroscopy at room temperature utilizing 

a Nicolet Almega XR Raman spectrometer (Thermo Scientific) with a 473 nm blue 

laser as an excitation source. Fourier transform infrared (FTIR) spectra were measured 

on a Bruker FTIR spectrometer IFS 66v/F (MIR). The photoluminescence (PL) 

measurements were carried out in the wavelength range from 500 to 1000 nm using a 

He-Cd cw laser (325 nm) with a full power of 35 mW as the excitation source. UV-vis 

absorption spectra were recorded using a Shimadzu UV-2401 PC spectrophotometer 

over the wavelength range of 300-800 nm. The morphology of the surfaces was 
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examined by field emission scanning electron microscopy (FE-SEM JEOLJSM-7000F) 

and by atomic force microscopy (AFM-Digital Instruments NanoScope IIIa). X-ray 

diffraction patterns were collected on a Panalytical Expert Pro X-ray diffractometer, 

using Cu K radiation (λ=1.5406 Å). Thermogravimetric analysis (TGA) was 

performed on 5-10 mg samples over the temperature range from 40°C to 800°C at a 

heating rate of 10 °C/min utilizing a Perkin Elmer Diamond Pyris model under nitrogen 

atmosphere. 

 

3. RESULTS AND DISCUSSION 

GO and GO-PITC powders are analyzed by means of FT-IR spectroscopy and the 

results are shown in Figure 2. The O-H stretching vibration appears as a broad peak at 

3440 cm−1. The most characteristic features in the FT-IR spectrum of GO are the 

adsorption bands corresponding to the C=O carbonyl stretching at 1670 wavenumbers 

(cm−1), the C−OH stretching at 1220 cm-1, and the C-O stretching at 1053 cm-1. On the 

other hand, the peak corresponding to the O-H stretching vibration at 3440 cm-1 is 

decreased while a second peak at ~3330, corresponding to the N–H stretching of the 

amide is appeared, indicating amides formation in the FT-IR spectrum of GO-PITC. 

Moreover, the characteristic C=O stretching at 1652 cm-1 of the carbonyl groups is 

exhibited, as well as, the band at ~1600 cm-1 can be assigned to the amide carbonyl 

stretching mode. The new band at 1541 cm-1 can originate from either amides or 

carbamate esters and corresponds to the coupling of the C-N stretching vibration with 

the CHN deformation vibration.36 The linking of phenyl isothiocyanate to the hydroxy 

functional groups of graphene oxide is evaluated from the appeared sharp peak at ~1230 

cm-1, which is assigned to the C-O stretching of ethers. 
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Figure 2. FT-IR spectra of pure GO (black line) and GO-PITC (red line) in transmission mode. 

 

Even more importantly, the FTIR spectrum of GO-PITC displays two characteristic 

peaks at ∼2115 cm−1 and at ~1070 cm-1 associated with the isothiocyanate group and 

the C=S stretching vibration, respectively. Thus, the FT-IR spectra of GO and GO-

PITC clearly indicate that PITC is chemically linked with GO and not 

absorbed/intercalated. 

In order to investigate the absorption behavior of GO and GO-PITC films, we have 

prepared thin films by spin-coating onto quartz substrates and the normalized UV−vis 

absorption spectra of pure GO and GO-PITC are shown in Figure 3. The absorption 

spectrum of GO-PITC (red line) is red-shifted compared to the pure GO (black line). 

 

 

Figure 3. Normalized UV-vis absorption spectra of pure GO (black line) and GO-PITC (red 

line) in thin solid films prepared by spin coating onto a quartz substrate. 
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Raman spectroscopy is the most direct and nondestructive technique to characterize the 

structure and quality of carbon based materials, particularly in order to determine 

defects, ordered and disordered structures, and the layers of graphene. For the 

measurement, a laser excitation of 473 nm was used, and powder samples were directly 

deposited on a Si wafer without using any solvents. Figure 4 shows the Raman spectra 

of GO and GO-PITC powders, which exhibit two dominant peaks at around 1350 and 

1580 cm−1 that correspond to the well-defined D and G bands, respectively. The Raman 

spectra reveal the dramatic changes in the signals of the GO-PITC upon 

functionalization. GO-PITC exhibits a higher D/G intensity ratio (ID/IG) relatively to 

GO; this attests to the successful functionalization of GO by the formation of covalent 

bonds between GO and PITC.37 The Raman shift of the D and for GO-PITC (from 1342 

to 1355 cm−1) provides evidence for the charge transfer between the GO sheets and the 

PITC functional group. 

 

Figure 4. Raman spectra of GO (black line) and GO-PITC (red line), obtained utilizing an 

incident laser at 473 nm. 
 

The data from the thermogravimetric analysis (TGA), are presented in Figure 5. GO 

begins to lose mass upon heating even below 100 °C and has resulted in a rapid mass 

loss commencing at about 200 °C, probably due to pyrolysis of labile oxygen-

containing functional groups, such as -OH, -CO and -COOH groups, and a total mass 

loss of ∼40% at 800°C, in agreement with data in the literature.38 
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Figure 5. Thermogravimetric (TGA) data of GO (black line) and GOPITC (red line) obtained 

under an inert nitrogen atmosphere with a heating rate of 10°C/min. 

 

In contrast, GO-PITC displays improved thermal stability until 700 °C. Briefly, the 

TGA curve of GO-PITC shows a 4% weight loss before 150 °C, due to the humidity 

and the evaporation of traces of remaining solvent. In the range of 150 to 370°C, a 

weight loss of ca. 20% occurred due to the decomposition of oxygen containing and 

isothiocyanate functional groups. From 370 to 800 °C, a weight loss of ∼40% was 

observed, which can be attributed to the removal of the phenyl side rings of the 

functionalized graphene oxide sheets. The TGA analysis further confirms that GO was 

successfully functionalized. 

 

Figure 6. X-ray diffraction patterns of GO (black line) and GO-PITC (red line) powder 

samples. 

 

The as-prepared GO and GO-PITC samples were also characterized by X-ray 

diffraction (XRD), Figure 6. The diffraction peak at 2θ = 13.2° has been attributed to 
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the (002) main reflection of stacks of graphene oxide with a 6.7 Å interlayer distance 

and a finite number of layers (∼18). The diffractogram of GO-PITC does not exhibit 

the peak at 13.2°; instead peak is observed at 9.5° together with a smaller one at 19.0°; 

the former should be attributed to the interplanar spacing of the disordered stacking of 

functionalized graphene oxide sheets,39,40 i.e., of GO-PITC, with a 9.1 Å interplanar 

distance and∼17 layers. The peak at 19.0° may be due to a partial reduction of GO 

during the functionalization reaction of GO to GO-PITC. In order to investigate the 

morphology of GO-PITC, scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) were used and the images are shown in Figure 7. GO-PITC exhibits 

a wrinkled and crinkly structure, like plane tree leaves, with a smooth surface. One 

should note that the network of graphene-based sheets and the individual GO-PITC 

sheets are electrically conductive since no charging was observed during the SEM 

imaging. Furthermore, AFM analysis indicated significant exfoliation of the pristine 

graphene flakes, leading to sheet thicknesses in the 2-20 nm range. 

 

Figure 7. Field-emission scanning electron microscopy (FE-SEM) images of GO-PITC in (a) 

plane tree leaves, (b) wrapped graphene-based sheets, and (c) AFM image of GO-PITC. 

 

Figure 8 displays the normalized UV-vis absorption spectra of P3HT and of the 

P3HT:GO-PITC composite in thin films, prepared by spin-coating onto quartz 
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substrates. The UV-vis spectrum of P3HT:GO-PITC composite is about 35 nm red 

shifted compared with that of the pristine P3HTfilm. This shift is due to a sufficiently 

increased chain motion, indicating an increase in the crystalline ordering, resulting in a 

stabilization of the P3HT chains.41 

 

Figure 8. Normalized UV-vis absorption spectra of P3HT (red line) and of the P3HT:GO-PITC 

(black line) composite in thin films onto quartz substrates. 

 

Also, the presence of GO-PITC in the active layer exhibits a better light-absorbing 

ability. Therefore, the relatively acceptor content (20%) at which the optimized power-

conversion efficiency can be obtained, indicates the great superiority of the GO-PITC 

used as the electron acceptor material. 

Figure 9 depicts the photoluminescence (PL) spectra of pure P3HT and of P3HT:GO-

PITC (20%), in thin solid films, on Si substrates, at an excitation wavelength of 325 

nm. The data for the film of pure P3HT shows a very strong emission band over the 

range 650-700 nm, which is apparently extinguished, due to the fluorescence-

quenching effect due to the GO-PITC graphene content.35 This phenomenon illustrates 

that GO-PITC can be used as a strong electron acceptor moiety in bulk heterojunction 

(BHJ) devices. 
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Figure 9. Photoluminescence (PL) spectra of P3HT (red line) and P3HT:GO-PITC 20% (black 

line) in thin film on a Si substrate at an excitation wavelength of 325 nm. 
 

Figure 10 displays the surface morphology of the P3HT and the P3HT:GO-PITC (20 

wt %). composite films by the use of AFM. The GO-PITC is well dispersed in the P3HT 

matrix, and no agglomerates formed by aggregates sheets are present. Furthermore, the 

surface of the composite is smoother than the pristine P3HTfilm, and a fine “packaging” 

of the two blend components can be observed. 

Finally, bulk heterojunction photovoltaic devices were fabricated utilizing the GO-

PITC as the electron acceptor, and the P3HT as the electron donor. Two different ratios 

of GO-PITC to P3HT were used (10 and 20 wt %). The structure of the device is, thus, 

ITO/PEDOT:PSS (30 nm)/P3HT:GO-PITC (110 nm)/Al (80 nm), schematically shown 

in Figure 11a. 
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Figure 10. AFM images of (a) P3HT and (b) P3HT:GO-PITC 20% thin films. 

 

A post fabrication annealing of the P3HT:GO-PITC active layer, conducted at 160 °C 

for 20 min under N2 atmosphere, improves the morphology of the film and removes 

residual functional groups linked to the graphene sheet. As a result, the conjugation 

length increases and the charge transport mobility is enhanced.42 Figure 11b shows the 

current voltage (J−V) curves for the photovoltaic devices with GO-PITC content of 10 

and 20 wt %. Table 3.1 displays the photovoltaic characteristics and points out that the 

device containing 20% GO-PITC shows a better photovoltaic performance exhibiting 

an open-circuit voltage (Voc) of 0.51 V, short-circuit current density (Jsc) of 4.34 

mA/cm2, fill factor (FF) of 46%, and power conversion efficiency (η) of 1.02 %, more 

than 2 orders of magnitude larger than the efficiency of the pristine P3HT device. 

Moreover, the device with 10% GO-PITC achieved power conversion efficiency (η) of  
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Figure 11. (a) Schematic of the photovoltaic device with P3HT:GO-PITC thin film as the active 

layer and the structure ITO/PEDOT:PSS(30 nm)/P3HT:GO-PITC(110 nm)/Al(80 nm). (b) 

Experimental J−V curves of the photovoltaic devices based on P3HT (red curve) and 

P3HT:GO-PITC composites (blue curve, 10 wt %; black curve, 20 wt %) after post fabrication 

thermal annealing at 160 °C for 20 min. 

 

0.88% with a Voc of 0.57 V, a Jsc of 3.96 mA/cm2, and a FF of 39%. The efficiency 

increased when the concentration of the graphene content increased relatively to P3HT. 

When even higher concentrations of GOPITC were used, large aggregates were formed, 

which hindered exciton generation and charge separation, thus leading to reduced 

efficiencies. 

 

Table 3.1 Device Performance of Photovoltaic Devices Based on P3HT:GO-PITC Composites 

with Different GO-PITC Content Following Annealing at 160°C for 20 min. 

 

Despite these promising results, the efficiency of the graphene based OPV devices is 

still low, about 1 order of magnitude smaller than the fullerene-based devices.43 

However, the polymer-fullerene OPV devices have been extensively optimized for 

more than a decade. Moreover, the energy level differences of the donor and acceptor 

materials of the graphene-based system do not match as well as in the polymer-fullerene 
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case. Therefore, extensive research in the design of new graphene-based materials with 

tailored bandgap and their corresponding polymer donors is urgently needed. 

 

4. CONCLUSIONS 

A novel graphene-based material was synthesized, consisting of GO sheets 

functionalized with phenyl-isothiocyanate side groups. The resulting GO-PITC, which 

is soluble in o-DCB, was successfully blended with P3HT and used as the photoactive 

layer in bulk heterojunction organic photovoltaic devices. The device containing 20 

wt% GO-PITC blended with P3HT, achieved power conversion efficiency () of 1.02 

%, after post-fabrication annealing. All the photovoltaic devices were fabricated in air 

and the measurements were made in air immediately after device fabrication. The 

sufficient photovoltaic performance of GO-PITC, without any optimization, renders 

this novel graphene-based material as an alternative electron acceptor for OPVs 

devices. It can be easily anticipated that its performance would be rather enhanced 

following the proper optimization. 
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Chapter 4 

 

 

 

Solution-processable graphene linked to 3,5-

dinitrobenzoyl as an electron acceptor in 

organic bulk heterojunction photovoltaic 

devices 
 

Abstract: 3,5-Dinitrobenzoyl chloride was covalently linked to graphene oxide (GO) 

nanosheets prepared by a modified Hummers’ method, using ethylenediamine as a 

spacer. The linkage of the GO with the small molecule was confirmed by spectroscopic 

(e.g., Fourier transform infrared, Raman) and microscopic analyses. The resultant GO-

ethylene-dinitro-benzoyl (GO-EDNB) consists of a controlled scale of different 

graphene structures and is highly dispersable in common organic solvents. The GO-

EDNB was used as the electron acceptor material in poly-(3-hexylthiophene) (P3HT) 

bulk heterojunction photovoltaic devices to significantly improve the performance, 

yielding a power conversion efficiency improvement of two orders and one order of 

magnitude compared with the pristine P3HT and the P3HT-GO devices respectively. 
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1. INTRODUCTION 

Though, the silicon (Si) solar cell technology dominates the photovoltaic world market 

with an over 85% share, the application of solar energy is limited mainly due to the 

high energy payback time of the Si cells. Organic photovoltaic cells (OPVs) are a 

promising alternative to Si, due to their mechanical flexibility, low cost and light 

weight. Also, their high material utilization through low cost printing technologies is 

an important plus towards commercialization. The most typical OPV structure is based 

on the bulk heterojunction (BHJ) concept, in which a polymeric electron donor and a 

fullerene based electron acceptor are mixed in solution and cast into a thin film that is 

sandwiched between two electrodes.1 The efficiency of the BHJ is restricted by the 

random network that is formed through the coating and drying of the photoactive 

solution due to phase segregation kinetics. This leads to the formation of dead ends and 

isolated domains that trap charge carriers and prevent them from being extracted.2 

Additionally, due to the low mobility of BHJ materials, there is rivalry between the 

dissociation and the recombination of the photogenerated carriers within the thin BHJ 

film.3 Theoretically, the use of high aspect ratio 1D carbon allotropes, such as the 

carbon nanotubes should overcome the charge transport setback. But in practice, the 

presence of impurities and metallic nanotubes, significantly suppresses the charge 

mobility and favors the formation of recombination pathways, limiting the cells 

performance.4,5 Furthermore, the dispersion of nanotubes in the polymer matrix in high 

concentrations is not possible, since the carbon nanotube length is comparable to the 

photoactive layer thickness leading to short-circuit effects. Thus, the challenge is to 

develop an electron acceptor material that is capable to provide a continuous pathway 

for the electrons to be transported to the metal electrode. 

Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms stacked in a 

two-dimensional (2D) honeycomb lattice, and is the basic building block for carbon 

allotropes of any dimensionality. It can be stacked into 3D graphite, rolled into 1D 

nanotubes, or wrapped into 0D fullerenes. Enormous research efforts are devoted to 

graphene, due to its large surface area, high carrier transport mobility, superior 

mechanical flexibility, excellent stability and future promise in nanoelectronics.6–8 

Graphene has also the potential to act as an efficient electron acceptor not only due to 

its morphology but its intrinsic mobility, which can be as high as 70,000 cm2/V s for 

mechanical cleaved graphene films9 and 1–10 cm2/V s for solution processable 
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graphene oxide derived graphene films.10 Likewise, graphene should be highly soluble 

in organic solvents, such as dichlorobenzene, in order to be effectively blended with 

the conjugated polymer. A number of works regarding the fabrication of high quality 

graphene have been reported, such as micromechanical cleaving, epitaxial growth on 

silicon carbide, liquid-phase exfoliation of graphite and chemical vapor deposition.11 

However, the resulting graphene is insoluble in common organic solvents. Therefore, 

graphene oxide (GO), a graphene sheet functionalized with oxygen groups in the form 

of epoxy and hydroxyl groups on the basal plane, produced by the exfoliation of 

graphite oxide, appears to be the most straightforward approach to obtain a solution 

processable graphene.12 Previous works on OPVs utilizing solution processable 

GO,13,14 as the electron acceptor material, exhibited significantly lower efficiencies than 

the fullerene-based devices.15 The main reason is the poor solubility and dispersion of 

the graphene in the polymer matrix, as in the case of nanotubes.4 Therefore, it is vital 

to implement alternative processing steps, in order to solubilize the GO and at the same 

time, to properly alter its band structure for OPV applications. In this context, a facile 

and straightforward approach for the utilization of solution processable graphene, as 

the electron acceptor material in OPVs, is the linkage of the GO with a suitable small 

molecule, which contains nitro groups. The attachment of nitro groups at the terminal 

phenyl rings of the functionalized GO contributes to its absorption broadening,16 

whereas the direct conjugation of the electron-withdrawing nitro group with the GO 

backbone facilitates enhanced exciton dissociation, due to the presence of the aliphatic 

linker of EDA.17 Furthermore, the functional group linked to GO offers the possibility 

to improve its dispersion within the polymer matrix, and at the same time to limit the 

large scale of the different graphene structures present.18 

In this work, a highly solution processable graphene based molecule was prepared 

by a three-step method, consisting of (a) an oxidation step, (b) an acylation step and (c) 

a coupling step. GO sheets were linked with small molecule via amide bonds, formed 

between the acylated COCl groups of GO and 3,5-dinitrobenzoyl chloride with the 

amino groups of ethylenediamine, aiming at improving the dispersion of graphene in 

the polymer matrix and thus enhance the interactions between the polymer and the 

graphene phase. Furthermore, it is expected that the attachment of nitro groups at the 

terminal phenyls of the molecules, can contribute to absorption broadening as has been 

observed in the literature.19 GO-EDNB suspensions were prepared in different organic 

solvents and were spectroscopic and microscopic analyzed. It should be noted, that the 
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suspensions remained stable for a time period over than a month. OPV devices were 

fabricated in various weight ratios, using the GO-EDNB, and the poly(3-

hexylthiophene) (P3HT) as the electron acceptor and donor, respectively. 

 

2. EXPERIMENTAL SECTION 

2.1 Preparation of graphene oxide (GO) 

GO was prepared from purified natural graphite powder (Alfa Aesar,~200 mesh) 

according to a modified Hummers’ method.20 Specifically, graphite powder (0.5 g) was 

placed into a cold mixture of concentrated H2SO4 (40 mL, 98%) and NaNO3 (0.375 g) 

under vigorous stirring for 1 h, in an ice bath. During this time KMnO4 (2.25 g) was 

added in portions and the ice bath was kept for 2 h more, in order to cool the mixture 

under 10 oC. The green-brown colored mixture remained for stirring for 5 days. On 

completion of the reaction, the brick colored mixture was mixed with an aqueous 

solution 5% H2SO4 (70 mL). The mixture was stirred for 1 h under heating at 98 oC and 

becomes gray-black colored. When the temperature was decreased to 60 oC, 30% H2O2 

(~2 mL) was added and the mixture was stirred for 2 h at room temperature. In order to 

remove residual acid, derived from the KMnO4, the following process was used. The 

mixture was centrifuged for 5 min at 4200 rpm and washed with ~600 mL of an aqueous 

solution of 3% H2SO4(~9 mL)/0.5% H2O2(~1.5 mL) and then was put in an ultrasonic 

bath for 10 min (the ultrasonic vibration exfoliates the graphite oxide to GO sheets). 

The process was repeated for 10 times. Then, the mixture washed and purified with 150 

mL of aqueous solution 3% HCl (~1.5 mL) for three times. Afterwards, it is washed 

thoroughly with distilled water (DI) and acetone, in order to remove any acidic part 

remaining. Finally, the resulting GO was dried at 60 oC in a vacuum oven overnight. 

2.2 Preparation of the acylated GO-COCl 

GO (30 mg) was dispersed in SOCl2 (20 mL) and a catalytic amount of N,N-

dimethylformamide (DMF 0.5 mL) was added. The mixture was sonicated, stirred and 

refluxed for 24 h at 75 oC, under N2. The excess of thionyl chloride was removed by 

distillation under reduced pressure.21 The obtained solid (GO-COCl) was washed with 

ultra-dried tetrahydrofuran (THF) three times and dried at 40 oC in a vacuum oven 

overnight. 
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2.3 Preparation of EDNB 

3,5-Dinitrobenzoyl chloride (0.5 g, 2.2 mmol) was diluted in THF (15 mL) and cooled 

to 0-5 oC in an ice bath, under vigorous stirring. Then, ethylenediamine (0.2 mL, 3 

mmol, 1.4 eq) and triethylamine (Et3N) (~1 mL) were added and the mixture was stirred 

for 1 h. Thereafter, the heterogeneous solution was centrifuged for 10 min at 4200 rpm 

and washed twice with water slightly acidified with HCl. Finally, the product was 

washed with distilled water and methanol respectively, dried at 40 oC in a vacuum oven 

for 4 h, and recrystallized several times from ethanol, to afford the white solid 

ethylenedinitrobenzoyl (EDNB). 

 

2.4 Preparation of GO-EDNB 

GO-COCl (26 mg) was dispersed in DMF (15 mL) by ultrasonication (5 min) at room 

temperature to give a homogenous suspension. EDNB (40 mg) and drops of Et3N (~2 

mL) were added and the mixture was stirred and refluxed for 48 h, under N2. When the 

mixture was cooled at room temperature, diethylether (5 mL) was added in order to 

boost the precipitation of the final product as a brownish solid, which was then collected 

by filtration. A series of purification steps were subsequently performed, each of which 

comprised ultrasonication (10 min) and centrifugation (5 min at 4200 rpm) to yield the 

final GO-EDNB solution. The purification process is important since it affects and 

determines the size and thickness range of the functionalized sheets which may be 

critical for the photovoltaic performance. For this purpose, following each step, the size 

and thickness evolution of the resulting GO-EDNB flakes had been monitored using 

scanning electron (SEM) and atomic force (AFM) microscopies. Figs. S4 and S5 show 

that both the average sheet sizes and thicknesses were reduced upon increasing the 

number of purification steps. The photovoltaic performance results presented in the 

following correspond to the use of the GO-EDNB solution obtained after five 

purification steps. Further experiments are in progress to identify the optimum size–

thickness combination that gives the best photovoltaic performance. After the 

purification process, the GO-EDNB washed with MeOH and drying in a vacuum oven 

at 40 oC for 6 h. 
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2.5 Microscopic and spectroscopic characterization 

The samples were characterized by Raman spectrometer at room temperature on a 

Nicolet Almega XR Raman spectrometer (Thermo Scientific) with a 473 nm blue laser 

as an excitation source. Fourier transform infrared (FT-IR) spectra were measured on a 

BRUKER FT-IR spectrometer IFS 66v/F (MIR). The photoluminescence (PL) 

measurements were carried out in the wavelength range from 500 to 1000 nm using a 

He–Cd cw laser, at 325 nm with a full power of P0= 35 mW, as the excitation source. 

UV–vis absorption spectra were recorded using a Shimadzu UV-2401 PC 

spectrophotometer over the wavelength range of 300–800 nm. The morphology of the 

surfaces was examined by field emission scanning electron microscopy (FE-SEM 

JEOLJSM-7000F) and by atomic force microscopy (AFM Digital Instruments 

NanoScope IIIa). X-ray diffraction patterns were collected on a Panalytical Expert Pro 

X-ray diffractometer, using Cu Ka radiation (k= 1.5406 A˚). 

 

2.6 Fabrication and characterization of photovoltaic devices 

Indium tin oxide (ITO, 15X/sq) coated glass substrates were used for the device 

fabrication. The substrates were cleaned by 10 min consecutive sonication in detergent, 

deionized water, acetone and isopropyl alcohol, in an ultrasonic bath. (Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios P Al 4083, 

~30 nm thickness) was spin coated onto the clean substrates, which were subsequently 

dried at 120 oC for 10 min to remove residual water. Photovoltaic devices were then 

fabricated, in the air, by spin coating a P3HT:GO-EDNB thin film (110 nm) from its 

1,2-o-dichlorobenzene solution (17 mg/mL), followed by annealing at 160 oC for 20 

min. Thereafter, Al electrode (80 nm) was deposited by vacuum evaporation onto the 

active layer through a shadow mask to define an active area of 18 mm2 for each device. 

Current–voltage (J–V) measurements were performed at room temperature using an 

Agilent B1500A Semiconductor Device Analyzer. For photovoltaic characterization 

the devices were illuminated with 100 mW/cm2 power intensity of white light by an 

Oriel solar simulator with an AM1.5 filter through the glass/ITO side. All 

measurements were performed in air immediately after the device fabrication. 
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3. Results and discussion 

The synthetic route and the structure of the GO-EDNB are shown in Figure 1a and b 

respectively. The resulting GO-EDNB was isolated after centrifugation (5000 rpm, 10 

min) and washed thoroughly with ethanol in order to remove the excess of any unbound 

3,5-dinitrobenzoyl chloride. The final GO-EDNB was found to be easily dispersable in 

common organic solvents such as 1,2-o-dichlorobenzene, toluene and chloroform, 

under sonication, as can be clearly seen in Fig. 1c. 

 

 

Figure 1. (Top) The chemical synthesis of solution-processed GO-EDNB by functionalization 

of GO and (bottom) presentation of pure GO and GO-EDNB solutions in o-DCB after a week. 

The GO-EDNB (brown) remains as solution, while the pure GO (gray) precipitates. 

 

The amide linkage between dinitrobenzoyl and graphene in GO-EDNB is confirmed by 

FT-IR spectroscopy. Figure 2 shows the FT-IR spectra of pure GO and resulting GO-
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EDNB. The pure GO (black line) shows the peaks of OH (O-H stretching vibrations) 

at ~3400 cm-1, C–O (carboxylic acid and carbonyl moieties) at ~1700 cm-1 and the 

graphitic domains of C–C at ~1580 cm-1. The band from 980-1250 contains the C-O 

(1010 cm-1) and the O-H (1220 cm-1) deformation, respectively, of carboxylic acid 

groups. GO-EDNB (red line) shows a broad peak at ~3362 cm-1 (N–H stretching) and 

an aliphatic C–H stretching at ~2870 cm-1, which confirms the presence of EDA. The 

peaks of C–O (amide carbonyl moieties) and C–N (stretching) are displayed at ~1735 

and ~1132 cm-1, respectively. While, the bending and waging peaks of N–H are 

displayed at ~1600 and ~752 cm-1, respectively. Finally, the bands at ~1350 and ~1530 

cm-1 are characteristic of the nitro groups of GO-EDNB. 

 

Figure 2. FT-IR spectra of pure GO and GO-EDNB in transmission mode. 

 

Figure 3 displays the normalized UV–vis absorption spectra of pure GO and GO-EDNB 

in thin solid films prepared by spin-coating on quartz substrates. The absorption 

spectrum of GO-EDNB (red line) is red-shifted compared to the pure GO (black line). 

The graphene-induced enhancement in electron delocalization along the chemically 

linked EDNB moieties was observed in the GO-EDNB film, as evidenced by about 90 

nm red-shift in the absorption band of the GO-EDNB with respect to that of GO. This 

result indicates that a strong interaction exists, due to the enhanced electron 

delocalization through the chemically conjugated graphene oxide sheet and the EDNB 

functional group. This interaction reduces the band gap energy; an advantage for the 

photovoltaic application.19,20 
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Figure 3. Normalized UV–vis absorption spectra of pure GO and GO-EDNB in solid thin film 

prepared by spin-coating on quartz substrate. 

 

Figures 4a and b present also the normalized UV–vis absorption spectra of P3HT and 

the mixture of P3HT and GO-EDNB in DCB solution (10-5 M) and in thin films spin 

coated on quartz substrates, respectively. Both figures indicate that the simple mixture 

of P3HT and GO-EDNB in the same solvent cause no significant change in the P3HT 

absorption band. 

Finally, Figure 5 shows the photoluminescence (PL) spectra, at an excitation 

wavelength of 325 nm, of P3HT and P3HT:GO-EDNB in thin films spin-coated on Si 

substrate. It is observed that, the pure P3HT shows a strong emission band over 650-

700 nm, which was remarkably reduced for P3HT:GO-EDNB due to the PL quenching 

effect caused by graphene.22 This is an additional advantage for using the GO-EDNB 

as an acceptor in BHJ photovoltaic devices. 

Raman spectroscopy is a powerful tool for identifying carbonaceous materials 

because of their high Raman intensities. The Raman spectra of GO and GO-EDNB are 

depicted in Figure 6. For the measurement, a laser excitation of 473 nm was used, and 

powder samples were directly deposited on a Si wafer in the absence of solvents. In 

both samples studied, two prominent peaks are clearly visible, corresponding to the so-

called D and G bands. In particular the Raman spectrum of GO exhibited a D band peak 

at 1348 cm-1, while that of GO-EDNB at 1363 cm-1, that corresponds to the breathing 

mode of j point phonons of A1g symmetry and a G band peak at 1575 cm-1 due to the 

first-order scattering of the E2g phonons.23 
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a.  

b.   

Figure 4. (a) Normalized UV-Vis absorption spectra of P3HT and P3HT:GO-EDNB blend in 

o-DCB solution (10-5 M) and (b) in thin film on a quartz substrate. 

 

 

Figure 5. PL spectra of P3HT and P3HT:GO-EDNB thin films on Si. 
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Generally, the D band is relatively weak or nearly invisible for perfect graphene 

lattices, which arises primarily from symmetry breaking at the edge.24 The intensity 

ratio (ID/IG) of D and G bands expresses the sp2/sp3 carbon ratio, a measure of the extent 

of disorder.23,25 Comparing the G bands of GO and GO-EDNB, it is clear that G band 

of GO-EDNB occurs at 1585 cm-1, which is upshifted by 10 cm-1 compared to that of 

GO. 

 

Figure 6. Raman spectra of GO and GO-EDNB. The inset shows the 2D peak of GO-EDNB. 

 

Upon calculation, the intensity ratios ID/IG of GO and GO-EDNB were found to be 0.73 

and 0.92 respectively, reflecting the increase in disorder. The change in the ID/IG ratio 

can be at least partly attributed to the formation of covalent bonds between GO and 

EDNB.26 The inset of Figure 6 shows the 2D peak of GO-EDNB. The Raman shift of 

the G band for GO-EDNB provides evidence for the charge transfer between the GO 

sheets and EDNB, which suggests a strong interaction between the EDNB and the GO 

sheet. 

Figure 7 shows thermogravimetric curves from the graphene oxide and the GO-

EDNB sample as well as, the inset displays the TGA graph of the initial EDNB. The 

samples were loaded into an alumina pan for TGA under constant nitrogen flow. The 

temperature ceiling was set at 800 oC from room temperature, with a slow heating rate 

(10 oC/min) to ensure a regular and integrated decomposition of GO and GO-EDNB. 

GO is thermally unstable and starts to lose mass upon heating even below 100 oC and 

has resulted in a rapid mass loss commencing at about 200 oC, presumably due to 

pyrolysis of labile oxygen-containing functional groups, such as OH, CO and COOH 
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groups, and a total mass loss of ~40% at 800 oC. Similar results were reported by 

Stankovich et al.27 

 

Figure 7. The TGA graphs of GO and GO-EDNB obtained under inert atmosphere of N2, with 

heating rate 10 °C/min. The inset displays the TGA graph of the initial EDNB. 

 

In comparison to GO, GO-EDNB exhibits improved thermal stability, due to the amino-

functionalization.28 It is stable over a wide temperature range, with only about 20% 

weight loss at 800 oC. Specifically, TGA of GO-EDNB shows 3% weight loss in a 

nitrogen atmosphere at ~250 oC, due to the lower ‘‘oxygen’’ concentration than GO. 

Finally, our sample displays a second significant mass loss at ~400 oC, because of the 

decomposition of the nitro groups.29 

To further confirm the structures, XRD patterns are presented in Figure 8 from GO 

and GO-EDNB powder. A strong, at 26.5o, and a weak, at 46.3o, peaks appear in the 

GO-EDNB pattern that were not present in the GO spectrum which showed a strong 

peak at 12.6o. 

GO and GO-EDNB were morphologically characterized by SEM and AFM to 

determine sheet size and thickness distributions. AFM has also been employed to 

quantitate the degree of exfoliation after the dispersion of the powder in a solvent. 
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Figure 8. X-ray diffraction patterns from GO and GO-EDNB samples. 

 

SEM and AFM results indicate that the morphological features of GO were not 

altered significantly upon functionalization. Representative SEM images of the dry, as-

produced sheets, deposited on Si substrates are shown in Fig. 9a–c. A closely packed 

‘‘tiling’’ of graphene oxide sheets with a uniform contrast was observed. Such flakes 

exhibit lateral dimensions ranging from several hundreds of nanometers to several 

micrometers and are arranged in an edge-to-edge configuration (Fig. 9a and b). 

a)  

b)  



126 

 

c)  

d)  

e)  

Figure 9. SEM images of unpurified GO-EDNB a) in a graphene neurons structure, b) and c) 

wrapped graphene-based sheets, (d) a vermiculite-like structure; SEM and (e) AFM images of 

purified GO-EDNB graphene sheets. 

 

Moreover, the SEM image of larger-scale particles presents the ‘‘as wrapped’’ 

functionalized graphene oxide sheets (Fig. 9b and c). SEM and AFM images of the GO-

EDNB sheets obtained after the series of five purification steps are presented in Figure 

9d and e respectively, both showing that the sheet size is significantly reduced 

compared to the initial one. The absence of charging during the SEM imaging indicates 

that the network of graphene-based sheets and the individual sheets were electrically 
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conductive. Figure 10 presents the dependence of the most probable sheet size (a) and 

maximum sheet thickness (b) on the number of purification steps. Figure 11 shows the 

sheet size distribution, determined statistically using a number of SEM and AFM 

images. The purified sheets exhibit lateral dimensions ranging from several tens to 

several hundreds of nanometers. Furthermore, AFM analysis indicated significant 

exfoliation of the pristine flakes, leading to sheet thicknesses in the 2–20 nm range. An 

AFM image of a single GO-EDNB sheet is presented in Figure 12. 

(a)  

(b)  

Figure 10. Dependence of the most probable sheet size (a) and maximum sheet thickness (b) 

on the number of purification steps. 
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Figure 11. GO-EDNB sheet size distribution following a series of five purification steps. Sheet 

sizes were determined using a number of SEM and AFM images. 

 

 

Figure 12. AFM image of a single GO-EDNB sheet. 
 

The basal planes of graphene sheets in GO-EDNB are terminated mostly with 

epoxide and hydroxyl groups, in addition to parietal dinitrobenzoyl substituted groups 

connected via aliphatic chains. As a consequence, GO-EDNB readily forms stable 

colloidal dispersions of thin GO-EDNB sheets in organic solvents, such as o-DCB and 

chloroform, commonly used to prepare organic photovoltaic blends. Solar cells using 

the GO-EDNB molecules as electron acceptors were consequently fabricated. A 

solution of 17 mg mL-1 P3HT in o-DCB with GO-EDNB of 5, 10 and 15 wt% was spin-

coated onto indium tin oxide (ITO) glass substrate, which was modified with 

poly(ethylene dioxythiophene) doped with polystyrene sulfonic acid (PEDOT:PSS). Al 

was then vacuum-deposited as the top contact to form a PV device with the structure of 
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ITO/PEDOT:PSS (30 nm)/P3HT:GO-EDNB (110 nm)/Al (80 nm), shown in Figure 

13a. A post-fabrication annealing of the P3HT:GO-EDNB active layer, conducted at 

160 oC for 20 min under N2 atmosphere, has played an important role in the 

improvement of the device performance. The morphology of the film has been 

improved, residual functional groups linked to the graphene sheet have been removed 

and thus the conductivity of the graphene sheet has increased.30 As a result, the 

conjugation length increases and the charge transport mobility is enhanced.31 

 

Figure 13. (a) Schematic of the device with P3HT/GO-EDNB thin film as the active layer and 

the structure ITO/PEDOT:PSS (30 nm)/P3HT:GO-EDNB (110 nm)/Al (80 nm) (b) J–V curves 

of PV devices based on P3HT:GO-EDNB active layer with different graphene content (5, 10, 

and 15 wt%) after annealing at 160 oC for 20 min. 

 

Figure 13b shows the current voltage (J–V) curves for P3HT:GO-EDNB for the devices 

with GO-EDNB content of 5%, 10% and 15 wt%. The illumination source was a 

simulated, AM 1.5, solar irradiation of 100 mW/cm2 intensity. The detailed 

photovoltaic characteristics are listed in Table 4.1 indicating that the best photovoltaic 

performance was achieved by the P3HT:(10%) GO-EDNB device, exhibiting an open-
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circuit voltage (Voc) of 0.72 V, short-circuit current density (Jsc) of 3.3 mA cm-2, fill 

factor (FF) of 40 % and power conversion efficiency (n) of 0.96 %, more than two 

orders of magnitude larger than the efficiency of the pristine P3HT device. A control 

device [ITO/PEDOT:PSS (30 nm)/P3HT:GO (110 nm)/Al (80 nm)] using the as-

synthesized GO (10% content) was also prepared for comparison. As presented in Table 

1 the power conversion efficiency measured for this device was lower by more than 

one order of magnitude. It should also be mentioned, that the photocurrent value 

obtained is one order of magnitude higher than that measured in optimized carbon 

nanotubes-based photovoltaic devices.32 

 

Table 4.1 Device performances of PV devices based on P3HT:GO-EDNB composites with 

different graphene content (5, 10, and 15 wt%) after annealing at 160 oC for 20 min. 

 

The Jsc and the FF increase with increasing GO-EDNB concentration of up to 10% and 

then decay. The maximum efficiency is obtained from the composite containing 10% 

of GO-EDNB. This efficiency enhancement is attributed to the formation of internal 

polymer/graphene junctions resulting in higher exciton dissociation and balanced 

charge transport throughout the entire volume of the P3HT:GO-EDNB composite. The 

observed strong PL quenching (Figure 5) of the composite films confirms the enhanced 

charge transfer processes in the films. For concentrations higher than 10 wt%., the 

photocurrent is believed to be limited due to a lower photogeneration rate, due to 

aggregation effects. The increase in Voc from 0.4 V for the pristine P3HT, to 0.72 V 

for the P3HT:GO-EDNB device with 10 wt% can be explained as in the case of 

polymer–carbon nanotube devices.32 The upper limit of Voc of single layer devices is 

explained by the metal–insulator–metal (MIM) model, and is easily calculated from an 

estimate of the difference of the two electrodes work functions. The Voc of the pristine 
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P3HT is 0.4 V, perfect matching the work function difference of the ITO and Al 

electrodes. While, for the P3HT:GO-EDNB device, the Voc is determined by the 

difference of the GO-EDNB lowest unoccupied molecular orbital (LUMO) and the 

P3HT highest occupied molecular orbital (HOMO) energy levels. Therefore, the Voc of 

the optimum device is increased to 0.72 V, which is in accordance with the difference 

between the HOMO level (5.25 eV) of P3HT, determined by cyclic voltammetry and 

the work function of graphene (4.5 eV). The photovoltaic properties of our GO-EDNB 

devices are rather satisfactory considering that these devices use a new type of electron-

acceptor material, different from the most-studied fullerene system. Indeed, the 

performance of those devices was reached without any attempt to optimize the 

morphology of the active layer which is the significant extrinsic factor that impacts all 

the device characteristics. Also, the GO-EDNB can be utilized as an additive in both 

the active layer and the hole transport layer, as in the case of carbon nanotubes.33 

Further studies concentrating on the graphene particle size and layer structure influence 

on the photovoltaic characteristics are needed for the device optimization. 

 

5. Conclusions 

A new high solution-processed graphene based material, was synthesized by linking 

graphene oxide (GO) sheets with small molecule via peptide bonds between the 

acylated COCl groups of GO and 3,5-dinitrobenzoyl chloride with the amino groups of 

ethylenediamine. The resulting GO-EDNB was efficiently mixed with P3HT in the 

ratio of 5%, 10%, 15%, and used as the photoactive layer in BHJ OPV devices. After 

the post-fabrication annealing process, we get efficiency of 0.96% for the device 

containing 10% GO-EDNB in the active layer. Considering that remarkable and 

reproducible performance is obtained for the GO-EDNB based devices without any 

optimization of the blend morphology it is expected that our new organic solution-

processable functionalized graphene material will serve as a competitive alternative to 

PCBM for high-performance OPV devices. 
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Chapter 5 

 

 

 

Photochemical Synthesis of Solution-

Processable Graphene derivatives with 

Tunable Band-gap for Organic Solar Cells 
 

Abstract: A photochemical route for the facile synthesis of tunable bandgap graphene-

based derivatives from graphene oxide (GO) through controlled laser irradiation in 

liquid phase is presented. The method is facile and fast, yielding these materials within 

2 hours and with excellent long-term stability. It makes use of photogenerated solvated 

electrons that give rise to GO reduction, accompanied by preferential attachment of the 

desired functional unit, intentionally dispersed into the precursor GO solution. As a 

proof of concept, Graphene Oxide-Ethylene-DiNitro-Benzoyl (LGO-EDNB) was 

photochemically synthesized and utilized as the electron acceptor material in organic 

bulk heterojunction solar cells (OSCs) with the poly[N-9′-heptadecanyl-2,7-carbazole-

alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) as the electron donor. 

The graphene derivatives are highly dispersible in organic solvents used in OSCs, while 

their energy levels can be readily tuned upon fine-tuning of the bandgap, which is 

directly related to the irradiation dose applied during the synthesis process. The 

utilization of LGO-EDNB with a bandgap of 1.7 eV, and a resultant lowest unoccupied 

molecular orbital (LUMO) level of 4.1 eV, leads to maximum open-circuit voltage of 

1.17 V and to power conversion efficiency (PCE) of 2.41%, which is the highest PCE 

for graphene-based electron acceptors to date. 

Keywords: Solution-Processable, graphene-based OPVs, band-gap, photochemical 

synthesis 
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1. INTRODUCTION 

Graphene functionalization has received considerable attention as a suitable mean to 

tailor its chemical, structural and optoelectronic properties.[1],[2],[3],[4] As a result, a wide 

range of novel graphene-based functional materials and derivatives has been 

developed.[5],[6],[7],[8] One of the most extensively studied chemical modification 

approach, is via exfoliation of oxidized graphite to graphene oxide (GO)[9] followed by 

interaction of the functional unit with reactive oxygen groups located at the basal plane 

and edges of the GO lattice. In this concept, covalent functionalization of GO poses 

considerable challenges and great potential for future applications.[10],[11],[12] For 

instance, small molecules and polymers have been covalently attached to GO to realize 

novel polymer composites, paper-like materials, sensors and drug-delivery 

systems.[13],[14],[15] 

Currently there are intense research efforts focusing on the application graphene-

based derivatives as light-harvesting materials in OSCs.[5],[16] Indeed, Yong et al., 

predicted that the single-cell efficiency of functionalized graphene-based OSCs can 

exceed 12% attributed to its tunable bandgap and band-position features, as well as its 

superior carrier mobility, thermal stability and mechanical integrity.[17] Therefore, 

graphene-based materials are anticipated to be utilized for the effective exciton 

separation and charge transport when blended with conjugated polymers, because of 

their large surface area for donor/acceptor interfaces and continuous pathway for the 

electron transfer, as in the case of carbon nanotubes.[18],[19] Previous works on OSCs 

utilizing functionalized GO, as the electron acceptor material[20],[21],[22] exhibited 

significantly lower efficiencies than the fullerene-based devices.[23],[24] The main reason 

is the poor solubility[25],[26] of GO in common organic solvents, which results in its poor 

dispersion in the polymer matrix. The second and more important reason is that, 

contrary to fullerene acceptors,[27],[28] to date no graphene-based electron acceptor 

system with tunable energy levels has been demonstrated. As a result, the energy levels 

of the polymer donor and currently available graphene-based acceptor systems cannot 

be tuned to provide ideal band offsets for both hole and electron transport. Indeed, 

taking into account the energy levels of the most efficient and well known narrow band 

gap donors, such as the poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]-silole)-2,6-

diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PDTSBT),[29] poly[2,6-(4,4-bis-(2-

ethylhexyl)-4H-cyclopen-ta[2,1-b;3,4-b′]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole) 
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(PCPDTBT),[30] poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-

(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT)[31] and the poly[N-9′-heptadecanyl-2,7-

carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT)[32] the 

favorable LUMO and HOMO levels of the electron acceptor material should be higher 

than 3.6 eV and 5.5 eV respectively in order to facilitate efficient excitons dissociation 

and electron and hole transport to the opposite electrodes.  In our previous work, 

chemically synthesized GO-EDNB[20] has been used as the electron acceptor material 

in P3HT based bulk heterojunction (BHJ) photovoltaic devices. However, the 

utilization of the GO-EDNB as a universal electron acceptor is not possible, since its 

LUMO is at 3.4 eV, providing an energetic offset for excitons dissociation only in the 

P3HT case (LUMOP3HT=3 eV), and with none of the above mentioned polymers. 

Therefore, it is vital to develop alternate functionalization routes towards improving 

solubility and at the same time, properly tune the bandgap of the graphene derivatives, 

in order to achieve an ideal energy offset between the polymer and the graphene for 

enhanced OSC performance.   

In this work, a new facile and room temperature methodology to obtain high-

performance graphene derivatives for OSCs, based on photochemical functionalization 

of GO, by pulsed laser irradiation in solution (see Figure 1) is demonstrated. Using this 

method, a bandgap tunable electron acceptor system, named as Laser Graphene Oxide-

Ethylene-DiNitro-Benzoyl (LGO-EDNB), was successfully synthesized. It is found 

that the attachment of nitro groups at the terminal phenyl rings of GO contributes to its 

absorption broadening, whereas the direct grafting of the electron-withdrawing nitro 

group with the GO backbone gives rise to enhanced exciton dissociation, due to the 

presence of the aliphatic linker of ethylenediamine, which also affects the optical 

properties of the attached molecules and the degree of quenching.[33] At the same time, 

GO electronic properties can be substantially influenced by the presence of the small 

molecule, due to charge-transfer effects.[34] Moreover, the functional group linked to 

GO offers the possibility to improve its dispersion within the polymer matrix and thus 

facilitate efficient blending between the donor/acceptor phases. More importantly, it is 

demonstrated that depending on the irradiation conditions the bandgap of the LGO-

EDNB acceptor can be readily tuned with respect to the energy levels of the polymer 

donor used, in order to provide desirable energy offsets for both hole and electron 
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transport. The method relies on precise photochemical reactions initiated by pulsed 

laser irradiation in the presence of a precursor solution. 

Compared with the commonly used chemical functionalization approaches, our 

photochemical approach is much faster, since a few pulses are sufficient to yield 

functionalized material with excellent long-term stability. Furthermore, during the 

photochemical synthesis, a simultaneous photoreduction of the GO lattice takes place 

[35],[36] enabling tunability of the functionalization degree. Finally, the technique negates 

the need for high temperature steps and can provide access to the synthesis of large 

quantities of functionalized graphene dispersions with good control over the functional 

unit levels, which is not readily realized by existing methods. 

 

 

Figure 1. Schematic display of the spontaneous acylation of graphene oxide and (Bottom) the 

spontaneous grafting of ethylenediaminedinitrobenzoyl (EDNB), induced by pulsed laser. 

 

 

2. RESULTS AND DISCUSSION 

All the reactions took place into a quartz reactor (Figure 2), containing the initial GO 

dispersion into which the precursor molecules were dissolved. Figures 1, 2 and 3 outline 

the overall reaction process; no mechanistic details are implied. We found that laser 

excitation is required for the reaction (see below). 
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Figure 2. Schematic of the experimental setup used for the photochemical synthesis of LGO-

EDNB. 

 

In particular, as shown in Figure 1, the synthesis of LGO-EDNB comprises two 

distinct photochemical steps, an acylation and a coupling one. During the first step, UV 

laser irradiation of GO in the presence of SOCl2 gives rise to acylation of the -COOH 

side groups to -COCl. This reaction is highly exothermic and above a critical laser 

intensity cracking of the quartz tube was observed. Figure 3 illustrates a proposed 

reaction mechanism where thionyl chloride interacts in a nucleophilic fashion with a 

carboxylic group.[37] 

a)  
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b)  

Figure 3. The Proposed Reaction Mechanisms of (a) Acylation (b) Amide bond Mechanism. 

 

Light excitation provides the energy required for displacement of chloride ion and 

subsequently carbonyl oxygen forms a sulfite ester intermediate which readily reacts 

with nucleophiles, as it is a good leaving group (Figure 3a). Upon formation of the acyl 

chloride, the displaced sulfite ion is unstable and decomposes into SO2
+ and Cl-. In the 

second step, the acylated GO sheets were irradiated in the presence of triethylamine 

(Et3N) and is linked with small molecule via amide bonds, formed between the COCl 

groups and 3,5-dinitrobenzoyl chloride with the amino groups of Et3N (Figure 3b). 

During the different reaction steps notable changes in the coloration of the irradiated 

solution were observed (Figure 1). The efficiency of the photochemical process is 

unexpectedly high; the final product can be delivered within a couple of hours, which 

is much faster than the commonly used synthetic routes.  

Following irradiation, spectroscopy (XPS) was used to probe the chemical 

modifications introduced into the GO lattice. Figure 4a compares typical XPS spectra 

of GO and LGO-EDNB respectively. From these data it can be seen that the intensity 

of the O1s peak relative to that of C1s is reduced while the characteristic N1s peak 

appears after irradiation. These results indicate laser-induced simultaneous reduction 

and N-based functionalization of the GO sheets. The Na peaks visible in the XPS scans 

are contributions from the sample mounting procedure and can therefore be ignored. 
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Analysis of the core level characteristic peaks allowed insight to be gained into the 

nature of the chemical bonds in each case. Figure 4b presents in high resolution the 

respective C1s of GO (top) and LGO-EDNB (bottom) produced upon irradiation with 

10 pulses of 10 mW power, respectively. In particular, the XPS spectrum of GO showed 

a second peak at higher binding energies, corresponding to large amounts of sp3 carbon 

with C-O bonds, carbonyls (C=O), and carboxylates (O-C=O), resulted from harsh 

oxidation and destruction of the sp2 atomic structure of graphene.[38] After irradiation, 

the C-O/C-C intensity ratio decreases from 1.09 to 0.71 indicating reduction of the GO 

lattice. Photo-excitation is a well-established method for GO reduction, mediated by 

photogenerated solvated electrons.[39] At the same time the N1s/C1s intensity ratio 

becomes equal to 0.15. 

We investigated the bonding configurations in laser synthesized derivative based on 

high-resolution N1s XPS spectra; a typical example is presented in Figure 4c. It 

comprises two peaks, one of higher binding energy, corresponding to N-O bonding[40] 

and one of lower, corresponding to N-C bonds.[41] In particular, the peak at 399.8 eV is 

likely to be associated with various reduced forms of nitrogen such as NH2 (399.4 eV), 

NHOH (400.3 eV), NH-pyrrolic (400.5 eV) and azoxy (399.98 eV) groups,[42] while 

that of 405.7 eV corresponds to the NO2  groups bound to aromatic carbon within the 

EDNB functionalized unit.[20],[43] 

 

Figure 4. (a) XPS survey spectra of GO and LGO-EDNB; (b) high-resolution XPS C1s spectra 

of GO (top) and LGO-EDNB (bottom); (c) high-resolution N1s XPS spectra. 
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The attachment of EDNB moieties to GO was also confirmed by 1H NMR 

spectroscopy. Figure 5a presents the 1H NMR spectrum of LGO-EDNB displayed 

upfield signals at 9.06 and 8.92 ppm assigned to the aromatic protons ortho and meta 

to nitro groups, labeled ‘‘c’’ and ‘‘b’’, respectively. The aliphatic protons ‘‘a’’ gave 

signals at 4.00 ppm, associated with the alkyl -CH2-CH2- linking groups. LGO-EDNB 

was further checked by Fourier transform infrared (FT-IR) spectroscopy (Figure 5b), 

showing two new bands at 1543 and 1345 cm-1 compared to pristine GO, which are 

characteristic of the symmetric and asymmetric stretching modes of the NO2 group.[44] 

Compared to the FT-IR spectrum of the pristine GO dispersion, it is clear that the -OH 

characteristic peak at ~3400 cm-1 is significantly reduced, denoting that there is a partial 

reduction of the GO lattice during the irradiation process, in accordance to the XPS 

results. Figure 6 also depicts the Raman spectra of GO and LGO-EDNB.  GO displays 

characteristic peaks at 1581 and 1346 cm-1, corresponding to G and D bands, 

respectively. These peaks were shifted to 1572 and 1352 cm-1 respectively in the 

spectrum of LGO-EDNB. Furthermore, the ID/IG intensity ratio is increased from 0.84 

in pristine GO to 0.94 in LGO-EDNB. Notably, the spectrum of LGO-EDNB appears 

an additional weak shoulder at 1433 cm-1 that can be attributed to the deoxygenation of 

GO,[45] due to the grafting of the parietal EDNB moieties to the COOH groups of the 

GO sheets. All these observations confirm the substantial modification of the GO lattice 

due to the laser-induced functionalization process. 

a)  
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b)  

Figure 5. (a) The 1H NMR spectra in DMSO d6 solution of GO-EDNB. The solvent peak is 

denoted by an asterisk. The spectrum displays upfield signals at 9.06 and 8.92 ppm assigned to 

the aromatic protons ortho and meta to nitro groups, labeled ‘‘c’’ and ‘‘b’’, respectively. The 

aliphatic protons ‘‘a’’ gave signals at 4.00 ppm, associated with the alkyl -CH2-CH2- linking 

groups. (b) Fourier transform infrared (FT-IR) spectra of LGO-EDNB. The spectrum of the 

functionalized dinitro graphene-based material exhibits two new bands at 1543 and 1345 cm-1, 

which are characteristic of the symmetric and asymmetric stretching modes of the NO2 group. 

The observed lowering of the OH characteristic peak at ~3400 cm-1 indicates reduction of the 

initial GO lattice. 

 

 
Figure 6. Raman spectra of GO (black) and LGO-EDNB (red). 

 

In our technique, by carefully tuning key laser parameters, the lattice reduction 

degree and, in series, the functionalization level could be readily controlled. In 

particular, it is observed that an increase of P in the range from 10 mW to 50 mW or an 

increase of Np at a certain P, gives rise to a corresponding decrease of the respective 

N1s peak intensity. Accordingly, as shown in Figure 7a, there is a rapid decrease of the 

N1s/C1s intensity ratio upon increasing Np at a constant P=10 mW, while at the same 
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time a sharp increase in the GO reduction ratio is evident. This effect was further studied 

by UV-vis spectroscopy.  

 

Figure 7. (a) GO reduction and functionalization levels as a function of Np (b) the evolution 

of the HOMO and LUMO levels as a function of irradiation time. The HOMO-LUMO levels 

of GO-EDNB are also shown for comparison. 

 

Figure 8 presents the respective absorption spectra showing that, as the exposure 

time increases, the LGO-EDNB absorption is enhanced in the whole spectral range. At 

the same time, the absorption band becomes progressively broader, indicating laser 

mediated bandgap modulation[46] of the LGO-EDNB derivatives. To further explore 

potential changes in the electronic bandgap, CV measurements were carried out on 

LGO-EDNB derivatives produced at different exposure times. 
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Figure 8. The absorption UV-vis spectra of LGO-EDNB as a function of irradiation time. 

 

The results revealed well-defined oxidation and reduction peaks (Figure 9), the 

position of which changes with the exposure time. From the onset of oxidation (E[onset, 

ox vs. Fc+/Fc]) and reduction (E[onset, red vs. Fc+/Fc]) potentials, the highest occupied and lowest 

unoccupied molecular orbitals (HOMO and LUMO, respectively) can be calculated 

(see experimental section). The obtained electrochemical data are summarized in 

Figure 7b that presents the evolution of the HOMO and LUMO levels as a function of 

irradiation time. It is evident that the HOMO-LUMO level separation, and thus the 

bandgap, decreases with increased exposure time most likely due to a synergetic effect 

of the EDNB-functionalization and the partial reduction processes (see also Figure 10). 

It can be postulated that the large-scale coupling between EDNB and GO sheets 

facilitates charge transfer interaction, giving rise to the decreased bandgap observed for 

LGO-EDNB.[47,48] Time-resolved pump-probe experiments are currently in progress to 

understand the dynamics of this interaction during laser irradiation. 
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Figure 9. The voltammetric behavior of LGO-EDNB (prepared at 10mw, 100 pulses) in 

CH3CN using 0.1 M Tetrabutylammonium hexafluorophosphate (TBAPF6) as the electrolyte, 

at a scan rate of 10 mV s-1, between the potential sweep window of 1.7 V to −1.7 V. A well-

defined reversible reduction peak was observed at −1.0 V (R1) and −0.8 V (R2), while an 

oxidation peak was appeared at 0.7 V. 

 

 
Figure 10. The HOMO-LUMO levels separation of LGO-EDNB as a function of irradiation 

time. The corresponding evolution of the N1s/C1s intensity ratio is also shown. The bandgap, 

decreases with increased exposure time most likely due to a synergetic effect of the EDNB-

functionalization and the partial reduction processes. 

 

The bandgap tunability of the laser-functionalized graphene derivatives 

demonstrates potential application of LGO-EDNB in solution processed electronics. In 

addition to this, the direct linking of the electron-withdrawing nitro group with the GO 

backbone facilitates enhanced exciton dissociation, due to the presence of the aliphatic 

linker of ethylenediamine, which demonstrates its potential application as electron 

acceptor in OSCs. On the other hand, we found that the LGO-EDNB flakes produced 

are extremely soluble in common organic solvents compared to the starting GO material 

as well as the chemically synthesized GO-EDNB.[20] Indeed, thermogravimetric 
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measurements performed on LGO-EDNB and GO-EDNB (Figure 11) indicate the 

higher degree of functionalization in case of LGO-EDNB; more amide bonds are 

formed, as well as more chromophores nitro groups are linked at the edges of GO 

sheets. Owing to the higher degree of functionalization and the presence of excess 

aliphatic groups (-CH2-), the dispersibility within the polymer matrix is facilitated and 

thus the interactions between the polymer and graphene phases are enhanced. All the 

above properties are desirable towards the structure/property characterization and OSC 

device fabrication by solution processing. 

 

Figure 11. The TGA graphs of LGO-EDNB, prepared using Np=10 pulses, and GO-EDNB 

obtained under inert atmosphere of N2, with heating rate 10 °C/min.  

 

More specifically, for the experiments, the samples were loaded into an alumina pan 

for TGA under constant nitrogen flow. The temperature ceiling was set at 800 oC from 

room temperature, with a slow heating rate (10 oC/min) to ensure a regular and 

integrated decomposition of GO-EDNB and LGO-EDNB. The presence of more 

aliphatic groups render LGO-EDNB thermally unstable, compared to GO-EDNB and 

starts to lose mass upon heating even below 100 oC and has resulted in a rapid mass 

loss commencing at about 190 oC. Moreover, LGO-EDNB shows 6 % weight loss in a 

nitrogen atmosphere at ~300 oC, due to the lower ‘‘oxygen’’ concentration than GO-

EDNB, as resulted from the reduction, during the photochemical process. Finally, a 
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second significant mass loss at ~410 oC is observed, since the nitro groups are 

decomposed,[49] consolidating a total 24 % weight loss at 800 oC. 

In order to investigate the electron accessible nature of LGO-EDNB, BHJ photovoltaic 

devices were fabricated utilizing the LGO-EDNB as the electron acceptor and the 

PCDTBT as the electron donor. For this purpose, OSCs with the conventional device 

structure glass /indium tin oxide ITO/PEDOT:PSS/PCDTBT:LGO-EDNB/Al, where 

fabricated. The corresponding OSC structure and the energy level diagram of the 

different materials comprising the devices are shown in Figure 12a and 12b. Before 

analyzing the photovoltaic characteristics, it is important to describe the functionality 

of the electron acceptor component of the BHJ during the device operation. The solar 

light irradiates the photoactive layer through the PEDOT:PSS/ITO electrode side, while 

the donor molecules absorbs photons to produce excitons. The photo-induced excitons 

dissociate at the donor-acceptor interface into electrons in the lowest unoccupied 

molecular orbital (LUMO) of the acceptor, and holes in the highest occupied molecular 

orbital (HOMO) of the polymer donor. Therefore, the LUMO level of the acceptor 

should be ideally below that of the donor so that the electrons can be readily transported 

to the Al electrode. At the same time its HOMO level should be above that of the donor 

to facilitate holes’ transport. 
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Figure 12. (a) Schematic illustration of BHJ OSC device with LGO-EDNB as the electron 

acceptor (b) The energy level diagram depicting the relevant energy levels under flat conditions 

of all materials used in OSCs c) J-V characteristics of OSCs with different LGO-EDNB 

concentrations. 

 

Initially, a series of devices using LGO-EDNB acceptors obtained at different 

exposure times and exhibit different HOMO-LUMO levels (Figure 7b), were tested. It 

is found that the best photovoltaic performance was measured for the OSCs 

incorporating the LGO-EDNB derivative obtained for Np=10 pulses, regardless the 

polymer-donor ratio. This can be attributed to the best matching between the energy 

levels of this derivative and the polymer donor that facilitates efficient exciton 

dissociation, as indeed can be observed in Figure 12b.  Besides this, the lower HOMO 

level of LGO-EDNB acts as an efficient barrier to hole extraction, through the acceptor 

material, minimizing charge recombination.  It is important to note that devices 

fabricated with chemically synthesized GO-EDNB[20] as electron accepting materials 

failed to produced photovoltaic effect, apparently because its LUMO level (LUMOGO-

EDNB=3.4 eV), shown in Figure 7b, is lower that of PCDTBT (LUMOPCDTBT=3.6 eV). 
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Figure 13. (a) Dependence of the most probable sheet size on the number of purification steps; 

(b) LGO-EDNB sheet size distribution following a series of five purification steps. Sheet sizes 

were determined using a number of TEM a representative of which is shown in Figure 14. 

 

 

 

Figure 14. Representative TEM image of LGO-EDNB flakes. 
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In a next step, OSCs fabricated using different blend ratios of the best performed 

PCDTBT:LGO-EDNB BHJ were compared. As it can be seen in the respective J–V 

curves of Figure 12c and the summarized photovoltaic parameters in Table 5.1, device 

performance strongly depends on the donor-acceptor ratio. Indeed, the maximum 

efficiency is attained using the composite BHJ blend containing 20% of LGO-EDNB. 

For concentrations higher than 20% w.t., the photocurrent is believed to be limited due 

to increased aggregation of graphene sheets leading to a lower photogeneration rate. 

The measured of Voc of 1.17 V for PCDTBT:LGO-EDNB OSC showed the best 

efficiency, can be explained as the difference between the LGO-EDNB LUMO (-4.1 

eV) and the PCDTBT HOMO (-5.8 eV) energy levels.[50] The above results show the 

importance of the tunability of the LGO-EDNB acceptor HOMO-LUMO levels, 

suggesting the applicability of our technique to practically any polymer donor system. 

 

Device Structure Jsc(mA/cm2)  Voc(V)  FF(%) PCE(%) 

ITO/PEDOT:PSS/PCDTBT:LGO 

EDNB(5%)/TiOx/Al 

 

1.99±0.22 1.10±0.05 25.5±0.4 0.55±0.11 (0.66) 

ITO/PEDOT:PSS/PCDTBT:LGO-

EDNB(10%)/TiOx /Al 

 

3.98±0.20 1.09±0.06 31.1±0.3 1.34±0.17 (1.51) 

ITO/PEDOT:PSS/PCDTBT:LGO-

EDNB(20%)/TiOx /Al 

 

5.29±0.25 1.17±0.06 39.2±0.5 2.42±0.29 (2.71) 

ITO/PEDOT:PSS/PCDTBT:LGO-

EDNB(30%)/TiOx /Al 

 

2.91±0.19 1.12±0.03 29.0±0.3 0.95±0.09 (1.04) 

Table 5.1. Average photovoltaic characteristics and standard deviations for OPV devices based 

on PCDTBT:LGO-EDNB composites with different LGO-EDNB content (5, 10, 20 and 30 

wt%).  The numbers in parentheses represent the values obtained for the champion OPV cells. 

To account for experimental errors, the reported averages and deviations for each device are 

taken for 10 identical devices, consisting of 6 cells each. 

 

The best performed PCDTBT:LGO-EDNB based device showed a Jsc of 5.29 

mA/cm2 and PCE 2.41 %, which is the highest than the previously reported which 

incorporated covalently-modified graphene[51],[52],[53] and 71% higher than the state of 
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the art graphene-based electron acceptor materials.[21] Such efficiency enhancement can 

be attributed to the formation of internal polymer/graphene junctions giving rise to 

higher exciton dissociation and balanced charge transport throughout the entire volume 

of the PCDTBT:LGO-EDNB composite. The photovoltaic properties of our LGO-

EDNB-based devices are rather satisfactory considering that these OSCs use a new type 

of electron-acceptor material, different from the most-studied fullerene system. Indeed, 

the performance of those devices was reached without any attempt to optimize the 

morphology of the active blend which is the significant extrinsic factor that impacts all 

the device characteristics. Further studies focusing on the graphene sheet size and blend 

structure effects on the OSC characteristics are required for further optimization. 

 

3. CONCLUSIONS 

In brief, we have demonstrated the successful synthesis of a novel graphene-based 

derivative, through laser-induced covalent grafting of GO nanosheets with EDNB 

molecules. The LGO-EDNB derivative attained exhibited improved processability, 

physicochemical and electronic properties compared to the pristine GO nanosheets. 

More importantly, it is shown that our technique enables bandgap tunability of LGO-

EDNB, a property that paves the way for its application as efficient electron acceptor 

in OSCs, opening new avenues for the realization of all graphene based OSCs. The 

photochemical synthesis presented here is fast, facile, is performed at room temperature 

and can provide adequate control over the functional unit levels, which is not readily 

realized by existing methods. The combination of different irradiation parameters and 

precursor materials with various attaching molecules could yield a virtually unlimited 

number of graphene nanoconjugates, in terms of composition, electronic structure and 

electrochemical properties, making this method very appropriate for the production of 

extraordinary types of nanomaterials that cannot be attained via traditional chemical 

routes. These conjugates can be obtained directly in solution, without the use of 

supplementary chemical reagents and thus they can be used for applications without 

further purification.
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4. EXPERIMENTAL SECTION 

Synthesis of Graphite oxide (GO) 

Graphite oxide was prepared from purified natural graphite powder (Alfa Aesar, ~200 

mesh), by a modified Hummers method.[54] Briefly, graphite powder (0.5 g) was placed 

into a cold mixture of concentrated H2SO4 (40 mL, 98 %) and NaNO3 (0.375 g) under 

vigorous stirring for 1h, in an ice bath. KMnO4 (3.0 g) was slowly added into the 

reaction mixture over 1h. The mixture was then stirred at room temperature for 4h. 

Afterwards, the reaction mixture was allowed to reach room temperature before being 

heated to 35 oC for 30 min, forming a thick paste. It was then poured into a beaker 

containing 50 mL of deionized water and further heated to 90 oC for 30 min. 200 mL 

of distilled water was added, followed by a slow addition of H2O2 (3 mL, 30%), turning 

the color of the solution from dark brown to yellow. The reaction mixture was then 

allowed to settle down and decanted. The graphite oxide obtained was then purified by 

repeated high-speed centrifugation (4200 rpm, 3 min) and redispersing in deionized 

water to neutralize the pH (~10 times needed). Finally, the resulting GO was dried at 

60 °C in a vacuum oven for 48h. 

Preparation of the GO dispersions 

GO was exfoliated to give a brown dispersion of GO under ultrasonication.[37],[55],[56] 

The resulting GO was negatively charged over a wide pH condition, as the GO sheet 

had chemical functional groups of carboxylic acids. 

Experimental setup 

Figure 2 presents a schematic of the experimental setup used. Before each irradiation 

stage precursor molecules were dissolved into the pristine GO dispersions. The 

resulting solution was subsequently placed into a quartz cell and then it was subjected 

to irradiation by a KrF excimer laser source emitting 20 ns pulses of 248 nm at 1 Hz 

repetition rate. For uniform exposure of the whole irradiated volume, a top-hat beam 

profile was obtained using a beam homogenizer. Different combinations of laser 

powers (P) and the number of pulses (Np) were tested in an effort to optimize the 

photochemical functionalization processes. In a typical experiment, the sample was 

irradiated at a constant P with Np =1, 10, 100, 500 and 1000, corresponding to different 

photochemical reaction times. 
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Photoacylation of GO (GO-Cl) 

The acylation process took part into the quartz tube, exposed to laser beam, while the 

dispersion was under magnetic stirring. Specifically, GO sheets (6 mg), were dispersed 

in SOCl2 (4 mL), through ultrasonication for 10 min and adding a small catalytic 

amount of N,N-dimethylformamide (DMF 0.2 mL). After 30 min of irradiation the 

dispersion was isolated by centrifugation and the black precipitate was washed with 

THF, in order to take off the excess of SOCl2. The yielded GO-COCl was dried for 3h 

at 80 oC. 

Photochemical synthesis of LGO-EDNB 

The final step of the reaction, took also part into the quartz tube. In particular, GO-

COCl was dispersed in THF (~2 mL) via ultrasonication for 10 min. Then, EDNB (6 

mg) is added, as well as a few drops of triethylamine (Et3N) (0.3 mL). After the addition 

of Et3N the dispersion gets a pink hue. Following irradiation by pulsed laser for 30 min 

the dispersion darkens. The final LGO-EDNB is yielded by centrifugation (5 min at 

4200 rpm), washed with MeOH and dried in a vacuum oven at 40 oC for 6h. The total 

time for the photochemical synthesis of LGO-EDNB is ~2 h, while for that obtained 

via chemical synthesis is 4 days.[20] 

1H NMR (500 MHz, DMSO-d6, ppm): 9.06 (s, 1H, Ar H); 8.92 (s, 2H, Ar 2H); 4.00 (s, 

4H, CH2); IR (KBr): ν = 3400, 1543, 1345 cm-1; 

Characterization of GO derivatives 

Fourier transform infrared (FT-IR) spectra were recorded on a BRUKER FTIR 

spectrometer IFS 66v/F (MIR). Raman spectroscopy was performed using a Nicolet 

Almega XR Raman spectrometer (Thermo Scientific) with a 473 nm blue laser as an 

excitation source. X-ray photoelectron spectroscopy (XPS) measurements were carried 

out in a Specs LHS-10 UltrahighVacuum (UHV) system. The XPS spectra were 

recorded at room temperature using unmonochromatized Al Ka radiation under 

conditions optimized for the maximum signal (constant DE mode with a pass energy of 

36 eV giving a full width at half maximum (FWHM) of 0.9 eV for the Au 4f7/2 peak). 

The analyzed area was an ellipsoid with dimensions 2.5 x 4.5 mm2. The XPS core level 

spectra were analyzed using a fitting routine, which allows the decomposition of each 

spectrum into individual mixed Gaussian–Lorentzian components after a Shirley 
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background subtraction. NMR spectrum was carried out using a Bruker AMX-500 

spectrometer. Electrochemical experiments were carried out by using a model 

PGSTAT302N (Autolab). The experiments were performed with a conventional three 

electrode electrochemical cell. The three electrode system consisted of Ag/AgCl (SCE) 

as the reference electrode, Pt-disc as the working electrode and Pt-wire as the counter 

electrode. The chemical reagents used for those experiments were, Ferrocene (Aldrich, 

98%), Tetrabutylammonium hexafluorophosphate >99.0% (TBAPF6, Fluka, 

electrochemical analysis >99%) and acetonitrile (Acros Organics, extra dried and 

distilled >99.9%). The HOMO and LUMO levels were measured by the 

voltammographs from the onset potential of the reduction and oxidation process.[57] 

Therefore, we have endorsed the formula EHOMO= −(E[onset,  ox  vs.  Fc+/Fc]+ 5.1) (eV) and 

ELUMO= −(E[onset, red vs. Fc+/Fc]+ 5.1) (eV).  

A series of purification steps were subsequently performed, each of which comprised 

ultrasonication (10 min) and centrifugation (5 min at 4200 r.p.m) to yield the final 

LGO-EDNB solution used for the fabrication of OSCs. The purification process is 

important since it affects and determines the size and thickness range of the 

functionalized sheets (Figures 12a and b), which may be critical for the photovoltaic 

performance. For this purpose, following each step, the size evolution of the resulting 

LGO-EDNB flakes had been monitored using Transmission Electron (TEM) 

Microscopy (Figure 13). Figure 12a shows that the average sheet sizes were reduced 

upon increasing the number of purification steps. The photovoltaic performance results 

presented in the following correspond to the use of the LGO-EDNB solution obtained 

after 5 purification steps (Figure 12b). Further experiments are in progress to identify 

the optimum size that gives the best photovoltaic performance. After the purification 

process, the LGO-EDNB washed with MeOH and drying in a vacuum oven at 40 ◦C for 

6h. 

Preparation of Titanium suboxide (TiOx) solution[58] 

TiOx solution preparation: Titanium(IV) isopropoxide (Ti[OCH(CH3)2]4, 5 mL), 2-

methoxyethanol (CH3OCH2CH2OH, 20 mL) and ethanolamine (H2NCH2CH2OH, 2 

mL) were added to a three-necked flask in a nitrogen atmosphere. The solution was 

then stirred for 1h at room temperature, followed by heating at 80 oC for 1h and 120 oC 
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for another 1h. The solution was then cooled to room temperature and 10 mL of 

isopropanol (IPA) was added. 

Device fabrication and measurements 

PCDTBT polymer was purchased from Solaris Chem. Electron donor PCDTBT was 

dissolved in 1,2-dichlorobenzene:chlorobenzene (3:1) (o-DCB:CB) and stirred 

overnight at 80 oC to ensure the good dissolution of the polymer. Then, graphene based 

electron acceptor LGO-EDNB, after vacuum dried overnight, was mixed with 

PCDTBT with different blend ratios (respect to the polymer) and stirred for at least 2h 

at 80 oC before used. The photovoltaic devices reported were fabricated on 20 mm by 

15 mm indium–tin-oxide (ITO) glass substrates with a sheet resistance of ~10 Ω sq-1. 

Patterned ITO-coated glass substrates were cleaned through a 3-step ultrasonication 

process (deionized water with 10% soap, acetone, IPA). As a hole transport layer, 

poly(ethylene-dioxythiophene) highly doped with poly(4-styrenesulfonate) 

(PEDOT:PSS), purchased from Heraeus, was spin-cast from an aqueous solution on the 

ITO substrate at 6000 rpm for 60 s with an average thickness of 30 nm and then 

annealed at 120 °C for 15 min. Photoactive layers with different blend ratios were 

subsequently deposited in ambient conditions by spin coating PCDTBT:LGO-EDNB 

solution at 1000 rpm on top of PEDOT:PSS layer until the thickness reaches 

approximately 80 nm, followed by drying at 60 oC for about 5 min under inert condition, 

to avoid the intermixing with the next deposited layer. Then, the electron extraction 

layers were coated by spin casting the solutions on top of the active layer. TiOx 

interlayer was dissolved in methanol (1:200) and then spin-coated to a thickness of 

approximately 10 nm (6000 rpm, 40 s) in air.[59] The samples were heated at 80 oC for 

1 min in air. Lastly, 100 nm of Al was deposited through a shadow mask by thermal 

evaporation on the devices. The area of each device was 4 mm2, as determined by the 

overlap of the ITO and the evaporated Al. 

The performances of the devices were measured at room temperature with an Air 

Mass 1.5 Global (A.M. 1.5 G) solar simulator at an intensity of 100 mW cm-2 (1 sun 

irradiation). A reference monocrystalline silicon solar cell from Newport Corp. was 

used to calibrate the light intensity. All measurements were carried out in air 

immediately after device fabrication without encapsulation process. 
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Chapter 6 

 

 

 

Graphene Oxide Porphyrin-based Molecule 

for Efficient Ternary Blend Organic Solar 

Cells 
 

Abstract: A graphene oxide porphyrin-based molecule (GO-TPP) was synthesized by 

covalent linkage of graphene oxide (GO) with 5-(4-aminophenyl)-10,15,20-triphenyl) 

porphyrin (TPP-NH2). The yielded graphene-based nanohybrid material is a D-A 

molecule, exhibiting strong intermolecular interaction between the graphene oxide core 

(A) and the covalently anchored porphyrin (D), which attributes to the high solubility 

in common organic solvents. Eventually, ternary blend organic solar cells of the 

structure glass/ITO/PEDOT:PSS/PCDTBT:PC71BM:GO-TPP/TiOx/Al have been 

fabricated, by incorporating GO-TPP in the photoactive layer, which acts as electron-

cascade donor material. The addition of GO-TPP into the active layer, forms 

percolation paths exclusively to electrons through the energy level offset of 

PCDTBT:PC71BM, improving the photovoltaic performance of the device. More 

particularly, the short circuit current density (Jsc) of the device is raised up to ~33%, 

leading to the enhancement of the power conversion efficiency (PCE) from 5.40 % to 

~6%. The aforementioned increase in PCE certifies (a) the higher exciton generation 

and (b) the more effective charge separation and transport. Finally, GO-TPP has been 

characterized by spectroscopic, thermal techniques and electrical measurements. 
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1. Introduction 

Organic solar cells (OSCs) are of tremendous interest as a lightweight and flexible 

power source, which can be easily integrated in wearable electronics and smart textiles.1 

Bulk heterojunction (BJH).2 OSCs based on blends of conjugated polymers as the 

electron donor (D) and fullerenes as the electron acceptor (A) material have dominated 

the last two decade research efforts,  achieving  around 9% and 10% power conversion 

efficiency (PCE) using a single3,4,5 and a tandem6 BHJ structure respectively. 

This success was mainly due to the utilization of low band gap polymers with deep 

highest occupied molecular orbital (HOMO) levels7 as the D material for higher light 

harvesting and the optimization of the two buffer layers for effective charge collection.8  

Nevertheless, the combination of the polymer short exciton diffusion length (10 nm) 

with the low charge carrier mobility in the fullerene and polymer phase separated layers 

within the photoactive layer enhance recombination and trapping of the separated 

electron and holes before arriving at the respective electrodes.9,10 In this context, a 

straightforward approach to reduce the recombination in the photoactive layer is by 

decreasing the charge transfer energy offsets between the D and the A.  This can be 

accomplished by the addition of a third component in the binary blend, which can act 

as a bridge between the D and A material, structuring a ternary cascade OSC.9 In 

particular, its energy levels must exhibit a proper offset with respect to the polymer and 

the fullerene, while at the same time it should act as an electron acceptor and transporter 

when a heterojunction is formed with the D and as an electron donor and hole 

transporter when it forms a junction with the fullerene. 

Graphene flakes were recently identified as a promising additive for assisting the 

charge transport in the photoactive layer of OSCs11,12  due to its excellent charger carrier 

mobility, thermal and chemical stability, and low cost and the facile processing.13,14,15 

Whereas, solution processable graphene oxide (GO) sheets can be prepared by 

oxidizing graphite.16 The presence of oxygen functional groups within the graphene 

structure, such as hydroxyl (-OH), aldehyde (-CHO), carboxyl (-COOH) or epoxyl 

ones, reduces the interplane forces and imparts hydrophilic character. Thus, GO is 

highly soluble in water in polar organic solvents, forming stable dispersions.17,18 

Moreover, the functional groups can act as a handle for the chemical functionalization 

of graphene oxide using known carbon surface chemistry.19,20 
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Porphyrins exhibit a planar and π-aromatic framework, exhibiting high 

photostability, large extinction coefficients, as well as high susceptibility in electron 

transfer reactions.21 Similarly, porphyrins have been utilized as the ternary component 

of D-A active layer, leading to improvements in light-harvesting efficiency at longer 

wavelengths, extending into the NIR region.22 Therefore, the fine control of the GO 

functionalization with the porphyrin can be advantageous in providing a hybrid with 

HOMO and LUMO levels between the respective polymer and fullerene ones. 

In the present study, GO flakes covalently functionalized with a TPP-NH2 

porphyrin, forming GO-TTP hybrids were incorporated in BHJ poly [N-9’-hepta-

decanyl-2,7-carbazole-alt- 5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] 

(PCDTBT)- [6,6]-phenyl C71-butyric acid methyl ester (PC71BM) OSCs as the 

cascade material. The fine tuning of its energy levels was achieved by adjusting the 

reaction time of GO-TPP synthesis, which affected the functionalization degree of the 

resulting GO-COCl. 

A PCE enhancement of ~10% was achieved compared to the binary OSC, mainly 

due to an increase in the hole mobility, which balances the hole to electron mobility 

ratio and therefore increases the photocurrent. 

 

Figure 1. Schematic representation of the chemical synthesis 

 

2. Experimental Section 

Instruments and Measurements 

Mid-infrared spectra in the region 500-4000 cm-1 were obtained on a Fourier transform 

infrared (FT-IR) spectrometer (Equinox 55 from Bruker Optics) equipped with a single 

reflection diamond attenuated-total-reflectance (ATR) accessory (DuraSamp1IR II by 
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Sens IR Technologies). Thermogravimetric analysis (TGA) was performed on 5 mg 

samples over the temperature range from 40 °C to 800 °C at a heating rate of 10 °C/min 

utilizing a Perkin Elmer Diamond Pyris model under nitrogen atmosphere. UV-vis 

absorption spectra were recorded using a Shimadzu UV-2401 PC spectrophotometer 

over the wavelength range of 270-800 nm. The emission spectra were measured on a 

JASCO FP-6500 fluorescence spectrophotometer equipped with a red-sensitive WRE-

343 photomultiplier tube (wavelength range 200-850 nm). The samples were 

characterized by Raman spectroscopy at room temperature utilizing a Nicolet Almega 

XR Raman spectrometer (Thermo Scientific) with a 473 nm blue laser as an excitation 

source. X-ray diffraction patterns were collected on a Panalytical Expert Pro X-ray 

diffractometer, using Cu Kα radiation (λ=1.5406 Å). Current-voltage (J-V) 

measurements were performed at room temperature using an Agilent B1500A 

Semiconductor Device Analyzer. All electrochemical experiments were carried out by 

using a model PGSTAT302N (Autolab). The experiments were done with a 

conventional three electrode electrochemical cell. The three electrode system consisted 

of Ag/AgCl (SCE) as the reference electrode, Pt-disc as the working electrode and Pt-

wire as the counter electrode. The photovoltaic devices were illuminated with 100 

mW/cm2 power intensity of white light by an Oriel solar simulator with an AM1.5 filter. 

Synthesis of Graphene oxide (GO) 

GO was prepared from purified natural graphite powder (Alfa Aesar, ~200 mesh) 

according to a modified Hummers’ method.23 Specifically, graphite powder (0.5 g) was 

placed into a cold mixture of concentrated H2SO4 (40 mL, 98%) and NaNO3 (0.375 g) 

under vigorous stirring for 1h, in an ice bath. KMnO4 (3 g) was slowly added into the 

reaction mixture over 1h. The mixture was then stirred at room temperature for 4h. 

Afterwards, the reaction mixture was allowed to reach room temperature before being 

heated to 35 oC for 30 min, forming a thick paste. It was then poured into a beaker 

containing 50 mL of deionized water and further heated to 90 oC for 30 min. 200 mL 

of distilled water was added, followed by a slow addition of H2O2 (3 mL, 30%), turning 

the color of the solution from dark brown to yellow. The reaction mixture was then 

allowed to settle down and decanted. The graphite oxide obtained was then purified by 

repeated high-speed centrifugation (4200 rpm, 3 min) and redispersing in deionized 

water to neutralize the pH (~10 times needed). Finally, the resulting GO was dried at 

60 °C in a vacuum oven for 48h. 
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Synthesis of TPP-NH2 (5-(4-aminophenyl)-10,15,20-triphenyl) 

TPP-NH2 was prepared according to the literature.24 

Acylation of GO (GO-COCl) 

GO (60 mg) was dispersed in SOCl2 (40 mL) and a catalytic amount of DMF (1 mL) 

was added. The mixture was sonicated, stirred and refluxed for 24 h at 75 oC, under N2. 

The excess of thionyl chloride and solvent was removed by distillation under reduced 

pressure.25 The obtained solid (GO-COCl) was washed with ultra-dried tetrahydrofuran 

(THF) three times and dried at 40 oC in a vacuum oven for 30 min (Figure 1). 

Synthesis of GO-TPP 

An amount of the acylated GO-COCl (40 mg) was dispersed in DMF (20 mL) via 

ultrasonication treatment for 30 min. Then, TPP-NH2 (60 mg) in excess was added, in 

the presence of triethylamine (1 mL) as catalyst. The mixture was stirred and refluxed 

at 130 oC for 72 h, under N2 atmosphere (Figure 1). After the reaction, the solution was 

cooled to room temperature and then poured into diethylether (~50 ml) to precipitate 

the product. The product was isolated from the red-purple supernatant by centrifugation 

(4200 rpm, 5 min). The slushiness precipitate was dried in a vacuum oven at 50 oC for 

10 min. Thereafter, it was redispersed in THF (~5 mL) through ultrasonication (10 

min), and was centrifuged (4200 rpm, 3 min). The above procedure was repeated 5 

times using THF and 5 more using CHCl3, as washing solvents, in order to remove the 

excess of the unreacted TPP-NH2. The final product was washed with distilled water (5 

times) to remove Et3N·HCl and was left in a vacuum oven for drying (65 oC, 48 h), 

yielded ~ 50%. 

TiOx solution preparation 

Titanium(iv) isopropoxide (Ti[OCH(CH3)2]4, 5 ml), 2-methoxyethanol 

(CH3OCH2CH2OH, 20 ml) and ethanolamine (H2NCH2CH2OH, 2 ml) were added to a 

three-necked flask under nitrogen atmosphere. The solution was then stirred for 1h at 

room temperature, followed by heating at 80 oC for 1h and 120 oC for additional 1h. 

The solution was then cooled to room temperature and 10 ml of methanol was added. 
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Fabrication of PCDTBT:PC71BM:GO-TPP nanocomposites and Measurements of 

Photovoltaic Devices 

PCDTBT:PC71BM were dissolved in 1,2-dichlorobenzene:chlorobenzene (3:1) (o-

DCB:CB) with a 1:4 (4mg:16mg) ratio and stirred for at least 72 hours at 80 oC before 

used. GO-TPP was dispersed in N-Methyl-2-pyrrolidone (NMP) (1 mg/mL) by 

ultrasonication for 1h, in an ultrasonic bath (Elma S 30 H Elmasonic). After 

ultrasonication, the dispersion was left to settle for 24h to allow the heavy GO-TPP 

sheets (with large diameter) to sediment out. The photovoltaic devices reported were 

fabricated on 15 mm by 15 mm indium tin-oxide (ITO) glass substrates with a sheet 

resistance of 8-12 Ω/sq. The impurities are removed from the ITO glass through a 3-

step cleaning process. As a buffer layer, poly(ethylenedioxythiophene) doped with 

poly(4-styrenesulfonate) (PEDOT:PSS), purchased from Heraeus, was spin-cast from 

an aqueous solution on the ITO substrate at 6000 rpm for 60 seconds and the average 

thickness of the layer was 30 nm, followed by baking for 15 min at 120 °C inside a 

nitrogen-filled glove box. Then, GO-TPP dispersion (supernatant) was blended into the 

PCDTBT:PC71BM solution and mixed for 2h. Composite blends with 0.1, 0.2, 0.3, 0.4 

and 0.5% GO-TPP, were prepared. All photoactive layers were subsequently deposited 

by spin-coating the blend solutions at 1000 rpm on top of PEDOT:PSS layer until the 

thickness reaches approximately 80nm. The TiOx interlayer was dissolved in methanol 

(1:200) and then spin-coated to a thickness of approximately 10 nm (6000 rpm, 40 s) 

in air.26 The sample was heated at 80 oC for 1 min in air. Lastly, 100 nm of Al was 

deposited through a shadow mask by thermal evaporation on the devices through a 

shadow mask to define an active area of 18 mm2 for each device. The performances of 

the devices were measured at room temperature with an Air Mass 1.5 Global (A.M. 1.5 

G) solar simulator at an intensity of 100 mW/cm2. A reference monocrystalline silicon 

solar cell from Newport was used to calibrate the lamp. All measurements were made 

in air immediately after device fabrication. 

 

3. Results and Discussion 

Synthesis and characterization 

The covalent linking of GO and TPP-NH2 took place between the carboxyl functional 

side groups of GO and the porphyrin amino groups, forming amide bonds (CONH). 
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The synthesis of GO-TPP was carried out by refluxing TPP-NH2 and GO-COCl in DMF 

at 130 oC for 72 h in presence of triethylamine. It is noted that the acylated GO-COCl 

is extremely sensitive in ambient conditions and therefore it is immediately used in the 

next step of the reaction; the covalent linking with the TPP-ΝΗ2 molecule, which is 

added in excess. The yielded product is washed thoroughly with THF and CHCl3 in 

order to remove the excess of TPP-NH2 and deionized water to remove the formed 

Et3N·HCl. The functional groups as well as the bonds of GO and GO-TPP were 

identified by FT-IR spectroscopy (Figure 2a). Primarily, the spectrum of GO (black) 

displays that the OH stretching vibration appears as a broad peak at 3390 cm-1. 

 

Figure 2. Characterization of GO (black line) and GO-TPP (red line). a) FT-IR spectra, b) UV-

vis spectra including the UV-vis spectrum of TPP-NH2, c) Room-temperature fluorescence 

spectra of isoabsorbing (A = 0.24) DMF solutions of TPP-NH2 (blue line) and GO-TPP (red 

line) after excitation at 419 nm and d) Raman spectra. 

 

Moreover, the most characteristic features in the FT-IR spectrum of GO are the 

adsorption bands corresponding to the C=O carbonyl stretching at ~1726 wavenumbers 

(cm-1), the C-OH stretching at 1220 cm-1 and the C-O stretching at 1053 cm-1. The 

spectrum of GO-TPP (red) exhibits a new peak at ~1650 cm-1 which corresponds to the 

C=O  characteristic stretching band of the amide group, while the peak at ~1726 cm-1 
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of GO is significantly quenched.27 This quenching proves that an important proportion 

of the carboxyl groups of the GO core is converted to amide bonds. It can be originated 

from either amides or carbamate esters that correspond to the coupling of the C-N 

stretching vibration with the CHN deformation vibration which amide stretching band 

CO-NH occurs at ~1556 cm-1.28 

Figure 2b shows UV-vis absorption spectra of GO (black), TPP-NH2 (blue) and GO-

TPP (red) in DMF, GO exhibits a characteristic absorption band at λmax(DMF ~0.02 

mg/mL)/280 nm. The spectra of TPP-NH2 and GO-TPP appear strong Soret absorption 

band for both at 418 nm and weak Q-bands between 500 and 700 nm, which are 

consistent with that of porphyrins reported.29 

In order to investigate the electronic interactions of the porphyrin units with the GO 

sheets in the excited state, fluorescence spectroscopy was applied. Upon excitation of 

TPP-NH2 and GO-TPP at the Soret band (419 nm), where the absorbance was adjusted 

to be identical at the excitation wavelength, the characteristic fluorescence emission of 

TPPNH2 was significantly quenched in GO-TPP hybrid material as displayed at room-

temperature fluorescence spectra of isoabsorbing (A= 0.24) DMF solutions  in Figure 

2c. Except of the quenching, the emission of the TPP-NH2 at 664 nm was also blue 

shifted by 10 nm to 654 nm. It’s difficult to quantify the quenching since the GO alone, 

also absorbs at the excitation wavelength. However, the observed emission quenching 

of the porphyrin indicates that there is a strong interaction between the singlet excited 

state of the porphyrin and the GO part in the nano-hybrid material. This quenching may 

be attributed to either photoinduced electron transfer or energy transfer processes from 

the porphyrin chromophore to the GO sheets. 

An additional proof of functionalization of GO was provided by Raman 

spectroscopy and can give information on the number and orientation of atomic layers 

of GO, as well as the presence of doping and defects. Figure 2d depicts the Raman 

spectra of GO (black line) and GO-TPP (red line). GO Raman spectrum shows two 

typical broad peaks at 1354 and 1578 cm-1, corresponding to defect-induced D and in-

plane vibration of sp2 carbon G bands, respectively, with ID/IG ratio of 0.92. The 

functionalized GO with various porphyrins results in small changes in the D and G 

peaks. The ID/IG ratio of GO-TPP is increased (1.01) compared to GO, which is 

attributed to the functionalization of graphene through covalent bonding.30 Therefore, 
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the increased intensity ratio of ID/IG accounts for a lower degree of crystallinity of 

graphite materials.31 In particular, the D and G bands are shifted from 1354 to 1352 cm-

1 and 1578 to 1568 cm-1, respectively. 

Cyclic voltammetry (CV) was used to calculate the energy levels of the graphene 

oxide-porphyrin hybrid material. 

a.  

b.  

Figure 3. a) Cyclic voltammetry curve of GO-EDNB in CH3CN using 0.1 M 

Tetrabutylammonium hexafluorophosphate (TBAPF6) as the electrolyte, at a scan rate of 10 

mV s-1. b) Energy levels diagram of photovoltaic device components referenced to the vacuum 

level. 
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According to the literature, the molecular orbital energy levels can be measured by the 

voltammographs from the onset potential of the reduction and oxidation process. 

Ferrocene (Aldrich, 98%), Tetrabutylammonium hexafluorophosphate >99.0% 

(TBAPF6, Fluka, electrochemical analysis >99%), acetonitrile (Acros Organics, extra 

dried and distilled >99.9%), were used as received, without further purification. Figure 

3 demonstrates the voltammetric behavior of GO-TPP in CH3CN using 0.1 M 

Tetrabutylammonium hexafluorophosphate (TBAPF6) as the electrolyte, at a scan rate 

of 10 mV s-1, between the potential sweep window of 1.6 V to −1.6 V (Figure 3a) and 

the energy levels diagram of photovoltaic device components referenced to the vacuum 

level (Figure 3b). The calculations of HOMO and LUMO levels were based on the 

following empirical relations from the literature.32 

EHOMO= − (E[onset, ox vs. Fc+/Fc] + 5.1) (eV) and 

ELUMO= − (E[onset, red vs. Fc+/Fc] + 5.1) (eV) 

The HOMO level of GO-TPP is approximately 5.63 eV calculated by the oxidation 

peak onset 0.53 V, while the LUMO level extracted from the onset of the reduction 

peak (0.85 V) is 4.25 eV. 

To evaluate the linked TPP onto the graphene oxide backbone sheet, thermogravimetric 

analysis (TGA) was used. Figure 4 displays the TGA curves of GO (black) and GO-

TPP (red), respectively. GO begins to lose mass upon heating even below 100 °C and 

has resulted in a rapid mass loss commencing at about 200 °C, probably due to pyrolysis 

of labile oxygen-containing functional groups, such as -OH, -CO and -COOH groups, 

and decomposes above 600 oC, with a total mass loss of ∼40 % at 800 °C, in agreement 

with data in the literature.19 The TGA curve of GO-TPP exhibits approximately 23% 

weight loss, relative to graphene oxide, between 250 and 500 oC. This weight loss is 

attributed to the loss of TPP molecules covalently attached to graphene oxide. 

Accordingly, the degree of functionalization was estimated to be one TPP group per 

~170 carbon atoms in GO-TPP.33 
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Figure 4. Thermogravimetric Analysis. TGA curves of GO (black) and GO-TPP (red). 

 

Finally, BHJ photovoltaic devices were fabricated by using GO-TPP in the 

photoactive layer as additive material. Different volume ratios of GO-TPP to the blend 

PCDTBT:PC71BM were used (0.1, 0.3 and 0.5 %).  The structure of the device is thus, 

ITO/PEDOT:PSS(30 nm)/PCDTBT:PC71BM:GO-TPP(80 nm)/ TiOx(10 nm) /Al (100 

nm), schematically shown in Figure 5a, while in Figure 5b are displayed the current 

voltage (J-V) curves for the photovoltaic devices with GO-TPP content. 

Table 6.1 displays the photovoltaic characteristics of the fabricated devices and 

points out that the device containing 0.3 % GO-TPP showed the best photovoltaic 

performance exhibiting an open-circuit voltage (Voc) of 0.84 V, Jsc of 13.81 mA/cm2, 

fill factor (FF) of 51 % and a power conversion efficiency () of 5.93 %, which was 

increased by ~10 % compared to the device without the graphene-porphyrin content. 

Moreover, the device with 0.5 % GO-TPP showed the highest Jsc of ~15 mA/cm2,  of 

5.58% with a Voc of 0.81 V and a FF of 46 %. 

GO-TPP (%) Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

0 11.28 0.86 55.7 5.40 

0.1 12.76 0.84 53.6 5.77 

0.3 13.81 0.84 51.0 5.93 

0.5 14.99 0.81 46.2 5.58 

 

Table 6.1 Device Performance of Photovoltaic Devices Based on PCDTBT:PC71BM:GO-TPP 

Composites with Different GO-TPP Content. 
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a.  

b.  

Figure 5. a) Schematic of the photovoltaic device with PCDTBT:PC71BM:GO-TPP thin film 

as the active layer and the structure ITO/PEDOT:PSS/PCDTBT:PC71BM:GO-TPP/TiOx/Al 

(top). b) Experimental J−V curves of the photovoltaic devices based on PCDTBT:PC71BM 

(black curve) and PCDTBT:PC71BM:GO-TPP composites (red curve, 0.1%; green curve, 

0.3%); blue curve, 0.5%). 

The main observation is that the efficiency was increased when the concentration 

of the graphene-porphyrin content was increased relatively to the blend 

(PCDTBT:PC71BM). Although, there is a threshold to GO-TPP concentration, 

when higher concentrations were used, large aggregates were formed, which 

hindered exciton generation and charge separation and thus leading to reduced 

efficiencies. 

 In order to have an insight about the mechanism responsible for the enhanced 

photocurrent and performance of the devices, we measured the hole and electron-

only space-charge-limited current density (SCLC). The electron only devices had 

the structure: ITO/Al/PCDTBT:PC71BM:GO-TPP/TiOx/Al and the hole only 
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devices had the structure: ITO/PEDOT:PSS/PCDTBT:PC71BM:GO-

TPP/MoO3/Au. The SCLC is modelled using the Mott–Gurney equation: 

𝑱𝑺𝑪𝑳𝑪 =
𝟗

𝟖
𝜺𝟎𝜺𝒓𝝁𝒆

(𝑽 − 𝑽𝒃𝒊)
𝟐

𝒅𝟑
 

where JSCLC is the current density of SCLC, εr is the relative permittivity of the 

organic active layer, ε0 is the permittivity of free space, V is the applied voltage, 

Vbi is the built-in voltage, μ is the charge mobility, and d is the thickness of the 

active layer. Thus, by fitting this equation to the experimental data, the charge 

mobilities of the devices were calculated (Table 6.2). The addition of the GO-

TPP as additive in the active layer balance the values of electron and hole 

mobilities. This mobility balance avoid building up of space charges which is 

detrimental for device efficiency and thus is responsible for the increase in Jsc 

and photovoltaic performance. This balance in charge mobilities indicate 

optimized carrier transport. 

GO-TPP (%) μh 

(cm2 V-1s-1) 

μe 

(cm2 V-1s-1) 

μe/μh 

0 9.64 10-5 2.28 10-4 2.36 

0.1 9.72 10-5 2.2110-4 2.27 

0.3 9.86 10-5 2.1110-4 2.14 

0.5 9.68 10-5 2.25 10-4 2.32 

 

Table 6.2. Hole and Electron Mobilities of PCDTBT:PC71BM:GO-TPP based Device 

with Different GO-TPP Content 
 

4. Conclusion 

We have synthesized a graphene-based material, consisting of graphene oxide 

covalently linked with porphyrin moieties. The resulting material, GO-TPP was 

thoroughly characterized and incorporated, in different concentrations (0.1, 0.3 

and 0.5 %), ratio to the blend volume, into the active layer of PCDTBT:PC71BM, 

forming ternary blends. The addition of GO-TPP tuned the energy levels of D-

A, facilitating the electron-cascade effect. The ideal ternary blend of the structure 

ITO/PEDOT:PSS/PCDTBT:PC71BM:GO-TPP/TiOx/Al has been formed 

containing 0.3% of GO-TPP, resulted an increased short circuit current density 

(Jsc) about ~33%, achieving PCE of 5.93%, displaying an enhancement of ~10%, 

compared to the reference blend. 
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Conclusions and suggested future works 

In this dissertation, the design and synthesis of novel solution-processed graphene-

based materials are presented. Different small molecules have been attached to the basal 

graphene sheets with simple chemical and photochemical synthetic routes and their 

structures were extensively confirmed by various spectroscopic and microscopic 

methods. Our successful attempt managed to combine the unique properties of 

graphene with the optical, mechanical and electrical properties of the small molecules 

attached. Furthermore, the opportunity to control their properties upon fine-tuning by 

different processes (irradiation time, degree of functionalization etc), renders the 

resulting solution-processed graphene-based materials ideal perspectives for organic 

photovoltaic applications. Specifically, graphene-based materials have been introduced 

into the photoactive layer, as electron-acceptor materials, alternative to the state of the 

art fullerene derivatives (PC60BM, PC71BM). In addition, they have been used as 

electron-cascade donor materials, constituting the third component to a ternary organic 

blend, along with polymer/fullerene composites. In both cases, this study demonstrates 

the fabrication of high performance OPVs, yielding efficiencies higher or comparable 

to the literature. 

During my thesis preparation, various conclusions have been put under 

consideration. New ideas and suggestions have been emerged to extend beyond my 

present research horizon. Some of my ideas are collocated in the following paragraph 

and are provided for future work. 

The most important concept proposed is emanated from the photochemical synthesis 

of the above mentioned LGO-EDNB in Chapter 5, where the energy levels of the 

graphene-based material could be readily tuned upon irradiation by a laser beam. This 

opportunity opens new avenues for graphene engineering, since new graphene-based 

materials can be synthesized with selective HOMO and LUMO levels. Highly efficient 

ternary blend organic solar cells can be fabricated, introducing graphene-based 

electron-cascade donor/acceptor materials. Matching the energy levels of the two main 

components of the active layer, ideal band offsets can be provided, facilitating the 

excitons dissociation for both hole and electron transport to the opposite electrodes. 

Finally, besides this very challenging and promising project, the bandgap tuning 

associated with their properties regulation (transmittance, conductivity, etc) upon laser 
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irradiation, could be crucial for the realization of all graphene-based OSCs. Graphene-

based materials, in dependence on the irradiation dose, can be exploited as buffer layers, 

as well as transparent, conductive electrodes.  
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